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ABSTRACT

MUTATIONAL AND FLUORESCENCE ANALYSIS OF A

TRANSCRIPTIONAL ACTIVATION DOMAIN or THE VP16 PROTEIN OF

HERPES SIMPLEX VIRUS

By

Susan M. Sullivan

VP16 is an immediate early gene activator of herpes simplex virus.

The activation domain of VP16 resides in the carboxyl-terminal 80 amino

acids. The VP16 activation domain can be further divided into two

subdomains, VP16N (412-450) and VP16C (450-490), each of which is

independently capable of activating transcription when fused to a DNA

binding domain. The VP16N activation domain has been previously

characterized and the most critical amino acid residues for

transcriptional activation have been identified as aromatic Phe 442, and

bulky hydrophobic Leu 439 and Leu 444. A thorough mutational

analysis was undertaken to identify and characterize the

transcriptionally critical amino acid residues in VP16C. Assay of the

activity of these VP16C mutants on a reporter gene in yeast and in

mammalian cells shows that Phe 473, Phe 475, and Phe479 contribute

to transcriptional activation, and that hydrophobic side chains are

required at these positions. Glu 476 is also involved in activation, but

the chemical character of the side-chain at this position is unimportant.

The activation domain of VP16 has been shown to bind to a

number of transcription factors in vitro including transcriptional adaptor



Ada2 and basal transcription factor TBP. VP16C is both necessary and

sufficient for VP16zAda2 interaction. Assay of the activity of the VP16C

mutants on a reporter gene in a yeast strain lacking Ada2, however,

failed to identify amino acid residues directly involved in interaction of

VP16 with Ada2, suggesting that these proteins do not bind in vivo.

Fluorescence spectroscopy techniques were applied to study the

VP16:TBP interaction. VP16 has been shown to bind TBP and to adopt a

more ordered structure in the presence of TBP. Introduction of

mutations at positions 442, 475, and 479 that have previously been

shown to disrupt transcriptional activation have no effect on binding or

TBP—induced structure in VP16. These results suggest that the

interaction between VP16 and TBP is not relevant to in viva

transcriptional activation by VP1 6.
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CHAPTER 1

EU'KARYOTIC TRANSCRIPTION BY RNA POLYMERASE II

The process of transcription of messenger RNA from DNA in

eukaryotic systems consists of a series of ordered steps: 1) promoter

sequences must be recognized and the polymerase complex recruited to

or assembled at the promoter, 2) promoter DNA must be unwound to

form a complex (the open complex) capable of transcriptional initiation,

3) transcription must be initiated and the first phosphodiester bond

synthesized, 4) the polymerase complex must release from the promoter

to allow transcription to continue (promoter clearance), 5) the transcript

must be synthesized (elongation), and 6) transcription must be

terminated when transcript synthesis is complete (197). Any of these

steps can be modified by the action of transcriptional activators or

repressors to render transcription more or less efficient, respectively.

Transcription of mRNA in eukaryotes is a function of the multi-

subunit enzyme RNA polymerase II (PolII). However, PolII alone cannot

direct specific transcriptional initiation (274). PolII is joined by general

transcription factors (GTFs) TFIIA, TFIIB, TFIID, TFIIE, TFIIF, and TFIIH

to form a complex capable of directing basal transcription (197).

Activated transcription requires the action of transcriptional activators,

often through the intercession of other proteins known as transcriptional

adaptors (259). In this chapter I will provide an overview of the proteins



comprising the basal transcriptional machinery, transcriptional

activators and their adaptors, and a model system for the study of

transcriptional activation, the VP16 protein of herpes simplex virus.

TRANSCRIPTIONAL MACHINERY

RNA Polymerase H

The RNA polymerase II enzyme of Saccharomyces cerevisiae is a

multi-subunit complex composed of 12 separate polypeptides, of which

only two are non-essential (92). These proteins are highly homologous

among species. Three of these polypeptides, prl , pr2, and pr3

resemble bacterial RNA polymerase subunits B, (3’ and a, respectively

(92). Moreover, at least six of these proteins, including the largest

subunit pr1 , can be functionally replaced in yeast by homologues from

higher eukaryotes (1 , 18 l , 236). Electron crystal structures of PolII have

been solved (51, 183) (see Structure and assenwa of the preinitiation

complex below).

Perhaps the most curious feature of PolII is the structure of the

carboxy-terminal domain (CTD) of its largest subunit. The CTD is

conserved among species and consists of tandem repeats of the seven

amino acid sequence Tyr-Ser-Pro-Thr-Ser-Pro-Ser; the number of repeats

appears to increase with the complexity of the organism, ranging from

26-27 in yeast to 52 in human cells (48). The CTD is essential for

viability in viva, although deletion of as many as half the heptapeptide



repeats is tolerated in yeast, mouse, and Drosophila (12, 190, 276, 291).

In vitro results suggest that the requirement for the CTD in transcription

may depend on promoter structure (1, l 16, 127, 157, 230, 257, 291).

Phosphorylation of the CTD results in two forms of RNA

polymerase, the unphosphorylated PolIIA and the hyperphosphorylated

PolIIO. PolIIA preferentially associates with the preinitiation complex,

whereas PolIIO is found in the elongating transcription complex (1 16,

127, 148, 166). These results suggest that phosphorylation and

dephosphorylation of the CTD may be important for the conversion of the

polymerase complex from an initiation to an elongation form.

Multiple candidates for the role of in vivo CTD kinase have been

identified in yeast and cyclin-kinase pairs CTKl/CTK2 (241),

SrblO/Srbl l (156), and Kin28/Ccll (67, 264). Human homologues of

Kin25/Ccll, the MOI5/cyclin H pair, have been identified (231). These

cyclin/kinase pairs are subunits of the general transcription factor

TFIIH; however, recent in vitro evidence indicates that phosphorylation by

TFIIH alone is not sufficient to account for the level of CTD

phosphorylation observed (26 l). P-TEFb has also been identified as a

CTD kinase in Drosophila (174).

Both the Srb proteins and TFIIH directly associate with PolII (97,

137, 198). Moreover, CTD phosphatase activities have been identified in

both yeast and human cells, and these proteins are shown to be

associated with TFIIF (27-29). The fact that the transcription complex



itself supports both CTD kinase and phosphatase activities provides

further support for the importance of CTD-phosphorylation in

transcription.

Transcriptionfactor HA

TFIIA has been isolated and cloned from yeast, human, and

Drosophila systems (53, 54, 168, 199, 212, 213, 242, 289). Yeast TFIIA

is composed of two subunits of 32 kD and l3kD. Human and Drosophila

TFIIA are composed of three subunits with homology to the yeast

proteins. The 37kD a and 19kD (3 subunits share sequences with the

large yeast subunit, while the 13 kD 7 subunit is homologous to the

small subunit of yeast TFIIA.

TFIIA can bind TBP in the presence or absence ofTATA-box DNA,

(20, 42, 44, 149, 212) and is capable of increasing the affinity ofTBP for

DNA (107). Stimulation of activation by VP16 has been shown to require

all three subunits of human TFIIA (167). X-ray crystal structures of two

TBP-DNA-TFIIA complexes have been solved (77, 249)(see Structure and

assembly of the preinitiation complex below).

Transcriptionfactor rm

TFIIB is a single polypeptide that has been identified in yeast

(38kD), Drosophila (34 kD) and human (35kD) systems (88, 206, 270,

285). TFIIB has been shown to bind both the TFIID/DNA complex (20,



171), and TFIIF/P0111 (64, 89), suggesting that it may function as a link

between TFIID bound to DNA and the rest of the transcriptional

machinery. TFIIB has also been implicated in start site selection (155,

206) and has recently been demonstrated to be a sequence specific DNA

binding protein (146).

TFIIB consists of two domains, an N-terminal cysteine rich region

and a C-terminal protease resistant region containing two 75 amino acid

imperfect repeats (10, 172). The NMR structure of this TFIIB core region

(TFIIBc) (9) and an X-ray crystal structure of TFIIBc-TBP-DNA complex

have been solved (189) (see Structure and assembly of the preinitiation

complex below).

Transcription Factor m)

TFIID was originally identified as a Drosophila nuclear extract

component capable of binding to the TATA-box DNA sequence of class II

promoters (20 1). Subsequent work from many laboratories has

determined that the TATA-box binding activity resides in a single

polypeptide, the TATA-box binding protein (TBP). TBP exists in

association with multiple other factors (TAFs) to comprise the TFIID

complex.

TATA-box binding protein

The cDNA for TBP was initially cloned from yeast (91 , 104).

Subsequently homologous proteins have been found and the genes



cloned from Drosophila, mouse, and human cells (101, 1 17, 186, 205,

248). In plant species, two distinct TBP genes have been identified (74,

90). TBP proteins range in size from 22 kD in Arabadopsis to 38 kD in

human. The carboxy-terminal 180 amino acid region of TBP contains

two direct repeats, and this core region is conserved among species. The

N-terminal region is more variable. Crosslinking and affinity

chromatography experiments suggest that TBP exists as a dimer in

solution (4 l).

The primary function ofTBP is promoter recognition through

binding to the TATA-box. X-ray crystal structures for TBP bound to DNA

have been solved (122, 128). X-ray crystallography, photo-crosslinking,

and mutational analysis have also provided structural information about

TBP complexed with DNA and other basal transcription factors (77, 147,

189, 216, 251) (see Structure and assembly of the preinitiation complex

below). TBP is also integral to the activity of RNA polymerase I and RNA

polymerase III (100).

TBP-associatedfactors

Genes encoding the TAFs have been cloned from yeast (y’TAFn

150,130/145, 90, 68/61, 67, 60, 47, 40, 30, 25/23, 19, 17), Drosophila

(dTAFn 250/230, 150, 110, 80/85, 60/62, 40/42, 30a/28/22, 30(3), and

human (hTAFn 250, 130, 100, 80/70, 68, 55, 30, 29, 31/32, 20/ 15, 18,

and the B-cell specific hTAF11105) systems (253). Six of these proteins

are homologous across all three species, while another four are shared



between two of the three species. Multiple TAF-TAF and TBP-TAF

interactions have been demonstrated (2 1), as has the ability of multiple

TAFs to bind to activation domains (see TAFs below). Although essential

for viability, TAFs are not essential for all transcription in eukaryotes

(253, Moqtaderi, 1996 #398, 269). Recently, certain yTAFns (90, 68/61,

60, 25/23, 17) have been shown to be a part of the yeast SAGA

nucleosome acetylation complex (86), and human, Drosophila, and yeast

TAF11250 have been shown to have histone acetyltransferase activity in

vitro (185), providing a link between TAFs and chromatin modification.

Transcriptionfactor HE

In human cells, TFIIE exists as a heterotetramer composed of two

copies each of a 56 kD and a 34 kD subunit (1 10, 195, 204). Yeast (66

kD and 43 RD) and Drosophila (55 kD and 38 kD) homologues have also

been identified (66, 273). TFIIE has been shown to bind directly to the

non-phosphorylated form of RNA polymerase II, TBP and TFIID, both

subunits of TFIIF and TFIIH. TFIIE is functionally associated with TFIIH

(194) and has been shown to promote phosphorylation of the CTD by

TFIIH (229), and to be involved with TFIIH in open complex formation

and promoter clearance (84, 102, 141).



Transcription Factor HF

TFIIF has been cloned from yeast (99), Drosophila (71, 80, 81, l 19),

and human systems (7, 68, 239). Mammalian TFIIF is composed of

RAP30 (30kD) and RAP74 (58 kD); the Drosophila protein is homologous.

Yeast TFIIF consists of three subunits, the larger of which (105 kD and

54 kD) are also homologous to RAP74 and RAP30, and the smallest of

which is yTAFn30.

TFIIF recruits PolII to the preinitiation complex through RAP30

(69). RAP30 also shares regions of homology with bacterial sigma factors

(178, 239) and these findings together suggest a role for RAP30 as an

initiation factor important in promoter recognition (30, 120, 12 l). RAP74

also appears to function in initiation (152, 250).

TFIIF has also been implicated in elongation (13, 208). RAP74 is

essential for this function (30, 152) and RAP30 may also contribute

(250). TFIIF activity in initiation and elongation can be regulated by

phosphorylation of RAP74 (131). TAF11250 has been shown to be a serine

kinase and to selectively phosphorylate RAP74 and not other basal

transcription factors (55). Like the PolII though the action of CTD

kinases, TFIIF may be altered from initiation to elongation factor by

TAFn250 phosphorylation.



Transcriptionfactor rm

TFIIH is the only transcription factor to exhibit multiple enzymatic

activities. TFIIH is capable of ATPase and helicase activities, as well as

phosphorylation of the CTD of PolII (58). Mammalian TFIIH is a

multimeric protein of eight polypeptides ranging from 34-89 RD (58).

Two of these subunits have been identified as M015 and cyclin H, the

kinase/cyclin pair responsible for CTD phosphorylation by TFIIH (23 1).

Drosophila TFIIH has also been purified and is similarly composed of

eight polypeptides in the range of 30-100 kD (8). TFIIH in yeast

comprises nine polypeptides (244), two of which are the CTD

kinase/cyclin pair Kin28/Ccll (67, 264).

As described above, TFIIH has been shown to phosphorylate the

CTD of PolII, and to act in open complex formation and promoter

clearance, all in association with TFIIE. TFIIH has also been shown to

function in transcriptional elongation (61, 288) and in nucleotide

excision repair (NER) of DNA lesions (57, 225). However, only a subset of

TFIIH subunits are also found in the NER complex and the two activities

ofTFIIH appear to be functionally independent (222, 246).

Structure and assembly of the preinitiation complex

In the past several years, a wealth of data has become available

regarding the structure of the preinitiation complex. X-ray

crystallography has established the configuration of ’TBP-TATA, TBP-



TATA-TFIIA, and TBP-TATA-TFIIB complexes (77, 122, 128, 189, 249).

Electron crystallography has produced a structure for RNA polymerase II

and a PolII-TFIIB-TFIIE complex (51, 154, 183). Photocrosslinking and

mutagenesis have determined the relative locations of DNA, PolII, TBP,

TFIIA, TFIIB, a subunit of TFIIE, and TFIIF (45, 70, 124, 147, 216, 251).

Based on these results, the following model of preinitiation complex

structure can be described.

The preinitiation complex centers on the interaction of the saddle-

shaped TBP with TATA-box DNA. TBP induces an approximately 80°

bend in the DNA at the TATA-box which results in binding of the minor

groove of the TATA-box to the concave surface of the TBP. TFIIA binds to

the N-terminal stirrup ofTBP and contacts the DNA backbone

immediately upstream of the TATA-box. TFIIA may have additional

contact with DNA downstream ofTATA. TFIIB binds to the underside of

the TBP-TATA complex and its repeats make asymmetric contact with

DNA both upstream and downstream of the TATA-box. TFIIB binds to

the C-terminal stirrup of TBP. Both TFIIE and TFIIF contact DNA

downstream of the TATA-box but upstream of the transcriptional start

site. RNA polymerase 11 contacts DNA both upstream of the TATA-box

and downstream beyond the transcriptional start site, and appears to

induce a second bend (z700) in the DNA at the start site that results in

wrapping of the DNA around the polymerase. The locations of the other

components of TFIID and TFIIH have not been determined.
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Although experimental data generally agree on a structure for the

preinitiation complex, the method of assembly of the transcriptional

apparatus on DNA is controversial. The traditional model for

preinitiation complex assembly, derived primarily from in vitro

experiments with purified factors, is stepwise construction (2 10). First,

TFIID binds the TATA-box through TBP, an interaction stabilized by

TFIIA. Then TFIIB joins to form the DAB complex. TFIIF escorts PolII

into this complex, forming the DABPolF complex. This is followed by

addition of TFIIE and TFIIH to form the complete preinitiation complex.

More recently, however, it has been suggested that in vivo Poll] and its

associated factors arrive at the promoter in a preformed complex, the

holoenzyme (256).

RNA polymerase 11 holoenzyme complexes were originally isolated

in yeast and found to contain PolII, TFIIF, and Srb proteins with or

without TFIIB and TFIIH (129, 137, 255). As with the preinitiation

complex assembled sequentially, these complexes were found to require

TFIIB, TFIIE, TFIIH, and TBP to initiate transcription in vitro. An

additional pair of Srb proteins that comprise a kinase/cyclin pair, and

proteins of the SWI/SNF chromatin remodeling complex have also been

shown to be part of the holoenzyme (156, 278). More recently a distinct

holoenzyme complex has been isolated which contains PolII, TFIIB, TFIIF,

Gall l, Cdc73 and Paf1, but does not contain the Srb proteins (234).

Mammalian forms of holoenzyme have also been isolated (37, 198) and
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the human form has been shown to contain a SW1/SNF subunit (188).

The assembly and holoenzyme models are not necessarily mutually

exclusive; it seems likely that a holoenzyme would be assembled in a

stepwise fashion. Either model results in an assembled preinitiation

complex that is competent for transcription.

TRANSCRIPTIONAL ACTIVATION

Transcriptional activators cause an increase in the level of

transcription by RNA polymerase II; however, their mechanism of action

is unclear. Activators have been proposed to recruit chromatin

remodeling enzymes to allow promoter recognition and pre-initiation

complex formation (1 30). Likewise, activators may recruit basal

transcription factors to facilitate pre-initiation complex formation (209) ,

increase initiation rate or aid in promoter clearance (259), or increase the

rate of elongation (14). The structure and mechanism of action of

transcriptional activators has been the subject of intense study and

debate.

Transcriptional activators

Proteins that activate transcription are typically composed of two

functionally distinct domains, one that facilitates gene specific

association with DNA at the promoter and the other that performs the

activation function (290). Activation domains can often be further
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divided into subdomains capable of independent transcriptional

activation. This has been demonstrated for activator proteins such as

Gal4 (169), Gcn4 (59, 103), Rta (93), Zta (35, 184), F05 and Jun (243),

RelA (16), and VP16 (83, 214, 228, 260, 268).

Activators have traditionally been classified according to the most

prevalent amino acid of their activation domain. Thus activators have

been termed acidic, glutamine-rich, proline-rich, or serine/threonine-rich

(259) . However, mutational analysis of a number of activation domains

including VP16 (47, 214), RelA (16), p53 (160), Bell (151), GCN4 (111),

the glucocorticoid receptor (2, 109), CI (221), NRF-l and NRF-2(87), and

Sp 1 (79), has demonstrated that bulky hydrophobic and aromatic amino

acids are more critical for activation function than those that are most

abundant.

Because activation domains in isolation appear highly

unstructured (56, 193, 226, 232, 265), structural information has been

difficult to obtain. Recently, however, several laboratories have reported

structures of activation domains induced by the presence of putative

target proteins. The activation domain of the herpes simplex virus

protein VP16 has been demonstrated to adopt a more constrained

structure in the presence ofTBP (233). In the presence of hTAFu32, a

portion of the VP16 activation domain adopts an a-helical structure

(263). Secondary or-helical structure is also induced in an activation

domain of CREB by a portion of CBP (211), the transcription factor c-myc
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in the presence ofTBP (179), and the p53 transcriptional activation

domain in the presence of its repressor MDM2 (143). The structural

data support the results of the mutational analyses, as the interaction

surfaces were composed principally of hydrophobic residues.

Virion Protein 16

The VP16 activation domain is a common model system in the

study of transcriptional activation. VP16 (also known as Vmw65 or or-

TIF) is an immediate early gene activator of herpes simplex virus. VP16

is a structural component of the virion particle that is released into the

cell and migrates to the nucleus upon infection (191). VP16 as a

structural component is essential for viral replication (275); however, the

transcriptional activation function ofVP16 is not required for viability

(237); RPichyangkura and S.J.Triezenberg, unpublished). VP16 is not

capable of binding DNA (173, 180), but associates with the promoter in

complex with two cellular proteins, the sequence specific DNA-binding

protein Oct-1 (3, 78, 140, 192, 207, 240) and HCF (78, 118, 139, 284).

The phosphorylation state ofVP16 is critical for the formation of this

complex (196).

VP16 is a 490 amino acid protein that can be divided into two

domains (95, 260). The amino terminal 410 amino acids comprise the

DNA association domain and are responsible for complex formation with
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Oct-l and HCF (191). The carboxyl terminal 80 amino acids of VP16 are

necessary and sufficient for transcriptional activation both in the virus

and when fused to a heterologous DNA-binding domain (46, 220, 260).

The VP16 activation domain can be further divided into two subdomains,

VP16N (amino acids 412 to 450) and VP16C (amino acids 450 to 490),

each of which is independently capable of activating transcription when

provided with a DNA binding mechanism (83, 214, 228, 260, 268).

Extensive mutational analysis ofVP16N has indicated that the aromatic

character of F442 and the bulky hydrophobic nature of residues L439

and L444 are critical for transcriptional activation by this subdomain

(47, 214). Mutational analysis of VP16C described in this thesis

indicates that the bulky hydrophobic nature of residues F473, F475,

and F479 are critical for activation by the C-subdomain (Chapter 3).

Glutamate 476 also contributes to activation, but not through a side-

chain interaction.

Activator mechanisms

1 . Chromatin remodeling

Chromatin mediated repression of transcription can be alleviated

by the addition of transcriptional activators (1 14, 164, 279). Histone

acetylation has also been shown to be involved (266). Complexes capable

of disrupting histone structure and allowing promoter recognition may
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function as transcriptional activators themselves, or can be recruited by

other proteins.

In yeast, several such complexes have been identified including the

SWI/SNF complex (22, 203) and its homologous complex RSC (23).

SW1/SNF complexes have also been identified in mammalian systems

(145). SWI/SNF disrupts but does not dislodge histones and has been

shown to facilitate both activator binding and TBP binding to promoter

DNA (43, 106, 138).

More recently, histone acetylation as a means of chromatin

remodeling has come to the fore. In yeast, the SAGA complex (85) and

the ADA complex (105) are transcriptional adaptors share a histone

acetyltransferase, Gcn5, whose activity is required for function of both

complexes (26, 85, 142, 271). Homologues of Gcn5 have also been

identified in human (24, 286), Drosophila (238), and Tetrahymena (19).

Human homologue PCAF is also a histone acetyltransferase, and is

associated with three other such proteins, p300, CBP, and ACTRl (32).

The acetyltransferase activity of CBP has also been demonstrated to

stimulate transcription (175). Homologues of Ada2, another member of

the ADA complex, have also been found in the human system (24).

Ada2 has been shown to be required for maximal transcriptional

activation by Gcn4 (59, 60), Bell (15), p53 (25), retinoid X and estrogen

receptors (267), and the tau 1 -core domain of the glucocorticoid receptor

(98), and the activation domain of VP16 (235). Yeast activator Adrl has
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also been shown to bind Gcn5 (36). CBP and p300 have been shown to

interact with activators such as CREB (4, 144), E1A (286), and nuclear

receptors (1 15), and PCAF is also a nuclear receptor coactivator (17).

These activation domain interactions may be important for recruiting the

histone acetyltransferase complex to the promoter.

These observations are also consistent with a holoenzyme model

for preinitiation complex formation. The yeast RNA PolII holoenzyme has

been found to remodel chromatin (76). Proteins of the SW1/SNF

chromatin remodeling complex have been shown to be part of the

holoenzyme in yeast (156, 278) and human forms (188). CBP and p300

have also been found to be associated with human TBP (49).

2. Recruitment ofgeneral transcriptionfactors

a. T‘FHA

The presence of TFIIA has been shown to increase the levels of

transcription activated by such proteins as VP16, Zta, Sp 1 , NTF- 1 , the

synthetic activator Gal4-AH, and SV40 large T antigen (50, 199, 242,

289). Moreover, Zta, VP16, and T antigen bind directly to TFIIA, and this

binding correlates with the ability to stimulate TFIIA-TFIID-TATA

complex formation (50, 134, 135, 199). These results suggest that the

certain activators recruit TFIIA to the promoter to promote DA complex

assembly, although this may not be the case for all promoters (158).
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Isomerization of a TFIIA-TFIID-TATA complex into a form that is

capable of binding TFIIB has been shown to be necessary for activation of

transcription (34). It has been suggested that the role of TFIIA is to

assist in overcoming the slow step ofTBP binding in preinitiation

complex formation (35). Taken together, these results suggest that the

role of the transcriptional activator might be to recruit TFIIA and through

that recruitment to speed preinitiation complex formation.

b. TFIIB

Several transcriptional activators have been shown to interact with

TFIIB. The synthetic activator Gal4-AH, CTFI, and the activation

domain ofVP16 have been shown to bind TFIIB and recruit it to the

promoter (39, 126, 161, 218). Correlation between binding to TFIIB and

in viva activity has also been demonstrated for yeast Gal4 protein (280)

and RXRB in mouse (153). However, the model of activator recruitment

of TFIIB to the promoter is controversial. Recruitment of TFIIB to the

promoter was initially proposed as a function of VP16 to overcome the

rate limiting step in preinitiation complex formation (161). However, a

study ofVP16 indicated a requirement for more than interaction with

TFIIB to obtain full activation (268). Furthermore, mutations in TFIIB

that disrupt the stability of the TBP-TATA—TFIIB complex do not affect

the response of these complexes to activation by VP16 (38). Experiments

with TFIIB tethered at the promoter via fusion to a DNA binding domain
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have suggested that recruitment of TFIIB is not the rate limiting step in

complex formation (82).

Comparison of the solution structure of NBC (9) and the TBP-TATA-

TFIIB x-ray crystal structure (188) indicates a change in the

conformation of the TFIIB repeats in the presence ofTBP and DNA.

Roberts et al. had previously demonstrated that VP16 is capable of

inducing a conformational change in TFIIB by binding to the carboxyl

terminal domain (2 17). This result has been confirmed recently by NMR

(94). These results suggest a role for VP16 and other activation domains

not in TFIIB recruitment, but in alteration of TFIIB conformation to

facilitate binding of TFIIB to the TBP-DNA complex.

c. TFIID

i. TBP

In addition to binding DNA, TBP has been shown to bind in vitro to

transcriptional activators such as VP16 (108), Spl (63), Oct-1 and Oct-2

(293), Gal4 (182), c-Jun and other members of the c-Jun family (72),

E2Fl (202), p53 (163, 262), ERM (52), and ElA (162). Moreover,

mutational analysis of TBP has allowed identification of TBP residues

that disrupt activator function in viva (5, 123, 125, 150, 159, 254).

Several functions for these interactions have been proposed.

Recruitment ofTBP to the TATA-box may be assisted by transcriptional

activators. By tethering TBP to the promoter through a DNA binding

domain, the requirement for an activation domain can be relieved (3 1.
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132, 170, 28 1). However, mutational analysis and tethering experiments

indicate that while this may be the function of some activation domains,

such as Spl , it may not be relevant to the function of others (96, 252).

Experimental evidence suggests that both TBP and TFIID can exist

as dimers in solution, raising the possibility that the function of certain

transcriptional activators with respect to TBP is to dissociate the TBP

dimer, allowing TBP to interact with TATA-box DNA (40, 41, 247). A

mutation in TBP that disrupts transcriptional activation by VP16 was

found on the DNA binding surface ofTBP (123). VP16 has also been

suggested to induce a conformational change in TBP that affects binding

ofTBP to TATA (159).

ii. TAFs

As with TBP binding, binding of activators to TAFs may recruit

TBP/TFIID to the promoter. The TAFs were originally identified as

proteins that mediate transcriptional activation (62). Many

transcriptional activators are capable of binding to TAFs. W16 binds

d’l‘Afi140 and its human homologue hTAm132 (83, 133). Spl binds both

dTAFnlSO and dTAFnl 10 (33, 79), and NTF-l binds dTAF11150 (33).

Progesterone receptor and Bicoid also bind dTAFn l 10 (223, 227), and

Bicoid binds d TAFn60 as well (223). ERM, a member of the ETS family,

binds both dTAFn60 and dTAFn40 (52). Adenovirus activator E1A

interacts with hTAFn135 (l 77). Moreover, these activities are specific; for

example, the estrogen receptor binds hTAFn30 while VP16 does not (1 12).
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There is evidence that at least some of the interactions between

activators and TAFs occur in viva (224).

d. TFIIE and 1m

Although both TFIIE and TFIIF have been shown to be involved in

both initiation and promoter clearance (see above), they do not appear to

be particularly targeted by transcriptional activators. Epstein-Barr Virus

transactivator EBNA 2 has been shown to interact with TFIIE through a

coactivator, p100 (258). TFIIF has been shown to play a role in

transactivation by serum response factor and VP16, both of which

facilitate the binding of the RAP74 subunit to DNA (292).

e. TFIIH

TFIIH has been shown to bind to the activation domains of both

VP16 and p53 (283). However, the correlation between the ability of

VP16 to bind to TFIIH and to activate transcription seems to be restricted

to the VP16N subdomain (135, 283). Recently, a connection between

several activation domains and the kinase activity of TFIIH has been

demonstrated. The RARa activation domain AF- 1 can bind to TFIIH and

be phosphorylated by the TFIIH kinase both in viva and in vitro (2 19).

This phosphorylation is required for in viva activation by RARa.

Likewise, the activation domain of p53 can be phosphorylated by the

TFIIH kinase in vitro and this enhances the DNA binding activity of p53
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(165). The HIV- 1 transactivator Tat has also been found to bind TFIIH

kinase in vitro and in viva, but in this case Tat stimulates

phosphorylation of the PolII CTD by TFIIH (73). The link between TFIIH

and transcriptional activation domains may involve either protein

modifiying the action of the other.

f. Recruitment and the holoenzyme

The majority of the data discussed above, although previously

considered solely in light of the stepwise assembly model, is compatible

with the holoenzyme model as well. Known targets of activators such as

TFIIB, TFIID, TFIIE, TFIIF, and TFIIH have been found in various

holoenzyme complexes (37, 129, 137, 198, 255). The activation domains

of VP16 and Gal4 have been shown to bind to the PolII holoenzyme in

yeast (97, 136). Moreover, recruitment of the PolII holoenzyme complex

to a promoter by tethering it via fusion of a holoenzyme protein to a DNA

binding domain has been shown to be sufficient for activation of

transcription (65, 75).

3. Open complexformation

The transition of the polymerase complex from a preinitiation form

to an elongation competent form is known as open complex formation.

The duplex promoter DNA is separated to allow access to the template

strand in an ATP-dependent manner (272). VP16 and HIV Tat activator
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have been shown to influence transcription beyond the step of

preinitiation complex formation (277, 282). Mutations in VP16 have also

been shown to affect the formation of the open complex (1 13). Both

TFIIE and TFIIH have been shown to be required for open complex

formation (102). Thus activators may recruit TFIIE, TFIIH, or some other

component to stimulate open complex formation.

4. Promoter clearance

The transition from an open complex to an actively elongating

complex is known as promoter clearance and involves formation of the

first phosphodiester bond in the nascent mRNA chain. This step seems

to require both TFIIE and TFIIH, and may involve phosophorylation of the

PolII CTD (61, 84, 176). Only one activation domain, that of the human

c-AMP response element binding protein PBP, has been demonstrated to

increase the rate of promoter clearance (1 87). However, activation

domains that interact with TFIIE and TFIIH could stimulate promoter

clearance through recruitment of these factors.

5. Elongation

The polymerase elongation complex differs from the initiation

complex. The elongating polymerase is found in the CTD-phosphorylated

form, PolIIO. and the complex includes elongation factors such as TFIIS

and 8111 (also called elongin) (6, 215), but not adaptor complexes such as
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mediator (245). TFIIF and TFIIH are also important for elongation (13,

208, 288). The transcriptional activators VP16, Ela, Tat, p53, and E2Fl

have all been shown to stimulate elongation (18, 287), possibly through

interaction with these transcription factors or with elongation factors.

These observations are consistent with the holoenzyme model, as both

TFIIS and a subunit of S111 have been found to be associated with a

human PolII holoenzyme (200).

SUMMARYAND OUTLINE

Transcriptional activation is a complex process that is not yet well

understood. General transcription factors have been cloned and

characterized. Structural information has provided a partial picture of

the assembled transcriptional machinery. The function of adaptor

complexes in chromatin remodeling has been more clearly defined.

However, the mechanisms by which transcriptional activators regulate

this system, especially in viva, remain ill-defined. The purpose of this

thesis research is to provide a better understanding of transcriptional

activation through the study of a model transcriptional activator, VP16.

The activation domain ofVP16 can be divided into two

subdomains, the N-terminal of which has previously been characterized

(47, 2 14). I have undertaken a thorough mutational analysis of the

VP16C subdomain fused to a heterologous DNA binding domain to

identify and characterize amino acid side-chains critical for activation by
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VP16C. The VP16C mutants were assayed for the ability to activate

reporter genes in both yeast and mammalian cells. The results of these

experiments, described in Chapter 3, indicate that the side chains of

three bulky hydrophobic residues - F473, F475, F479 — play critical roles

in VP16C activation in both systems, and that E476 also contributes to

activation, though not through a side-chain specific interaction.

The results of the mutational analysis were then employed to

explore the interactions ofVP16 with two of its putative target proteins.

The activation domain of VP16 has been shown to bind in vitro to a

number of transcription factors (1 l, 83, 108, 133, 134, 161, 283). One

of these targets, the yeast protein Ada2, has been shown in viva to be

required for maximal activation by the VP16 activation domain (235) and

to bind VP16 in vitro through VP16C (l l, 235). To identify amino acid

residues in VP16C required for interaction with Ada2, the VP16C

mutants were assayed for reporter gene activation in a yeast strain

lacking Ada2. These experiments, described in Chapter 4, failed to

identify any amino acid side-chains directly involved in interaction with

Ada2.

The activation domain of VP16 has also been shown to bind TBP

(108). Fluorescence spectroscopy has been applied to study this

interaction and has shown that the VP16 activation domain becomes

structurally constrained, and that amino acid residues F442 and F473

are shifted from a solvent exposed to an hydrophobic environment in the
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presence ofTBP (232, 233). To explore the connection between the

amino acid residues that are critical for transcription in viva and the

interaction between VP16 and TBP, further fluorescence studies were

undertaken in which VP16 activation domains bearing transcriptional

mutations were analyzed in the presence of TBP. The theory of

fluorescence spectroscopy is described in Chapter 2. The results of these

experiments, described in Chapter 5, indicate that these mutations

produce no change in the TBP-induced structure of VP16. Preliminary

experiments with a wild type VP16 activation domain and TBP in the

presence ofTATA-box DNA, however, indicate that TATA-box DNA causes

TBP to dissociate from VP16.

The results of my thesis research provide some insight into the

transcriptional activation domain ofVP16. Moreover, they provide a

thorough panel of mutants and a well-defined biophysical technique to

employ in further study of VP16. In Chapter 6, I outline future

experiments of this nature, as well as suggestions for application of the

mutational data to VP16 in its native context, herpes simplex virus.

REFERENCES

1. Allison, L. A., J. K. Wong, V. D. Ritzpatrick, M. Hoyle, and C.

J. Ingles. 1988. The C-terminal domain of the largest subunit of

RNA polymerase II of Saccharomyces cerevisiae, Drosophila

melanogaster, and mammals: a conserved structure with an

essential function. Mol. Cell. Biol. 8:321-329.

26



10.

11.

Almlof, T., J. A. Gustafeson, and A. P. B. Wright. 1997. Role of

hydrophobic amino acid clusters in the transactivation activity of

human glucocorticoid receptor. Mol. Cell. Biol. 17:934-945.

apRhys, C. M. J., D. M. Ciufo, E. A. O'Neill. T. J. Kelly, and G.

S. Hayward. 1989. Overlapping octamer and TAATGARAT motifs in

the VF65-response elements in herpes simplex virus immediate-

early promoters represent independent binding sites for cellular

nuclear factor 111. J. Viral. 63:2798-2812.

Arany, 2., W. R. Sellers, D. M. Livingston, and R. Eckner. 1994.

ElA-associated p300 and CREE-associate CBP belong to a

conserved family of coactivators. Cell 77:799-800.

Arndt, K. M., S. Ricupero-Hovasse. and F. Winston. 1995. TBP

mutants defective in activated transcription in viva. EMBO J.

14:1490- 1497.

Asa, T., J. W. Conway, and R. C. Conaway. 1995. Role of core

promoter structure in assembly of the RNA polymerase II

preinitiation complex - A common pathway for formation of

preinitiation intermediates at many TATA and TATA-less

promoters. J. Biol. Chem 269:26575-26583.

Asa, T., H. A. Vasavada, T. Kawaguchi, F. J. Germino, S.

Ganguly, S. Kitajima, S. M. Weissman, and Y. Yasukochi. 1992.

Characterization of cDNA for the large subunit of the transcription

initiation factor TFIIF. Nature 355:461-464.

Austin, R. J., and M. D. Biggin. 1996. Purification of the

Drosophila RNA polymerase 11 general transcription factors. Proc.

Natl. Acad. Sci. USA 93:5788-5792.

Bagby, 8., S. J. Kim, E. Maldonado, K. I. Tong, D. Reinberg,

and M. Ikura. 1995. Solution structure of the C-tenninal core

domain of human TFIIB: Similarity to cyclin A and interaction

with TATA binding protein. Cell 82:857-867.

Barberis. A., C. W. Muller, S. C. Harrison, and M. Ptashne.

1993. Delineation of 2 functional regions of transcription factor-

TFIIB. Proc. Natl. Acad. Sci. USA 90:5628-5632.

Barlev, N. A., R. Candau, L. Wang, P. Darpino, N. Silverman,

and S. B. Berger. 1995. Characterization of physical interactions

of the putative transcriptional adaptor, ADA2, with acidic

27



l2.

l3.

14.

15.

16.

17.

18.

19.

20.

activation domains and TATA-binding protein. J. Biol. Chem.

270: 19337- l9344.

Bartolomei. M. 8.. N. F. Halden, C. R. Cullen. and J. L. Corden.

1988. Genetic analysis of the repetitive carboxyl-terminal domain

of the largest subunit of mouse RNA polymerase 11. Mol. Cell. Biol.

8:330-339.

Bengal, E.. O. Flores. A. Krauskopf, D. Reinberg, and Y. Aloni.

1991 . Role of the mammalian transcription factor-11F, factor-11S,

and factor-11X during elongation by RNA polymerase-II. Mol. Cell.

Bio. 1 1:1 195- 1206.

Bentley, D. L. 1995. Regulation of transcriptional elongation by

RNA polymerase II. Curr. Opin. Genetics Dev. 5:210-216.

Blair, W. 8., H. Bogerd, and B. R. Cullen. 1994. Genetic analysis

indicates that the human foamy virus bel- 1 protein contains a

transcriptional activation domain of the acidic class. J Virol.

68:3803-3808.

Blair, W. 8.. H. P. Bogerd, S. J. Madore. and B. R. Cullen. 1994.

Mutational analysis of the transcription activation domain of RelA:

Identification of a highly synergistic minimal acidic activation

module. Mol. Cell. Biol. 14:7226-7234.

Blanca, J. C. G., S. Minucci, J. Lu. X. Yang. K. R. Walker, 11.

Chen, R. M. Evans, Y. Nakatani, and K. Ozato. 1998. The

histone acetylase PCAF is a nuclear receptor coactivator. Genes

Dev. 12:1638-1651.

Blau, J., H. Xiao. S. McCracken. P. O’Hare. J. Greenblatt. and

D. Bentley. 1996. Three functional classes of transcriptional

activation domains. Mol. Cell. Biol. 16:2044-2055.

Brownell. J. E., J. Zhou, T. Ranalli, R. Kobayashi, D. G.

Edmondeon. S. Y. Roth, and C. D. Allis. 1996. Tetrahymena

histone acetyltransferase A: A homolog to yeast Gcn5p linking

histone acetylation to gene activation. Cell 84:843-85 1 .

Buratowski, 8., S. Hahn, L. Guarente, and P. A. Sharp. 1989.

Five intermediate complexes in transcription initiation by RNA

polymerase 11. Cell 56:549-561.

28



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Burley, S. K., and R. G. Roeder. 1996. Biochemistry and

structural biologi of transcription factor IID (TFIID). Annu. Rev.

Biochem. 65:769-799.

Cairns, B. R., Y. J. Kim. M. H. Sayre. B. C. Laurent. and R. D.

Kornberg. 1994. A multisubunit complex containing the

SWIl/ADR6, SW12/SNF2, SW13, SNF5, and SNF6 gene products

isolated from yeast. Proc. Natl. Acad. Sci. USA 91:1950-1954.

Cairns. B. R., Y. Larch, Y. Li, M. Zhung, L. Lacomis. H.

Erdjument-Bromage. P. Tempst, J. Du, B. Laurent. and R. D.

Kornberg. 1996. RSC, an essential abundant chromatin-

remodeling complex. Cell 87: 1249-1260.

Candau, R., P. A. Moore, L. Wang. N. Barley, C. Y. Ying. C. A.

Rosen, and S. L. Berger. 1996. Identification of human proteins

functionally conserved with the yeast putative adaptors ADA2 and

GCN5. Mol. Cell. Biol. 16:593-602.

Candau, R., D. M. Scolnick, P. Darpino. C. Y. Ying, T. D.

Halazonetia, and S. L. Berger. 1997. Two tandem and

independent sub-activation domains in the amino terminus of p53

require the adaptor complex for activity. Oncogene 7:807-816.

Candau, R., J. Zhou, C. D. Allis. and 8. L. Berger. 1997. Histone

acetyltransferase activity and interaction with ADA2 are critical for

GCN5 function in vivo. EMBO J. 16:555-565.

Chambers. R. 8.. and M. E. Dahmus. 1994. Purification and

characterization of a phosphatase from HeLa cells which

dephosphorylates the C-terminal domain of RNA polymerase II. J.

Biol. Chem. 269:26243-26248.

Chambers. R. 8., and C. M. Kane. 1996. Purification and

characterization of an RNA polymerase II phosphatase from yeast.

J. Biol. Chem. 271:24498-24504.

Chambers, R. 8.. B. Q. Wang. 2. F. Burton, and M. E. Dahmus.

1995. The activity of COOH-terminal domain phosphatase is

regulated by a docking site on RNA polymerase II and by the

general transcription factors 11F and HE. J. Biol. Chem.

270: 14962- 14969.

Chang, 0., C. F. Kostrub. and Z. 1". Burton. 1993. RAP30/74

(TFIIF) is required for promoter escape by RNA polymerase II. J.

Biol. Chem. 268:20482-20489.

29



31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Chatterjee. 8., and K. Struhl. 1995. Connecting a promoter-

bound protein to TBP bypasses the need for a transcriptional

activation domain. Nature 347:820-2.

Chen, H.. R. J. Lin. R. L. Schlitz, D. Chakravarti, A. Nash, L.

Nagy. M. L. Privalsky. Y. Natatani. and R. M. Evans. 1997.

Nuclear receptor coactivator ACTR is a novel histone

acetyltransferase and forms a multimeric activation complex with

P/CAF and CBP/p300. Cell 90:569-580.

Chen. J.. L. D. Attardi, C. P. Verrijzer, K. Yokomori, and R.

'l‘jian. 1994. Assembly of recombinant TFIID reveals differential

coactivator requirements for distinct transcriptional activators. Cell

79:93- 105.

Chi, T., and M. Carey. 1996. Assembly of the isomerized TFIIA-

TFIID-TATA ternary complex is necessary and sufficient fo gene

activation. Genes Dev. 10:2540-2550.

Chi, T., and M. Carey. 1993. The ZEBRA activation domain:

modular organization and mechanism of action. Mol. Cell. Biol.

13:7045-7055.

Chiang, Y. C.. P. Komarnitsky, D. Chase. and C. L. Denis. 1996.

ADRl activation domains contact the histone acetyltransferase

GCN5 and the core transcriptional factor TFIIB. J. Biol. Chem.

271:32359-32365.

Cho. H.. M. E.. and D. Reinberg. 1997. Affinity purification of a

human RNA polymerase II complex using monoclonal antibodies

against transcription factor IIF. J. Biol. Chem. 272:1 1495- 1 1502.

Chou, 8., and K. Struhl. 1997. Transcriptional activation by TFIIB

mutatns that are severely impaired in interaction with promoter

DNA and acidic activation domains. Mol. Cell. Biol. 17:6794-6802.

Choy, B.. and M. R. Green. 1994. Eukaryotic activators function

during multiple steps of preinitiation complex assembly. Nature

366:53 l -536.

Coleman. R. A.. and B. F. Pugh. 1997. Slow dimer dissociation of

the TATA binding protein dictate the kinetics of DNA binding. Proc.

Natl. Acad. Sci. USA 94:7221-7226.

30



41.

42.

43.

45.

46.

47.

48.

49.

50.

Coleman, R. A.. A. K. Taggart, L. R. Benjamin. and B. F. Pugh.

1995. Dimerization of the TATA binding protein. J. Biol. Chem.

270: 13842- 13849.

Cortes, P.. O. Flores, and D. Reinberg. 1992. Factors involved in

specific transcription by mammalian RNA polymerase II:

purification and analysis of transcription factor 11A and

identification of transcription factor IIJ. Mol. Cell. Biol. 12:413-

42 l.

Cote, J., J. Quinn, J. L. Workman. and C. L. Peterson. 1994.

Stimulation of GAIA derivative binding to nucleosomal DNA by the

yeast SWI/SNF complex. Science 265:53-60.

Coulombe. B., M. Killeen. P. Liljelund, B. Honda, H. Xiao. C. J.

Ingles. and J. Greenblatt. 1992. Identification of three

mammalian proteins that bind to the yeast TATA box protein

TFIID. Gene Expression 2:99-1 10.

Coulombe. B.. J. Li, and J. Greenblatt. 1994. Topological

localization of the human transription factors IIA, IIB, TATA box-

binding protein, and RNA polymerase II-associated protein 30 on a

class 11 promoter. J. Biol. Chem. 269:19962-19967.

Couscns. D. J., R. Greaves, C. R. Goding. and P. O'Hare. 1989.

The C-terminal 79 amino acids of the herpes simplex virus

regulatory protein, Vmw65, efficiently activate transcription in

yeast and mammalian cells in chimeric DNA-binding proteins.

EMBO J. 8:2337-2342.

Cress. W. D., and S. J. Triezenberg. 1991. Critical structural

elements of the VP]6 transcriptional activation domain. Science

251:87-90.

Dahmus, M. E. 1995. Phosphorylation of the C-terminal domain of

RNA polymerase II. Biochem. Biophys. Acta 1261: 171-182.

Dallas. P. B., P. Yaciuk. and E. Moran. 1997. Characterization of

monoclonal antibodies raised against p300: both p300 and CBP

are present in intracellular TBP complexes. J. Virol. 71: 1726-1731.

Damania, B.. P. Lieberman, and J. C. Alwine. 1998. Simian virus

40 large T antigen stabilizes the TATA-binding protein-TFIIA

complex on the TATA element. Mol. Cell. Biol. 18:3926-3935.

31



51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Darst, S. A., A. M. Edwards. E. W. Kubaled, and R. D. Kornberg.

1991. Three-dimensional structure of yeast RNA polymerase II at

16 angstrom resolution. Cell 66:121-128.

Defossez. P. A., J. L. Baert, M. Monnot, and Y. de Launoit.

1997. The ETS family member ERM contains an alpha-helical

acidic activation domain that contacts TAFII60. Nucleic Acids Res.

25:4455-4463.

DeJong, J., R. Bernstein, and R. G. Roeder. 1995. Human

general transcription factor TFIIA: Characterization of a cDNA

encoding the small subunit and requirement for basal and

activated transcription. Proc. Natl. Acad. Sci. U.S.A. 92:3313—

33 l 7.

DeJong, J., and R. G. Roeder. 1993. A single cDNA, hTFIIA/a,

encodes both the p35 and p19 subunits of human TFIIA. Genes

Dev. 7:2220-2234.

Dikstein, R., S. Ruppert, and R. Tjian. 1996. TAF11250 is a

bipartite protein kinase that phosphorylates the basal

transcription factor RAP74. Cell 84:781-790.

Donaldson, L., and J. P. Capone. 1992. Purification and

characterization of the carboxyl-terminal transactivation domain

ofVmw65 from herpes simplex virus type 1. J. Biol. Chem.

267: 141 1-1414.

Drapkin, R., J. T. Reardon, A. Ansari, J. C. Huang, L. Zawel, K.

J. Ahn, A. Sancar, and D. Reinberg. 1994. Dual role of TFIIH in

DNA excision repair and in transcription by RNA polymerase 11.

Nature 368:769-772.

Drapkin, R., and D. Reinberg. 1994. The multifunctional TFIIH

complex and transcriptional control. fiends Biochem. Sci. 19:504-

508.

Drysdale. C. M.. E. Duenas, B. M. Jackson. U. Reusser. G. H.

Braus, and A. G. Hinnebusch. 1995. ’111e transcriptional activator

GCN4 contains multiple activation domains that are dependent on

hydrophobic amino acids. Mol. Cell. Biol. 15:1220-1233.

Drysdale, C. M.. B. M. Jackson. R. McVeigh, E. R. Klebanow, Y.

Bai. T. Kokubo, M. Swanson, Y. Nakatani, P. A. Well, and A. G.

Hinnebusch. 1998. The Gcn4p activation domain interacts

specifically in vitro with RNA polymerase Ii holoenzymer, ’IFIID,

32



61.

62.

63.

65.

66.

67.

68.

69.

70.

and the Adap-Gcn5p coactivator complex. Mol. Cell. Biol. 18: 171 1-

1 724.

Dvir, A., R. C. Conaway, and J. W. Conaway. 1997. A role for

TFIIH in controlling the activity of early RNA polymerase II

elongation complexes. Proc. Natl. Acad. Sci. USA 94:9006-9010.

Dynlacht, B. D., T. Hoey. and R. Tjian. 1991. Isolation of

coactivators associated with the TATA-binding protein that

mediate transcriptional activation. Cell 66:563-576.

Emili, A., J. Greenblatt. and J. C. Ingles. 1994. Species-specific

interaction of the glutamine-rich activation domains of Sp 1 with

the TATA box-binding protein. Mol. Cell. Biol. 14:1582-1593.

Fang, S. M.. and 2. F. Burton. 1996. RNA polymerase II-

associated protein (RAP) 74 binds transcription factor ('1?) IIB and

blocks TFIIB-RAP30 binding. J. Biol. Chem. 271:1 1703- 1 1709.

Farrell, 8., N. Simkovich, Y. Wu. A. Barberis, and M. Ptashne.

1996. Gene activation by recruitment of the RNA polymerase II

holoenzyme. Genes Dev. 10:2359-2367.

Feaver, W. J., N. L. Henry, D. A. Bushnell, M. H. Sayre, J. H.

Brickner, O. Gileadi, and R. D. Kornberg. 1994. Yeast TFIIE.

Cloning, expression, and homology to vertebrate proteins. J. Biol.

Chem. 269:27549-27553.

Feaver, W. J., J. 9. Svejstrup, N. L. Henry, and R. D. Kornberg.

1994. Relationship of CDK-activating kinase and RNA polymerase

II CTD kinase TFIIH/TFIIK. Cell 79:1103-1 109.

Finkelstein, A., C. F. Kostrub, J. Li, D. P. Chavez, B. Q. Wang,

S. M. Fang, J. Greenblatt. and 2. F. Burton. 1992. A cDNA

encoding RAP74, a general initiation factor for transcription by

RNA polymerase-II. Nature 355:464-467.

Flores, 0., H. Lu, M. Killeen, J. Greenblatt, 2. F. Burton, and D.

Reinberg. 1991 . The small subunit of transcription factor IIF

recruits RNA polymerase 11 into the preinitiation complex. Proc.

Natl. Acad. Sci. USA 88:9999-10003.

Forget, D., F. Robert, G. Grondin, 2. F. Burton, J. Greenblatt.

and B. Coulombe. 1997. RAP74 induces promoter contacts by

RNA polymerase II upstream and downstream of a DNA bend

33



71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

centered on the TATA box. Proc. Natl. Acad. Sci. USA 94:7150-

7 1 55.

Frank, D. J., C. M. Tyree, C. P. George, and J. T. Kadonaga.

1995. Structure and function of the small subunit of TFIIF (RAP30)

from Drosophila melanogaster. J. Biol. Chem. 270:6292-6297.

Franklin, C. C.. A. V. McCulloch, and A. S. Kraft. 1995. In vitro

association between the Jun protein family and the genearl

transcription factors, TBP and TFIIB. Biochem. J. 305:967-974.

Garcia-Martinez, L. F., G. Mavankal, J. M. Neveu, W. 8. Lane,

D. lvanov, and R. B. Gaynor. 1997. Purification of a Tat-

associated kinase reveals a TFIIH complex that modulates HIV- 1

transcription. EMBO J. 16:2836-2850.

Gasch, A., A. Hofimann, M. Horikoshi, R. G. Roeder. and N.-H.

Chua. 1990. Arabidopsis thaliana contains two genes for TFIID.

Nature 346:390-394.

Gaudreau, L., M. Adam, and M. Ptashne. 1998. Activation of

transcription in vitro by recruitment of the yeast RNA polymerase 11

holoenzyme. Mol. Cell. 1:913-916.

Gaudreau, L., A. Schmid, D. Blaschki, M. Ptashne, and W. Horz.

1997. RNA polymerase 11 holoenzyme recruitment is sufficient to

remodel chromatin at the yeast PH05 promoter. Cell 89:55-62.

Geiger, J. H., S. Hahn, 8. Lee, and P. B. Sigler. 1996. Crystal

structure of the yeast TFIIA/TBP/DNA complex. Science 272:830-

836.

Gerster, T., and R. G. Roeder. 1988. A herpesvirus trans-

activating protein interacts with transcription factor OTF- 1 and

other cellular proteins. Proc. Natl. Acad. Sci. USA 85:6347-6351.

Gill, G., E. Pascal, Z. H. Tseng, and R. Tjian. 1994. A glutamine-

rich hydrophobic patch in transcription factor Sp 1 contacts the

dTAFII 1 10 component of the Drosophila TFIID complex and

mediates transcriptional activation. Proc. Natl. Acad. Sci. USA

91: 192- 196.

Gong, D. W., M. Horikoshl, and Y. Nakatank. 1993. Analysis of a

cDNA encoding Drosophila transcription initiation factor TFIIF

alpha (RAP74). Nucleic Acids Res. 21:1492.

34



81.

82.

83.

84.

85.

86.

87.

88.

89.

Gong, D. W., M. A. Mortin, M. Horikoshi, and Y. Nakatani.

1995. Molecular cloning of a cDNA encoding the small subunit of

Drosophila transcription initiation factor TFIIF. Nucleic Acids Res.

23:1882-1886.

Gonzalez-Canto, E., N. Klages, and M. Strubin. 1997. Synergistic

and promoter-specific activation of transcription by recruitment of

transcription factors TFIID and TFIIB. Proc. Natl. Acad. Sci. USA

94:8036-8041.

Goodrich, J. A., T. Hoey, C. J. Thut, A. Admon, and R. Tjian.

1993. Drosophila TAF(II)40 interacts with both a VP16 activation

domain and the basal transcription factor TFIIB. Cell 75:519-530.

Goodrich, J. A., and R. Tjian. 1994. Transcription factors HE and

IIH and ATP hydrolysis direct promoter clearance by RNA

polymerase II. Cell 77: 145-156.

Grant, P. A., L. Duggan, J. Cote, S. M. Roberts, J. E. Brownell,

R. Candau, R. Ohba, T. Owen-Hughes, C. D. Allis, F. Winston,

S. L. Berger, and J. L. Workman. 1997. Yeast Gcn5 functions in

two multisubunit complexts to acetylate nucleosomal histories:

characterization of an Ada complex and a SAGA (Spt/Ada)

complex. Genes Dev. 11:1640-1650.

Grant, P. A., D. Schieltz, M. G. Pray-Grant, D. J. Steger, J. C.

Reese, J. R. Yates III, and J. L. Workman. 1998. A subset of

TAFIIs are integral components of the SAGA complex rquired for

nucleosome acetylation and transcriptional stimulation. Cell

94:45-53.

Gugneja, 8., V. A. Virbasius, and R. C. Scarpulla. 1996. Nuclear

respiratory factors 1 and 2 utilize similar glutamine-containing

clusters of hydrophobic residues to activate transcription. Mol.

Cell. Biol. 16:5708-5716.

Ha, 1., W. 8. Lane, and D. Reinberg. 1991. Cloning of a human

gene encoding the general transcription initiation factor- IIB.

Nature 352:689-695.

Ha, 1., S. Roberts, E. Maldonado, X. 9. Sun, L. U. Kim, M.

Green, and D. Reinberg. 1993. Multiple functional domains of

human transcription factor-11B - distinct interactions with 2

general transcription factors and RNA polymerase-II. Genes Dev.

7:1021-1032.

35



90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Haass, M. M.. and G. Feix. 1992. No different cDNAs encoding

TFIID proteins of maize. FEBS Letters 301:294-298.

Hahn, 8., 8. Buratowski, P. A. Sharp, and L. Guarente. 1989.

Isolation of the gene encoding the yeast TATA binding protein

TFIID: A gene identical to the SPT15 suppressor ofTy element

insertions. Cell 58:1 173-1181.

Hampsey, M. 1998. Molecular genetics of the RNA polymerase 11

general transcription machinery. Microbiology and Molecular

Biology Reviews 62:465-503.

Hardwick, J. M.. L. Tse, N. Applegren, J. Nicholas, and M. A.

Veliuona. 1992. The Epstein-Barr virus R transactivator (Rta)

contains a complex, potent activation domain with properties

different from those of VP16. J. Virol. 66:5500-5508.

Hayashi, F., R. Ishima, D. Liu, K. I. Tong, 8. Kim, D. Reinberg.

8. Bagby, and M. lkura. 1998. Human general transcription factor

TFIIB: conformational variability and interaction with VPl6

activation domain. Biochemistry 37:7941-7951.

Hayes, 8., and P. O'Hare. 1993. Mapping of a major surface-

exposed site in herpes simplex virus protein Vmw65 to a region of

direct interaction in a transcription complex assembly. J. Virol.

67:852-862.

He, 8., and 8. J. Weintraub. 1998. Stepwise recruitment of

components of the preinitiation complex by upstream activators in

vivo. Mol. Cell. Biol. 18:2876-2883.

Hengartner, C. J., C. M. Thompson, J. Zhang, D. M. Chao, 8.

Liao, A. J. Koleske, 8. Okamura, and R. A. Young. 1995.

Association of an activator with an RNA polymerase 11 holoenzyme.

Genes Dev. 9:897-910.

Henriksson, A., T. Almlof, J. Ford, 1. J. Mcm, J. A.

Gustafsson, and A. P. Wright. 1997. Role of the Ada adaptor

complex in gene activation by the glucocorticoid receptor. Mol. Cell.

Biol. 17:3065-3073.

Henry, N. L., A. M. Campbell, W. J. Feaver, D. Poon, P. A. Well,

and R. D. Kornberg. 1994. TFIIF-TAF-RNA polymerase II

connection. Gens & Dev. 8:2868-2878.

36



100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Hernandez, N. 1993. TBP, a universal eukaryotic transcription

factor? Genes & Development 7:1291-1308.

Hoey, T., B. D. Dynlacht, M. D. Peterson, B. F. Pugh, and R.

Tjian. 1990. Isolation and characterization of the drosophila gene

encoding the TATA box binding protein, TFIID. Cell 61:1 179- 1 186.

Holstege, F. C., P. C. van der Vliet, and H. T. Timmers. 1996.

Opening of an RNA polymerase 11 promoter occurs in two distinct

steps and requires the basal transcription factors [IE and IIH.

EMBO J. 15:1666-1677.

Hope, I. A., and K. Struhl. 1986. Functional dissection of a

eukaryotic transcriptional activator protein, GCN4 of yeast. Cell

46:885-894.

Horikoshi, M.. C. K. Wang, H. Fujii, J. A. Cromlish, P. A. Weil,

and R. G. Roeder. 1989. Cloning and structure of a yeast gene

encoding a general transcription initiation factor TFIID that binds

to the TATA box. Nature 341:299-303.

Horiuchi, J., N. Silverman, G. A. Marcus, and L. Guarente.

1995. ADA3, a putative transcriptional adaptor, consists of two

separable domains and interacts with ADA2 and GCN5 in a

trimeric complex. Mol. Cell. Biol. 15:1203-1209.

Imbalzano, A. N., H. Kwon, M. R. Green, and R. E. Kingston.

1994. Facilitated binding of TATA-binding protein to nucleosomal

DNA. Nature 370:481-485.

Imbalzano, A. N., K. 8. Zaret, and R. E. Kingston. 1994.

Transcription factor TFIIB and TFIIA can independently increase

the affinity of the TATA-binding protein for DNA. J. Biol. Chem.

269:8280-8286.

Ingles. C. J., M. Shales, W. D. Cress, 8. J. Triezenberg, and J.

Greenblatt. 199 1. Reduced binding of TFIID to transcriptionally

compromised mutants of VP16. Nature 351:588-590.

Iniguez-Lluhi, J. A., D. Y. Lou, and K. R. Yamamoto. 1997.

Three amino acid substitutions selectively disrupt the activation

but not the repression function of the glucocorticoid receptor N

terminus. J. Biol. Chem. 272:4149-4156.

lnostroza, J., O. Flores, and D. Reinberg. 1991. Factors involved

in specific transcription by mammalian RNA polymerase II:

37



111.

112.

113.

114.

115.

116.

117.

118.

119.

purification and functional analysis of general transcription factor

HE. J. Biol. Chem. 266:9304-9308.

Jackson, B. M.. C. M. Drysdale, K. Natarajan, and A. G.

Hinnebusch. 1996. Identification of seven hydrophobic clusters in

GCN4 making redundant contributions to transcriptional

activation. Mol. Cell. Biol 16:5557-5571.

Jacq, X., C. Brou, Y. Lutz, 1. Davidson, P. Chambon, and L.

Tora. 1994. Human TAF1130 is present in a distinct TFIID complex

and is required for transcriptional activation by the estrogen

receptor. Cell 79: 107- 1 17.

Jiang, Y., 8. J. Treizenberg, and J. Gralla. 1994. Defective

transcriptional activation by diverse VPl6 mutants associated with

a common inability to form open promoter complexes. J. Biol.

Chem. 269:5505-5508.

Kamakaka, R. T., M. Bulger, and J. T. Kadonaga. 1993.

Potentiation of RNA polymerase II transcription by Gal4-VP16

during but not after DNA replication and chromatin assembly.

Genes Dev. 7:1779-1795.

Kamei, Y., L. Xu, T. Heinzel, J. Torchia, R. Kurokawa, B. Gloss,

8. C. Lin, R. A. Heyman, D. W. Rose, C. K. Glass, and M. G.

Rosenfeld. 1996. A CBP integrator complex mediates

transcriptional activation and AP- 1 inhibition by nuclear receptors.

Cell 85:403-414.

Kang, M. E., and M. E. Dahmus. 1993. RNA polymerases IIA and

110 have distinct roles during transcription from the TATA-less

murine dihydrofolate reductase promoter. J. Biol. Chem.

268:25033-25040.

Kao, C. C., P. M. Lieberman, M. C. 8chmidt, 9. Zhou, R. Pei,

and A. J. Berk. 1990. Cloning of a transcriptionally active human

TATA binding factor. Science 248: 1646- 1650.

Katan, M.. A. Haigh, C. P. Verrijzer, P. C. Vandervliet, and P.

O'Hare. 1990. Characterization of a cellular factor which interacts

functionally with Oct- 1 in the assembly of a multicomponent

transcription complex. Nucleic Acids Res. 18:6871-6880.

Kephart, D. D., M. P. Price, Z. F. Burton, A. Finkelstein, J.

Greenblatt, and D. H. Price. 1993. Cloning of a Drosophila cDNA

38



120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

with sequence similarity to human trancription factor RAP74.

Nucleic Acids Res. 21: 1319.

Killeen, M.. B. Coulombe, and J. Greenblatt. 1992. Recombinant

TBP, transcription factor-11B, and RAP30 are sufficient for

promoter recognition by mammalian RNA polymerase-II. J. Biol.

Chem. 267:9463-9466.

Killeen, M. T., and J. F. Greenblatt. 1992. The general

transcription factor RAP30 binds to RNA polymerase II and

prevents it from binding nonspecifically to DNA. Mol. Cell. Biol.

12:30-37.

Kim, J. L., D. B. Nikolov, and 8. K. Burley. 1993. Co-crystal

structure ofTBP recognizing the minor groove of a TATA element.

Nature 365:520-527.

Kim, T. K., 8. Hashimoto, R. J. Kelleher III, P. M. Flanagan, R.

D. Kornberg, and R. G. Roeder. 1994. Effects of activation-

defective TBP mutations on transcription initiation in yeast. Nature

369:252-255.

Kim, T. K., T. Lagrange, Y. H. Wang, J. D. Grifith, D. Reinberg.

and R. H. Ebright. 1997. Trajectory of DNA in the RNA polymerase

II transcription preinitiation complex. Proc. Natl. Acad. Sci. USA

94:12268- 12273.

Kim, T. K., and R. Roeder. 1997. Critical role of the second

stirrup region of the TATA-binding protein for transcriptional

activation both in yeast and human. J. Biol. Chem. 272:7540-

7545.

Kim, T. K., and R. Roeder. 1994. Praline-rich activator CTFl

targets the TFIIB assembly step during transcriptional activation.

Proc. Natl. Acad. Sci. USA 91:4170-4174.

Kim, W. Y., and M. E. Dahmus. 1989. The major late promoter of

adenovirus-Z is accurately transcribed by RNA polymerases 110.

HA and IIB. J. Biol. Chem. 264:3169-3176.

Kim, Y., J. H. Geiger, 8. Hahn, and P. B. Sigler. 1993. Crystal

structure of a yeast TBP/TATA-box complex. Nature 365:512-520.

Kim, Y.-J., 8. Bjorklund, Y. Li, M. H. Sayre, and R. D.

Kornberg. 1994. A multiprotein mediator of transcriptional

39



130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

activation and its interaction with the c-terminal repeat domain of

RNA polymerase 11. Cell 77:599-608.

Kingston, R. E., B. C. A., and A. N. Imbalzano. 1996. Repression

and activation by multiprotein complexes that alter chromatin

structure. Genes Dev. 10:905-920.

Kitajima, 8., T. Chibazakura, M. Yonaha, and Y. Yasukochi.

1994. Regulation of the human general transcription initiation

factor TFIIF by phosphorylation. J. Biol. Chem. 269:29970-29977.

Klages, N., and M. Strubin. 1995. Stimulation of RNA polymerase

II transcription initiation by recruitment ofTBP in vivo. Nature

374:822-3.

Klemm, R., J. Goodrich, 8. Zhou, and R. Tjian. 1995. Molecular

cloning and expression of the 32-kDa subunit of human TFIID

reveals interactions with VP16 and TFIIB that mediate

transcriptional activation. Proc. Natl. Acad. Sci. U.S.A. 92:5788-

5792.

Kobayashi, N., T. G. Boyer, and A. J. Berk. 1995. A class of

activation domains interacts directly with TFIIA and stimulates

TFIIA-TFIID-promoter complex assembly. Mol. Cell. Biol. 15:6465-

6473.

Kobayashi, N., P. J. Horn, 8. M. 8ullivan, 8. J. Triezenberg, T.

G. Boyer, and A. J. Berk. 1998. DA-Complex assembly activity

required for VP16C transcriptional activation. Mol. Cell. Biol.

18:4023-403 1 .

Koh, 8. 8., A. Z. Ansari, M. Ptashne, and R. A. Young. 1998. An

activator target in the RNA polymerase 11 holoenzyme. Mol. Cell.

1:895-904.

Koleske, A. J., and R. A. Young. 1994. An RNA polymerase 11

holoenzyme responsive to activators. Nature 368:466-468.

Kornberg, R. D., and Y. Lorch. 1995. Interplay between

chromatin structure and transcription. Curr. Opin. Cell Biol.

7:371-375.

Kristie, T. M.. J. H. LeBowitz, and P. A. Sharp. 1989. The

octamer-binding proteins form multi-protein - DNA complexes

with the HSV alpha TIF regulatory protein. EMBO J. 8:4229-4238.

4O



140.

141.

142.

143.

144.

145.

146.

147.

148.

Kristie, T. M., and B. Roizman. 1987. Host cell proteins bind to

the cis-acting site required for virion-mediated induction of herpes

simplex virus 1 genes. Proc. Natl. Acad. Sci. USA 64:71-75.

Kugel, J. F., and J. A. Goodrich. 1998. Promoter excape limits

the rate of RNA polymerase II transcription and is enhanced by

TFIIE, TFIIH, and ATP on negatively supercoiled DNA. Proc. Natl.

Acad. Sci. USA 95:9232-9237.

Kuo, M., J. Zhou, P. Jambeck, M. E. A. Churchill, and C. D.

Allis. 1998. Histone acetyltransferase activity of yeast Gcn5p is

required for the activation of target genes in vivo. Genes Dev.

12:627-639.

Kussie, P. H., 8. Gorina, M. V., B. Elenbaas, J. Moreau, A. J.

Levine, and N. P. Pavletich. 1996. Structure of the MDM2

oncoprotein bound to the p53 tumor suppressor transactivation

domain. Science 274:948-953.

Kwok, R. P. 8., J. R. Lundblad, J. C. Chrivia, J. P. Richards, H.

P. Bachinger, R. G. Brennan, 8. G. E. Roberts, M. R. Green, and

R. H. Goodman. 1994. Nuclear protein CBP is a coactivator for the

transcription factor CREB. Nature 370:223-226.

Kwon, H., A. N. Imbalzano, P. A. Khavari, R. E. Kingston, and

G. M.R. 1994. Nucleosome disruption and enhancement of

activator binding by a human SW1/SNF complex. Nature 370:477-

48 1.

Lagrange, T., A. N. Kapanidis, H. Tang, D. Reinberg, and R. H.

Ebright. 1998. New core promoter element in RNA polymerase II-

dependent transcription: sequence-specific DNA binding by

transcription factor IIB. Genes Dev. 12:34-44.

Lagrange, T., T. K. Kim, G. Orphanides, Y. W. Ebright, R. H.

Ebright, and D. Reinberg. 1996. High-resolution mapping of

nucleoprotein complexes by site-specific protein-DNA

photocrosslinking: organization of the human TBP-TFIIA-TFIIB-

DNA quaternary complex. Proc. Natl. Acad. Sci. USA 93: 10620-

10625.

Laybourn, P. J., and M. E. Dahmus. 1990. Phosphorylation of

RNA polymerase IIA occurs subsequent to interaction with the

promoter and before the initiation of transcription. J. Biol. Chem.

265:13165-13173.

41



149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Lee, D. K., J. Dejong, 8. Hashimoto, M. Horikoshi, and R. G.

Roeder. 1992. TFIIA induces conformational changes in TFIID via

interactions with the basic repeat. Mol. Cell Biol. 12:5189-5196.

Lee, M., and K. Struhl. 1995. Mutations on the DNA-binding

surface of TATA-binding protein can specifically impair the

response to acidic activators in vivo. Mol. Cell. Biol. 15:5461-5469.

Lee, 8. W., J. Chang, C. W. Lee, D. H. Kim, K. Y. Choi, and Y. C.

Sung. 1995. Mutational analysis of human foamy virus Bell

activation domain. Mol. Cell. 5:467-474.

Lei, L., D. Ren, A. Finkelstein, and 2. F. Burton. 1998.

Functions of the N- and C-terminal domains of human RAP74 in

transcriptional initiation, elongation, and recycling of RNA

polymerase 11. Mol. Cell. Biol. 16:2130-2142.

Leong, G. M., K. 8. Wang, M. J. Marton, J. C. Blanco, I. M.

Wang, R. J. Rolfes, K. Ozato, and J. H. Segars. 1998. Interaction

between the retinoid X receptro and transcription factor 11B is

ligand-dependent in vivo. J.Biol. Chem. 273:2296-2305.

Leuther, K. K., D. A. Bushnell, and R. D. Kornberg. 1996. Two-

dirnensional crystallography of TFIIB- and IIE-RNA polymerase II

complexes: implications for start site selection and initiation

complex formation. Cell 85:773-779.

Li, Y., P. M. Flanagan, H. Tschochner, and R. D. Kornberg.

1994. RNA polymerase II initiation factor interactions and

transcription start site selection. Science 263:805-807.

Liao, 8., J. Zhang, D. A. Jeffery, A. J. Koleske, C. M.

Thompson, D. M. Chao, M. Viijoen, H. J. J. van Vuuren, and R.

A. Young. 1995. A kinase-cyclin pair in the RNA polymerase 11

holoenzyme. Nature 374: 193- 196.

Liao, 8. M., I. C. Taylor, R. E. Kingston, and R. A. Young. 1991.

RNA polymerase II carboxy-terminal domain contributes to the

response to multiple acidic activators in vitro. Genes Dev. 5:243 1 -

2440.

Lieberman, P. M., J. Ozer, and D. B. Gursel. 1997. Requirement

for transcription factor IIA(TFIIA)-TFIID recruitment by an activator

dependson promoter structure and template competition. Mol. Cell.

Biol. 17:6624-6632.

42



159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Liljelund, P., C. J. Ingles. and J. Greenblatt. 1993. Altered

promoter binding of the TATA box-binding factor induced by the

transcriptional activation domain of VP16 and suppressed by

TFIIA. Mol. Gen. Genet. 241:694-699.

Lin, J., J. Chen, B. Elenbaas, and A. J. Levine. 1994. Several

hydrophobic amino acids in the p53 amino-terminal domain are

required for transcriptional activation, binding to mdm-2 and the

adenovirus 5 ElB 55-kD protein. Genes Dev. 8:1235-1246.

Lin, Y. 8., I. Ha, E. Maldonado, D. Reinberg, and M. R. Green.

199 1 . Binding of general transcription factor TFIIB to an acidic

activating region. Nature 353:569-571.

Lipinski, K. 8., H. Esche, and D. Drockmann. 1998. Amino acids

1-29 of the adenovirus serotypes 12 and 2 ElA proteins interact

with rap30 (TF(II)F) and ’IBP in vitro. Virus Res. 54:99-106.

Liu, K., C. W. Miller, P. H. Koemer, and A. J. Berk. 1993. The

p53 activation domain binds the TATA box-binding polypeptide in

halo-TFIID, and a neighboring p53 domain inhibits transcription.

Mol. Cell. Biol. 13:3291-3300.

Lorch, Y., J. W. LaPointe, and R. D. Kornberg. 1992. Initiation

on chromatin templates in a yeast RNA polymerase II transcription

system. Genes Dev. 6:2282-2287.

Lu, H., R. P. Fisher, P. Bailey, and A. J. Levine. 1997. The

CDK7-cycH-p36 complex of transcription factor IIH phosphorylates

p53, enhancing its sequence-specific DNA binding activity in vitro.

Mol. Cell. Biol. 17:5923-5934.

Lu, H., O. Flores, R. Weinmann, and D. Reinberg. 1991. The

nonphosphorylated form of RNA polymerase II preferentially

associates with the preinitiation complex. Proc. Natl. Acad. Sci.

USA 88: 10004- 10008.

Ma, D., I. Olave, A. Merino, and D. Reinberg. 1996. Separation of

the transcriptional coactivator and anitrepression functions of

transcription factor IIA. Proc. Natl. Acad. Sci. USA 93:6583-6588.

Ms, D., H. Watanbe, F. Mermelstein, A. Admon, K. Oguri, x.

Sun, T. Wada, T. Imai, 8. Toshifumi, D. Reinbeg, and H. Handa.

1993. Isolation of a cDNA encoding the largest subunit of TFIIA

reveals functions important for activated transcription. Genes Dev.

7:2246-2257.

43



169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

Ma, J., and M. Ptashne. 1987. Deletion analysis of GAL4 defines

two transcriptional activating segments. Cell 48:847-853.

Majello, B., G. Napolitano, P. DeLuca, and L. Lanina. 1998.

Recruitment of human TBP selectively activates RNA polymerase II

TATA-dependent promoters. J. Biol.Chem. 273: 16509-16516.

Maldonado, E., I. Ha, P. Cortes, L. Weis, and D. Reinberg. 1990.

Factors involved in specific transcription by mammalian RNA

polymerase II: role of transcription factors IIA, 11D, and IIB during

formation of a transcription-competent complex. Mol. Cell. Biol.

10:6335-6347.

Malik, 8., D. K. Lee, and R. G. Roeder. 1993. Potential RNA

polymerase II-induced interactions of transcription factor TFIIB.

Mol. Cell. Biol. 13:6253-6259.

Marsden, H. 8., M. E. M. Campbell, L. Haarr, M. C. Frame, D. 8.

Parris, M. Murphy, R. G. Hope, M. T. Muller, and C. M. Preston.

1987. The 65,000-Mr DNA-binding and virion trans-inducing

proteins of herpes simplex virus type 1. J. Virol. 61:2428-2437.

Marshall, N. F., P. J., 2. Xie, and D. H. Price. 1996. Control of

RNA polymerase II elongation potential by a novel carboxyl-

terrnirral domain kinase. J. Biol. Chem. 27:27176-27183.

Martinez-Balbas, M. A., A. J. Bannister, K. Martin, P. Haus-

8cufl'ert, M. Meisterernst, and T. Kouzarides. 1998. The

acetyltransferase activity of CBP stimulates transcription. EMBO J.

17:2886-2893.

Maxon, M., J. A. Goodrich, and R. Tjian. 1994. Transcription

factor IIE binds preferentially to RNA polymerase Ila and recruits

TFIIH: a model for promoter clearance. Genes Dev. 8:515-524.

Mazzarelli, J. M., G. Mengus, I. Davidson, and R. P. Ricciardi.

1997. The transactivation domain of adenovirus ElA interacts with

the C terminus of human TAF(II)135. J. Virol. 71:7978-7983.

McCracken, 8., and J. Greenblatt. 199 1. Related RNA

polymerase-binding region in human RAP30/74 and Escherichia

coli 070. Science 253:900-902.



179.

180.

181.

182.

183.

184.

185.

1 86.

187.

McEVvan, I. J., K. DahlmanWright, J. Ford, and A. P. H. Wright.

1996. Function interaction of the c-Myc transactivation domain

with the TATA binding protein: Evidence for an induced fit model of

transactivation domain folding. Biochemistry 35:9584-9593.

McKnight, J. L. C., T. M. Kristie, and B. Roizman. 1987.

Binding of the virion protein mediating a gene induction in herpes

simplex virus l-infected cells to its cis site requires cellular

proteins. Proc. Natl. Acad. Sci. USA 84:7061-7065.

McKune, K., P. A. Moore, M. W. Hull, and N. A. Woychik. 1995.

Six human RNA polymerase subunits functionally substitute for

their yeast counterparts. Mol. Cell. Biol. 15:6895-6900.

Melcher, K., and 8. A. Johnston. 1995. GAL4 interacts with

TATA-binding protein and coactivators. Mol. Cell. Biol. 15:2839-

2848.

Meredith, G. D., W. H. Chang, Y. Li, D. A. Bushnell, 8. A. Darst,

and R. D. Kornberg. 1996. The C-terminal domain revealed in the

structure of RNA polymerase II. J. Mol. Biol. 258:413-419.

Miller, G., H. Himmelfarb, L. Heston, J. Countryman, L.

Gradoville, R. Baumann, T. Chi, and M. Carey. 1993. Comparing

regions of the Epstein-Barr virus ZEBRA protein which function as

transcriptional activating sequences in Saccharomyces cerevisiae

and in B cells. J. Virol. 67:7472-7481.

Mizzen, C. A., X. J. Yang, T. Kokubo, J. E. Brownell, A. J.

Bannister, T. Owen-Hughes, J. Workman, L. Wang, 8. L. Berger,

T. Kouzarides, Y. Nakatani, and C. D. Allis. 1996. The TAF(II)250

subunit ofTFIID has histone acetyltransferase activity. Cell

87:1261-1270.

Muhich, M. L., C. T. Iida, M. Horikoshi, R. G. Roeder, and C. 8.

Parker. 1990. cDNA clone encoding drosophila transcription

factor-TFIID. Proc. Natl. Acad. Sci. USA 87:9148-9152.

Narayan, 8., 8. G. Widen, W. A. Beard, and 8. H. Wilson. 1994.

RNA polymerase II transcription: rate of promoter clearance is

enhanced by a purified activating transcription factor/cAMP

response element-binding protein. J. Biol. Chem. 269: 12755-

12763.

45



188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

Neish, A. 8., 8. F. Anderson, B. P. Schlegel, W. Wei, and J. D.

Parvin. 1998. Factors associated with the mammalian RNA

polymerase 11 holoenzyme. Nucleic Acids Res. 26:847-853.

Nikolov, D. B., H. Chen, E. D. Halay, A. A. Usheva, K. Hisatake,

D. K. Lee, R. G. Roeder, and 8. K. Burley. 1995. Crystal

structure of a TFIIB-TBP-TATA-element ternary complex. Nature

377: 1 19- 128.

Nonet, M. L., and R. A. Young. 1989. Intragenic and extragenic

supressors of mutations in the heptapeptide repeat domain of

Saccharomyces cerevisiae RNA polymerase II. Genetics 123:7 1 5-

724.

O'Hare. P. 1993. The virion transactivator of herpes simplex virus.

Sem. Virol. 4:145-155.

O'Hare. P., and C. R. Goding. 1988. Herpes simplex virus

regulatory elements and the irnmunoglobulin octamer bind a

common factor and are both targets for virion transactivation. Cell

52:435-445.

O'Hare. P., and G. Williams. 1992. Structural studies of the acidic

transactivation domain of the Vmw65 protein of herpes simplex

virus using 1H NMR. Biochemistry 31:4150-4156.

Ohkuma, Y., and R. G. Roeder. 1994. Regulation of TFIIH ATPase

and kinase activities by TFIIE during active initiation complex

formation. Nature 368: 160- 163.

Ohkuma, Y., H. Sumimoto, M. Horikoshi, and R. G. Roeder.

1990. Factors involved in specific transcription by mammalian

RNA polymerase-II - purification and characterization of general

transcription factor TFIIE. Proc. Natl. Acad. Sci. USA 87:9163-

9167.

O'Reilly, D., O. Hanscombe, and P. O'Hare. 1997. A single serine

residue at position 375 of VP16 is critical for complex assembly

with Oct- 1 and HCF and is a target for phosphorylation by casein

kinase II. EMBO J. 16:2420-2430.

Orphanides, G., T. Lagrange, and D. Reinberg. 1996. The general

transcription factors of RNA polymerase II. Genes Dev. 10:2657-

2683.

46



198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

Osslpow, V., J. Tassan, E. A. Nigg, and U. 8chib1er. 1995. A

mammalian RNA polymerase 11 holoenzyme containing all

components required for promoter specific transcription initiation.

Cell 83:137-146.

Ozer, J., P. A. Moore, A. H. Bolden, A. Lee, C. A. Rosen, and P.

M. Lieberman. 1994. Molecular cloning of the small (gamma)

subunit of human TFIIA reveals functions critical for activated

transcription. Genes Dev. 8:2324-2335.

Pan, G., T. Aso, and J. Greenblatt. 1997. Interaction of

elongation factors TFIIS and elongin A with a human RNA

polymerase 11 holoenzyme capable of promoter-specific initiation

and responsive to transcriptional activators. J. Biol. Chem.

272:24563-2457 1 .

Parker, C. 8., and J. Topol. 1984. A Drosophila RNA polymerase

II transcription factor binds to the regulatory site of an hsp70

gene. Cell 37:273-283.

Pearson, A., and J. Greenblatt. 1997. Modular organization of the

E2F1 activation domain and its interaction with general

transcription factors 'IBP and TFIIH. Oncogene 15:2643-2658.

Peterson, C. L., A. Dingwall, and M. P. Scott. 1994. Five

SW1/SNF gene products are components of a large multisubunit

complex required for transcriptional enhancement. Proc. Natl.

Acad. Sci. USA 91:2905-2908.

Peterson, M. G., J. Inostroza, M. E. Maxon, O. Fores, A.

Admon, D. Reinberg, and R. Tjian. 1991. Structure and

functional properties of human general transcription factor IIE.

Nature 354:369-373.

Peterson, M. G., N. Tanese, B. F. Pugh, and R. Tjian. 1990.

Functional domains and upstream activation properties of cloned

human TATA binding protein. Science 248: 1625- 1630.

Pinto, I., D. E. Ware, and M. Hampsey. 1992. The yeast SUA7

gene encodes a homolog of human transcription factor TFIIB and

is required for normal start site selection in vivo. Cell 68:977-988.

Preston, C. M., M. C. Frame, and M. E. M. Campbell. 1988. A

complex formed between cell components and an HSV structural

polypeptide binds to a viral immediate early gene regulatory DNA

sequence. Cell 52:425-434.

47



208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

Price, D. H., A. E. Sluder, and A. L. Greenleaf. 1989. Dynamic

interaction between a Drosophila transcription factor and RNA

polymerase 11. Mol. Cell. Biol. 9:1465-1475.

Ptashne, M., and A. Gann. 1997. Transcriptional activation by

recruitment. Nature 386:569-577.

Pugh, B. F. 1996. Mechanisms of transcription complex assembly.

Curr. Opin. Cell. Biol. 8:303-31 1.

Radhakrishnan, I., G. C. Perrez-Alvarado, D. Parker, H. J.

Dyson, M. R. Montminy, and P. E. Wright. 1997. Solution

structure of the KIX domain of CBP bound to the transactivation

domain of CREB: A model for activator:coactivator interactions.

Cell 91:741-752.

Ranish, J. A., and 8. Hahn. 1991. The yeast general transcription

factor TFIIA is composed of two polypeptide subunits. J. Biological

Chem. 266:19320-19327.

Ranish, J. A., W. 8. Lane, and 8. Hahn. 1992. Isolation of two

genes that encode subunits of the yeast transcription factor IIA.

Science 255:1 127- 1 129.

Regier, J. L., F. Shen, and 8. J. Triezenberg. 1993. Pattern of

aromatic and hydrophobic amino acids critical for one of two

subdomains of the W16 transcriptional activator. Proc. Natl. Acad.

Sci. USA 90:883-887.

Reines, D., M. J. Chamberlin, and C. M. Kane. 1989.

Transcription elongation factor 811 (TFIIS) enables RNA polymerase

II to elongate through a block to transcription in a human gene in

vitro. J. Biol. Chem. 264:10799-10809.

Robert, F., D. Forget, J. Li, J. Greenblatt, and B. Coulombe.

1996. Localization of subunits of transcription factors 11E and IIF

immediately upstream of the trancriptional initiation site of the

adenovirus major late promoter. J. Biol. Chem. 271:8517-8520.

Roberts, 8. G. E., Green, M. R. 1994. Activator-induced

conformational change in general transcription factor TFIIB.

Nature 371:717-720.

Roberts, 8. G. E., I. Ha, E. Maldonado, D. Reinberg, and M. R.

Green. 1993. Interaction between an acidic activator and

48



219.

220.

221.

222.

223.

224.

225.

226.

227.

transcription factor 11B is required for transcriptional activation.

Nature 363:741-744.

Rochette-Egly, C., 8. Adam, M. Rossignol, J. M. Egly, and P.

Chambon. 1997. Stimulation ofTAT alpha activation function AF-

1 through binding to the general transcription factof TFIIH and

phosphorylation by CDK7. Cell 90:97- 107.

Sadowski, I., J. Ma, 8. Triezenberg, and M. Ptashne. 1988.

GAIA-VP16 is an unusually potent transcriptional activator.

Nature 335:563-564.

Sainz, M. B., 8. A. Gofi, and V. L. Chandler. 1997. Extensive

mutagenesis of a transcriptional activation domain identifies single

hydrophobic and acidic amino acids important for activation in

vivo. Mol. Cell. Biol. 17:115-122.

Satoh, M. 8., and P. C. Hanawalt. 1996. TFIIH-mediated

nucleotide excision repair and initiation of mRNA transcription in

an optimized cell-free DNA repair and RNA transcription assay.

Nucleic Acids Res. 24:3576-3582.

Sauer, F., 8. K. Hansen, and R. ‘Ijian. 1995. DNA template and

activator-coactivator requirements for transcriptional synergism by

Drosophila Bicoid. Science 270: 1825-1828.

Sauer, F., D. A. Wassarman, G. M. Rubin, and R. Tjian. 1996.

TAFIIs mediate activation of transcription in the Drosophila

embryo. Cell 87:1271-1284.

Schaefier, L., R. Roy, 8. Humbert, V. Moncollin, W. Vermeulen,

J. H. J. Hoeijkmakers, P. Chambon, and J.-M. Egly. 1993. DNA

repair helicase: A component of BTF2 (TFIIH) basic transcription

factor. Science 260:58-63.

8chmitz, M. L., M. A. d. 8. Silva, H. Altmann, M. Czisch, T. A.

Holak, and P. A. Bauerle. 1994. Structural and functional

analysis of the NF-kappaB p65 C terminus: an acidic and modular

transactivation domain with the potential to adopt an alpha-helical

conformation. J. Biol. Chem. 269:25613-25620.

8chwerk, C., M. Klotzbucher, M. Sachs, V. Ulber, and L. Klein-

Hitpass. 1995. Identification of a transactivation function in the

progesterone receptor that interaacts with the TAFII 1 10 subunit of

the TFIID complex. JBiol.Chem. 270:21331-21338.

49



228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

Seipel, K., O. Georgiev, and W. Schafiner. 1992. Different

activation domains stimulate transcription from remote (enhancer)

and proximal (promoter) positions. EMBO J. 11:4961-4968.

8erizawa, H., J. W. Conaway, and R. C. Conaway. 1994. An

oligomeric form of the large subuirrt of transcription factor (IF) IIE

activates phosphorylation of the RNA polymerase II carboxyl-

terminal domain by TFIIH. J. Biol. Chem. 269:20750-20756.

8erizawa, H., R. C. Conaway, and J. W. Conaway. 1993.

Phosphorylation of C-terminal domain of RNA polymerase II is not

required for basal transcription. Nature 363:371-374.

Serizawa, H., T. P. Makela, J. W. Conaway, R. C. Conaway, R.

A. Weinberg, and R. A. Young. 1995. Association of Cdk-

activating kinase subunits with transcription factor TFIIH. Nature

374:280-282.

8hen, F., 8. J. Triezenberg, P. Hensley, D. Porter, and J. R.

Knutson. 1996. Critical amino acids in the transcriptional

activation domain of the herpesvirus protein VP16 are solvent-

exposed in highly mobile protein segments. J. Biol. Chem.

271:4819-4826.

8hen, F., 8. J. Triezenberg, P. Hensley, D. Porter, and J. R.

Knutson. 1996. Transcriptional activation domain of the

herpesvirus protein VP16 becomes conformationally constrained

upon interaction with basal transcription factors. J. Biol. Chem.

271:4827-4837.

Shi, K., M. Chang, A. J. Wold, C. C.H., A. A. Frazer-Abel, P. A.

Wade, A. F. Burton, and J. A. Jaehning. 1997. Cdc73p and Paf1p

are found in a novel RNA polymerase II-containing complex distinct

from the Srbp-containing holoenzyme. Mol. Cell. Biol. 17:1160-

1 169.

Silverman, N., J. Agapite, and L. Guarente. 1994. Yeast ADA2

protein binds to the VP16 protein activation domain and activates

transcription. Proc. Natl. Acad. Sci. USA 91:11665-1 1668.

Singleton, T. L., and E. Wilcox. 1998. The largest subunit of

mouse RNA polymerase II (RPB 1) functionally substituted for its

yeast counterpart in vivo. Gene 209:131- 138.

Smiley, J. R., and J. Duncan. 1997. Truncation of the C-terminal

acidic transcriptional activation domain of herpes simplex virus

50



238.

239.

240.

241.

242.

243.

244.

245.

246.

VP16 produces a phenotype similar to that of the in1814 linker

insertion mutation. J. Virol. 71:6191-6193.

Smith, E. R., J. M. Belote, R. L. Schlitz, Z. Yang, P. A. Moore,

8. L. Berger, Y. Nakatani, and C. D. Allis. 1998. Cloning of

Drosophila GCN5: conserved features among metazoan GCN5

family members. Nucleic Acids Res. 26:2948-2954.

Sopta, M., 2. F. Burton, and J. Greenblatt. 1989. Structure and

associated DNA helicase activity of a general transcription

initiation factor that binds to RNA polymerase 11. Nature 341:410-

414.

Stern, 8., M. Tanaka, and W. Herr. 1989. The Oct-1

homoeodomain directs formation of a multiprotein-DNA complex

with the HSV transactivator VP16. Nature 341:624-630.

Sterner, D. E., J. M. Lee, S. E. Hardin, and A. L. Greenleaf.

1995. The yeast carboxyl-terminal repeat domain kinase CTDK-I is

a divergent cyclin-cyclin-dependent kinase complex. Mol. Cell. Biol.

15:57 1 6-5724.

Sun, K., D. Ma, M. Sheldon, K. Yeung, and D. Reinberg. 1994.

Reconstitution of human TFIIA activity from recombinant

polypeptides: a role in TFIIA-mediated transcription. Genes Dev

8:2336-2348.

Sutherland, J. A., A. Cook, A. J. Bannister, and T. Kouzarides.

1992. Conserved motifs in Fos and Jun define a new class of

activation domain. Genes Dev. 6:1810-1819.

Svejstrup, J. 9., W. J. Feaver, J. Lapointe, and R. D. Kornberg.

1995. RNA polymerase transcription factor IIH holoenzyme from

yeast. J. Biol. Chem 269:28044-28048.

Svejstrup, J. 9., Y. Li, J. Fellows, A. Gnatt, S. Bjorklund, and

R. D. Kornberg. 1997. Evidence for a mediator cycle at the

initiation of transcription. Proc. Natl. Acad. Sci. USA 94:6075-

6078.

Svejstrup, J. 9., Z. Wang, W. J. Feaver, X. Wu, D. A. Bushnell,

T. F. Donahue, E. C. Freidberg, and R. D. Kornberg. 1995.

Different forms ofTFIIH for transcription and DNA repair: Holo-

TFIIH and a nucleotide excision repairosome. Cell 80:21-28.

51



247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

Taggart, A. K., and B. F. Pugh. 1996. Dirnerization of TFIID when

not bound to DNA. Science 272:1331-1333.

Tamura, T., K. Sumita, I. Fujino, A. Aoyama, M. Horikoshi, A.

Hofl'mann, R. G. Roeder, M. Muramatsu, and K. Mikoshiba.

1991 . Striking homology of the variable n-terminal as well as the

conserved core domains of the mouse and human tata-factors

(tfiid). Nucleic Acids Res. 19:3861-3865.

Tan, 8., Y. Hunziker, D. F. Sargent, and T. J. Richmond. 1996.

Crystal structure of a yeast TFIIA/TBP/DNA complex. Nature

381:127-134.

Tan, 8. Y., T. Aso, R. C. Conaway, and J. W. Conaway. 1995.

Roles for both the RAP30 and RAP74 subunits of trqanscription

factor IIF in transcription initiation and elongation by RNA

polymerase II. J. Biol. Chem. 269:25684-25691.

Tang, H., X. Sun, D. Reinberg, and R. H. Ebright. 1996. Protein-

protein interactions in eukaryotic transcription initiation:

structure of the preinitiation complex. Proc. Natl. Acad. Sci. USA

93:1119-1 124.

Tansey, W. P., and W. Herr. 1995. The ability to associate with

activation domains in vitro is not required for the TATA box-

birrding protein to support activated transcription in vitro. Proc.

Natl. Acad. Sci. USA 92:10550-10554.

Tansey, W. P., and W. Herr. 1997. TAFs: guilt by association?

Cell 88:729-732.

Tansey, W. P., S. Ruppert, R. Tjian, and W. Herr. 1994. Multiple

regions ofTBP participate in the response to transcriptional

activators in vivo. Genes Dev. 8:2756-2769.

Thompson, C. M., A. J. Koleske, D. M. Chao, and R. A. Young.

1993. A multisubunit complex associated with the RNA polymerase

II CTD and TATA-binding protein in yeast. Cell 73: 1361-1375.

Thompson, C. M., and R. A. Young. 1995. General requirement

for RNA polymerase II holoenzymes in vivo. Proc. Natl. Acad. Sci.

USA 92:4587-4590.

Thompson, N. E., T. H. Steinberg, D. B. Aronson, and R. R.

Burgess. 1989. Inhibition of in vivo and in vitro transcription by

monoclonal antibodies prepared against wheat germ RNA

52



258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

polymerase II that react with the heptapeptide repeat of eukaryotic

RNA polymerase II. J. Biol. Chem. 264: 1 151 1-1 1520.

Tong, K., R. Drapkin, R. Yalamanchili, G. Mosialos, and E.

Kiefi. 1995. The Epstein-Barr virus nuclear protein 2 acidic

domain forms a complex with a novel cellular coactivator that can

interact with TFIIE. Mol. Cell. Biol. 15:4735-4744.

Triezenberg, 8. J. 1995. Structure and function of transcriptional

activation domains. Curr. Opin. Genetics Dev. 5: 190-196.

Triezenberg, S. J., R. C. Kingsbury, and S. L. McKnight. 1988.

Functional dissection of VP16, the trans-activator of herpes

simplex virus immediate early gene expression. Genes Dev. 2:718-

729.

Trigon, 8., H. Serizawa, J. W. Conaway, R. C. Conaway, S. P.

Jackson, and M. Morange. 1998. Characterization of the residues

phosphorylated in vitro by different C-terminal domain kinases. J.

Biol. Chem. 273:6769-6775.

Truant, R., H. Xiao, C. J. Ingles. and J. Greenblatt. 1993. Direct

interaction between the transcriptional activation domain of

human p53 and the TATA box-binding protein. J. Biol. Chem.

268:2284-2287.

Uesugi, M., O. Nyanguile, H. Lu, A. J. Levine, and G. L.

Verdine. 1997. Induced alpha-helix in the VP16 activation domain

upon binding to a human TAF. Science 277: 1310-1313.

Valay, J. G., M. F. Dubois, 0. Bensaude, and G. Faye. 1996.

Cell, a cyclin associated with protein kinase Kin28, controls

phosphorylation of RNA polymerase 11 largest subunit and mRNA

transcription. C. R. Acad. Sci. 111 319:183-189.

Van Hoy, M., A. Hansen, and T. Kodadek. 1992. Spectroscopic

studies of a transcriptional activation peptide. J. Am. Chem. Soc.

114:362-363.

VetteseDadey, M., P. A. Grant, T. R. Hebbes, C. CraneRobinson,

C. D. Allis, and J. L. Workman. 1996. Acetylation of histone H4

plays a primary role in enhancing transcription factor binding to

nucleosomal DNA in vitro. EMBO J. 15:2508-2518.

vorn Baur, E., M. Harbers, S. J. Um, A. Benecki, P. Chambon,

and R. Lesson. 1998. The yeast Ada complex mediates the ligand-

53



268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

dependent activation function AF-2 of retinoid X and estrogen

receptors. Genes Dev. 12:1278-1289.

Walker, 8., R. Greaves, and P. O'Hare. 1993. Transcriptional

activation by the acidic domain ofVmw65 requires the integrity of

the domain and involves additional determinants distinct from

those necessary for TFIIB binding. Mol. Cell. Biol. 13:5233-5244.

Walker, 8. S., J. C. Reese, L. M. Apone, and M. R. Green. 1996.

Transcription activation in cells lacking TAF(II)s. Nature 383: 185-

188.

Wampler, S. L., and J. T. Kadonaga. 1992. Functional analysis of

Drosophila transcription factor 11B. Genes Dev. 6:1542-1552.

Wang, L., L. Liu, and S. L. Berger. 1998. Critical residues for

histone acetylation by Gcn5, functioning in Ada and SAGA

complexes, are also required for transcriptional function in vivo.

Genes Dev. 12:640-653.

Wang, W. D., M. Carey, and J. D. Gralla. 1992. Polymerase-II

promoter activation - closed complex formation and ATP-driven

start site opening. Science 255:450-453.

Wang, K., S. K. Hansen, R. Ratts, 8. Zhou, A. J. Snook, and W.

Zehring. 1997. Drosophila TFIIE: purification, cloning, and

functional reconstitution. Proc. Natl. Acad. Sci. USA 94:433-438.

Weil, P. A., D. S. Luse, J. Segall, and R. G. Roeder. 1979.

Selective and accurate intitiation of transcription at the Ad2 major

late promoter in a soluble system dependent on purified RNA

polymerase II and DNA. Cell 18:469-484.

Weinheimer, 8. P., B. A. Boyd, 8. K. Durham, J. L. Resnick,

and D. R. O’Boyle. 1992. Deletion of the VP16 open reading frame

of herpes simplex virus type 1. J. Virol. 66:258-269.

West, M. L., and J. L. Corden. 1995. Construction and analysis of

yeast RNA polymerase II CTD deletion and substitution mutations.

Genetics 140:1223- 1233.

White, J., C. Brou, J. Wu, Y. Lutz, V. Moncollin, and P.

Chambon. 1992. The acidic transcriptional activator GAL-VP16

acts on preformed template-committed complexes. EMBO J.

1 1:2229-2240.

54



278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

Wilson, C. J., D. M. Chao, A. N. Imbalzano, G. R. Schnitzler, R.

E. Kingston, and R. A. Young. 1996. RNA polymerase 11

holoenzyme contains SWI/SNF regulators involved in chromatin

remodelling. Cell 84:235-244.

Workman, J. L., I. C. A. Taylor, and R. E. Kingston. 1991.

Activation domains of stably bound Gal4 derivatives alleviate

repression of promoters by nucleosomes. Cell 64:533-544.

Wu, Y., R. J. Reece, and M. Ptashne. 1996. Quantitation of

putative activator-target affinities predicts transcriptional

activating potentials. EMBO J. 15:3951-3963.

Xiao, H., J. D. Friesen, and J. T. Lis. 1995. Recruiting TATA-

binding protein to a promoter: Transcriptional activation without

an upstream activator. Mol. Cell. Biol. 15:5757—5761.

Xiao, H., J. T. Lis. and k. T. Jeang. 1997. Promoter activity ofTat

at steps subsequent to TAT-binding protein recruitment. Mol. Cell.

Biol. 17:6898-6905.

Xiao, H., A. Pearson, B. Coulombe, R. Truant, S. Zhang, J. L.

Regier, 8. J. Triezenberg, D. Reinberg, 0. Flores, C. J. Ingles,

and J. Greenblatt. 1994. Binding of basal transcription factor

TFIIH to the acidic activation domains ofVP16 and p53. Mol. Cell.

Biol. 14:7013-7024.

Xiao, P., and J. P. Capone. 1990. A cellular factor binds to the

herpes simplex virus type-1 transactivator Vmw65 and is required

for Vmw65-dependent protein-DNA complex assembly with Oct- 1.

Mol. Cell. Biol. 10:4974-4977.

Yamashita, 8., K. Wada, M. Horikoshi, D. Gong, T. Kokubo, K.

Hisatake, N. Yokotani, S. Malik, R. G. Roeder, and Y. Nakatani.

1992. Isolation and characterization of a cDNA encoding

Drosophila transcription factor TFIIB. Proc. Natl. Acad. Sci. USA

89:2839-2843.

Yang, x.-J., V. V. Ogryzko, J.-I. Nishikawa, B. H. Howard, and

Y. Nakatani. 1996. A p300/CBP-associated factor that competes

with the adenoviral oncoprotein ElA. Nature 382:319-324.

Yankulov, K., J. Blau, T. Purton, S. Roberts, and D. L. Bentley.

1994. Transcriptional elongation by RNA polymerase II is

stimulated by transactivators. Cell 77:749-759.

55



288.

289.

290.

291.

292.

293.

Yankulov, K. Y., M. Pandes, S. McCracken, D. Bouchard, and D.

L. Bentley. 1996. TFIIH functions in regulating transcriptional

elongation by RNA polymerase II in Xenopus oocytes. Mol. Cell.

Biol. 16:3291-3299.

Yokomori, K., J.-L. Chen, A. Admon, 8. Zhou, and R. Tjian.

1993. Molecular cloning and characterization of dTAF(II)30A and

d’l‘AF(Il)30B: two small subunits of Drosophila TFIID. Genes Dev.

7:2587-2597.

Zawel, L., and D. Reinberg. 1993. Initiation of transcription by

RNA polymerase II: a multi-step process. Prog. Nucleic Acids Res.

Mol. Biol. 44:67-108.

Zehring, W. A., J. M. Lee, J. R. Weeks, R. 8. Jokerst, and A. L.

Greenleaf. 1988. The C-terminal repeat domain of RNA polymerase

11 largest subunit is essential in vivo but is not required for

accurate transcription initiation in vitro. Proc. Natl. Acad. Sci. USA

85:3698-3702.

Zhu, H., V. Joliet, and R. Prywes. 1994. Role of transcription

factor TFIIF in serum response factor-activated transcription. J.

Biol. Chem. 269:3489-3497.

Zwilling, 8., A. Annweiler, and T. Wirth. 1994. The POU domains

of the Oct] and Oct2 transcription factors mediate specific

interaction with TBP. Nucleic Acids Res. 22: 1655-1662.

56



CHAPTER 2

INTRODUCTION TO FLUORESCENCE SPECTROSCOPY

Fluorescence spectroscopy makes use of the physics of light energy

transfer to provide information about a molecule. It is an especially

useful technique for describing the environment of the fluorescirrg

moiety, or fluorophore. The degree of solvent exposure of the

fluorophore, the hydrophobicity of its surrounding environment, the

degree of order in its surrounding environment, and changes induced in

any of these parameters by the presence of other compounds can be

determined. Through the use of a fluorescent amino acid, fluorescence

spectroscopy can be used to study the environment of a particular

residue in a protein. Thus, fluorescence spectroscopy is an ideal tool for

the study of protein interactions.

Basic Principles of Fluorescence (20, 21)

Absorption of a photon of light by a fluorescent molecule results in

the excitation of electrons. Observed fluorescence is the emission of

energy in the form of light as electrons relax from the first excited state,

81, to the ground state, So. The basic principles of fluorescence are

diagrammed in Figure 1.
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Figure 1 . Jablonski diagram of the absorption and emission of

light energy. The ground state is denoted by S0 and the first

excited state is denoted by 81. hv represents a photon of light.
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As described by the Franck-Condon principle, light absorption is

practically instantaneous; absorption of a photon of light takes place in

approximately 10'15 seconds. Absorption is followed immediately by a

relaxation of the excited electrons to the lowest vibrational state of the S1

energy state. This process, known as internal conversion, is also

extremely rapid, requiring on the order of 10'12 seconds. From the lowest

vibrational level of the S1 state, some energy is dissipated through a

variety of non-radiative decay processes such as molecular collisions,

rotational or translational diffusion, or formation of molecular complexes.

The energy from the S1 electrons can also be released as emitted light:

fluorescence.

Fluorescence emission is variable. Any given fluorophore has both

a lifetime and a quantum yield. The fluorescence lifetime of a

fluorophore is the average time that its electrons remain in the excited

state prior to a return to the ground state. It is defined as:

1

r=— 1

I‘+k ( )

where I‘ is the rate of fluorescence emission and k is the sum of the rates

of all non-radiative decay processes (Figure 1). Fluorescence lifetimes are

on the order of 10'8 seconds (10ns). Quantum yield of a fluorophore is

defined as:

F

=r—+Z ‘2’
Q

59



Fluorescence emission properties such as lifetime and quantum yield

depend on the chemical structure of the fluorophore. Most fluorescent

molecules contain a conjugated double bond system; as such, aromatic

organic molecules are common fluorophores.

Instrumentation For Fluorescence Spectroscopy (20, 21)

Measurement of fluorescence requires substantially the same

instrumentation regardless of whether steady state or time resolved

measurements are being made. A basic plan of a fluorescence

spectrophotometer is shown in Figure 2. The excitation source provides

a beam of light that is passed immediately through a monochrometer to

allow selection of the excitation wavelength. A portion of this excitation

beam may be shunted to a reference cell to allow correction for variations

in excitation intensity. The remainder of the excitation beam passes

through the sample, exciting the fluorophore therein. The emitted light

is monitored at a right angle to the excitation because this angle

minimizes the effects of scattered light on the measured fluorescence.

The emission beam is passed through a second monochrometer where

emission wavelength is selected, and then reaches the detector. From

the detector the information is sent to a recorder. Polarizers in the path

of excitation and emission beams are generally removable. These are

necessary for experiments such as fluorescence anisotropy that require
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Figure 2. Schematic representation of an L-format fluorescence

spectrophotometer. Grey ovals represent monochrometers. Black

rectangles represent optional polarizers.
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plane polarized light (see below). Excitation and emission

monochrometers, and polarizers are typically under computer control.

Either a single or a double detector arrangement may be used in a

fluorescence instrument. The single L-format is the simplest and most

common detection for most steady state applications. For fluorescence

anisotropy experiments, the sample is excited with vertically polarized

light and both the vertically polarized emission and the horizontally

polarized emission are recorded. In these types of experiments, a two

detector system is preferred, as it eliminates the need to continually shift

the emission polarizer between vertical and horizontal settings. Each

detector is placed at 90° to the sample and the resulting arrangement is

referred to as the T-format.

Steady state fluorescence spectroscopy employs a constant

excitation beam. While the presence of a reference cell does correct for

variation in beam intensity, the preferred excitation source for steady

state instruments is one which produces a steady beam. High pressure

xenon arc lamps are the steadiest of the sources available and therefore

the most commonly used. They also provided excitation over a range of

wavelengths, which makes them useful for exciting a variety of

fluorophores. The detector in a steady state instrument is almost

invariably a photomultiplier tube (PMT).

Time resolved fluorescence spectroscopy requires a pulsed

excitation beam. Sources are selected for their ability to create short
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pulses, consistent pulse intensity, and to be tunable to multiple

wavelengths. The system which best combines all of these factors is a

synchronously pumped mode-locked dye laser. This system uses a high

energy laser which is capable of very brief, stable pulses to excite a dye

laser. Dye lasers are tunable within the wavelength range of the dye

employed. Moreover, the dye can be changed to alter the available

wavelengths, rendering this system extremely versatile in terms of

analyzing multiple fluorophores. The most highly used and sensitive

detection system is time correlated single photon counting (TCSPC).

TCSPC detects the time between the excitation pulse and the arrival of

the first photon at the detector as a digital signal. Time resolved decay

data are obtained in the form of a histogram of number of photons

versus arrival time. Data collection continues until a certain number of

photons are obtained; reliable data generally require on the order of

15,000 counts (18).

Tryptophan: An intrinsic protein fluorophore (20, 21)

Two classes of fluorophores are used in fluorescence spectroscopy

studies. Fluorophores which are external to the molecule under study

are known as extrinsic probes. They can be added covalently or non-

covalently to the subject molecule. Fluorophores which are part of the

molecule under study are called intrinsic probes.
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In the study of protein, three intrinsic probes are theoretically

available. The amino acids phenylalanine, tryptophan, and tyrosine all

fluoresce. However, the quantum yield of phenylalanine is very low and

although the quantum yield of free tyrosine is high, tyrosine fluorescence

in proteins is weak. Tryptophan typically accounts for 90% or greater of

the total fluorescence of a given protein. For the purposes of

fluorescence spectroscopy, tryptophan can be excited at wavelengths

which do not excite either phenylalanine or tyrosine, so that tryptophan

accounts for 100% of the observed fluorescence. Moreover, the quantum

yield of tryptophan is high enough that the signal from a single

tryptophan residue in a protein is sufiicient for most experimental

purposes.

The presence of multiple tryptophan residues in a protein

complicates interpretation of fluorescence data. Unless the

environments of the various tryptophan residues are significantly

different, the signals cannot be separated. Data of this type can only

represent the average of the signals from the various tryptophans. Study

of a unique tryptophan, in contrast, allows study of a protein from a

clear, single perspective. Because tryptophan is a relatively rare amino

acid in proteins, it is frequently a simple matter through the use of site-

directed mutagenesis techniques to engineer a protein with a unique

tryptophan probe for study. Not only does this simplify the signal, it

allows the deliberate placement of probes at a variety of positions in the



protein so that the protein can be studied from multiple perspectives. In

order that the results of these experiments be representative of the wild

type protein, however, care must be taken to ensure that tryptophan

mutations do not disrupt the normal activity of the protein.

Tryptophan is rare in protein composition, but it is not entirely

uncommon. Large proteins will almost certainly have more than one

tryptophan residue. For the purposes of protein interaction studies in

which more than one protein is present, then, use of mutagenesis to

remove all but a single tryptophan probe in a single protein is

impractical. However, there are multiple analogues of tryptophan with

fluorescence properties that differ from those of native tryptophan. The

absorbance of 5-hydroxytryptophan and 7-azatryptophan, for example, is

red-shifted compared to that of native tryptophan. These analogs can be

selectively excited in the presence of normal tryptophan such that the

fluorescence signal will derive solely from the analog not from the

tryptophan. Conversely, the absorbance of the 4-fluorotryptophan

analog is blue-shifted relative to that of tryptophan. The absorbance of

this analog at the normal excitation wavelengths for tryptophan is less

than 1% of the absorbance of native tryptophan. Proteins that

incorporate the 4-fluorotryptophan analog can therefore be rendered

invisible in the presence of normal tryptophan. Use of site-directed

mutagenesis techniques in conjunction with selective incorporation of
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tryptophan analogs allows spectroscopic studies to focus on a given

position of a single protein in the presence of multiple species.

Steady State Emission Spectra (20, 2 1)

Steady state emission spectra describe the emission intensity of a

fluorophore at multiple wavelengths. Emission spectra can be altered by

changes in the local environment of the fluorophore, such as accessibility

to solvent and hydrophobicity. Tryptophan in aqueous solution has an

emission maximum of 348nm (35). Tryptophan in a non-polar

environment such as the hydrophobic core of a protein would show a

blue shift, the emission maximum would move to a shorter wavelength.

The degree of shift indicates the accessibility of the tryptophan to contact

with the solvent molecules, providing information as to whether the

tryptophan is buried within the protein or exposed on its surface.

Fluorescence Anisotropy (20, 2 l)

Fluorophores preferentially absorb photons with an electric

moment parallel to the transition moment of the fluorophore. If a

random solution of a fluorophore is excited with plane polarized light,

this results in the selective excitation of those fluorophores with a

transition moment in that plane. Likewise, the emission of these excited

fluorophores is partially polarized. These polarized emissions can be

recorded and an anisotropy value can be calculated:
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where I" is the vertically polarized emission and I1 is the horizontally

polarized emission when the excitation is vertically polarized.

Anisotropy results from the angle between the absorption

transition moment and the emission transition moment for a given

fluorophore. However, the absorption transition moment need not be

exactly parallel to the excitation photon for excitation to occur. The

probability of excitation of a given fluorophore in a randomly oriented

population is proportional to cos29 where 6 is that angle between the

absorption dipole and the excitation axis. The mathematical

consequence of this probability is that the theoretical maximum

anisotropy for any given species is 0.4.

Experimentally, many factors can combine to decrease measured

anisotropy values from the 0.4 limit. Some of these are sources of

experimental error such as light scattering, reabsorption of scattered

light, improperly aligned polarizers, or energy transfer between molecules

in a dense solution. In an optimized solution with a sufficiently dilute

fluorophore, however, the major cause of decreased anisotropy is

rotational diffusion of the fluorophore. It is for this reason that

anisotropy measurements are valuable.

For a system in which rotational diffusion is the only significant

contributor to changes in anisotropy, anisotropy can be defined as:
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where ro is the anisotropy value in the absence of rotational diffusion, 1:

is the fluorescence lifetime of the fluorophore, and ¢ is the rotational

correlation time for the diffusion. The rotational correlation time of a

molecule is related to the molecular weight, M, of that molecule by:

_ 151
sit—[RT v+h) (5)

l

where 11 is the viscosity of the solvent, v is the specific volume of the

molecule, and h is the hydration of the molecule. Thus the rotational

correlation time and the measured anisotropy are sensitive to changes in

the molecular weight of the fluorescent molecule.

Steady State Anisotropy (20, 21)

Steady state anisotropy experiments focus on the structure of the

molecule as a whole. Rotational diffusion, the tumbling of a molecule in

solution, alters the orientation of a molecule relative to the plane of

excitation. Rotational diffusion occurs more rapidly for smaller

molecules than for larger ones, and the relationship between 4) and M (Eq

5) is proportional. Because the relationship between (I) and r is also

proportional (Eq 4), increases in the mass of a fluorescent molecule

result in an increase in the measured anisotropy.
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Because anisotropy is sensitive to molecular mass, steady state

anisotropy measurements are particularly suited to protein-protein

binding studies. A putative binding partner for a fluorophore containing

protein can be titrated and the effects observed. If the two proteins

interact, then the apparent mass of the fluorophore would increase and

the measured anisotropy value would also increase. This provides a

qualitative assay for interaction between two protein species.

Steady state anisotropy measurements can also provide a

quantitative description of the interaction between two species.

Assuming a one-to-one binary complex for the interaction between

species A and B the dissociation constant is given by:

K _ [AME]. (6)

”’ [AB]

 

where [Ah is the total concentration of A, [B17 is the total concentration of

B, and [AB] is the concentration of the complex. Total measured

anisotropy for the interaction between A and B where A contains the

fluorophore can be expressed as:

r = [A], r, + [A], r, (7)

where [Alp is the concentration of free A, n: is the anisotropy of free A,

[A13 is the concentration of bound A, and r3 is the anisotropy of bound A.

Because quantum yield of the fluorescent moiety may change upon

binding of B, the equation is expanded to:

-1417"; +1A13ra

’ ' [A]. + YlA]. (8)
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where Y is the ratio of the quantum yields of bound and free A. The

concentration of bound A is given by:

l. ___ (IA). + [B]. + K. )— MA]. + [81 + K.)’ -4[Al [Bi (9)

2

 

[A 

The value of K1) for the interaction between A and B can be calculated by

fitting measured anisotropy values to these two equations. Thus steady

state anisotropy can be used both as a binding assay and to

quantitatively describe the interaction between two species. This

technique can be applied to protein-protein or protein-DNA interactions.

Time Resolved Anisotropy Decay (20, 21)

Time resolved anisotropy decay views the motion of a molecule in

more detail than does steady state anisotropy. Following pulsed

excitation with plane polarized light, anisotropy decay curves are

obtained over time by alternately recording emission oriented parallel

and perpendicular to the plane of excitation (Eq 3). For a perfectly

spherical rotator, the anisotropy decay curve is also given by:

r(t) = rofle% (10)

where o is the rotational correlation time and B is its preexponential

term. For a molecule which rotates anisotropically, r(t) is modeled by a

sum of exponentials,

r(t)=r02fije%’ (11)
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where it] is the rotational correlation time of thejth component, and )3 is

its preexponential term.

For tryptophan fluorescence in proteins, anisotropy decay is

typically influenced by two types of motion: the motion of the segment of

protein in which the tryptophan is located and the motion of the protein

as a whole. This anisotropy decay is described by the sum of two

exponentials:

r(t) = “(file—IA + flze-y” J (12)

where BI and in are the parameters which describe the segmental motion

of the protein and B2 and in describe the global motion of the protein.

The anisotropy decay parameters [3 and ¢ provide information

about the structure of the protein. The preexponential terms describe

the contribution of their respective rotational correlation times to the

total anisotropy. This gives information as to the relative importance of

the motions in the protein. Anisotropy of a molecule which is tumbling

rapidly but with a rigid segment surrounding the probe, for example will

be dominated by the global motion and have a higher [32 value. The

contribution of [31 or [32 is taken as a fraction of their sum.

As described previously, an increase in 4: reflects an increase in the

apparent molecular weight of the protein. For the global motion term, in.

changes in in value in the presence of a potential interaction partner for

a protein can indicate the formation of a complex between the two. The
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segmental motion term, or, however does not reflect the protein as a

whole, but only a portion thereof. Changes in segmental motion indicate

changes in the degree of order of the segment of protein surrounding the

tryptophan residue. If the limits of the segmental motion of the

tryptophan are modeled as the tryptophan wobbling in a cone (17, 23),

the cone semiangle, 9, describes the extent of the segmental motion.

This can be calculated from the decay parameters by:

fl, = robflcos OX1 +cos (9)2] (13)

Changes in the contribution of $1 to the total anisotropy and in the cone

semiangle in the presence of a binding partner describe the effects of the

formation of a complex on the structure of the segment of the protein

containing the tryptophan fluorophore. Taken together, segmental and

global motion parameters provide low resolution protein structural data

and information about the effects of binding interactions on that

structure.

Fluorescence Spectroscopy and the Study of Transcription

Fluorescence spectroscopy can provide a considerable amount of

information about protein and DNA. It can be used to study the

dynamics of interactions between proteins and/or nucleic acids. As

described above, anisotropy experiments can provide dissociation

constants for interactions and low resolution structural information

about the segmental and global motion in a protein. Fluorescence
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experiments can also provide information about intermolecular

distances, molecular orientation, conformational transitions induced by

ligand binding or self-association, and protein folding or unfolding. The

effects of changes in temperature, pH, or solvent composition on protein

structure and/or interaction can be investigated. Usually these types of

experiments involve a Tip label. Sometimes it is DNA which is labeled.

For the purposes of this thesis, I will limit the discussion to the uses of

fluorescence spectroscopy to study transcription.

Several prokaryotic transcriptional components have been studied

in detail using fluorescence. Heyduk, Lee, and their colleagues have

made extensive use of both native tryptophan and the 5-

hydroxytryptophan analog, and covalently attached extrinsic probes in

experiments with the cAMP receptor protein (CRP) of E. coli.

Fluorescence anisotropy has demonstrated the binding of CRP to the a

subunit of E. coli RNA Polymerase (RNAP) (9), and proven the existence of

two distinct CRP-CAMP complexes, CRP-cAMP and CRP-(cAMP)2 (l 1).

Fluorescently labeled DNA oligos have also been used in anisotropy

experiments to determine the affinity of these two CRP forms for operator

DNA (10). Fluorescence resonance energy transfer experiments, in which

non-radiative transfer of fluorescence from one fluorophore to another is

used as a measure of the proximity of the two moieties, have also been

employed in this system to determine the degree of CRP induced DNA

bending (12). Fluorescent probes must be within a certain, probe-
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specific distance for resonance energy transfer to occur. For probes

placed on opposite ends of a DNA oligo, the actual distance between the

probes can be calculated from experimental data and the angle of the

DNA inferred.

The study of E. coli RNAP itself has also been amenable to

fluorescence techniques. Fluorescence resonance energy transfer has

been used to determine the distances between and relative orientation of

positions in the B and G subunits of RNAP (5). More recently, anisotropy

techniques have been employed to study the interaction of RNAP with

promoter DNA (6) and 070 (4), and the conformational states of RNAP

during the process of transcriptional initiation (32).

Fluorescence has also been used to investigate open complex

formation by making use of fluorescence quenching, the damping or

elimination of fluorescence intensity upon contact with some quencher

molecule. The intrinsic fluorescence of the DNA base analog 2-

aminopurine (2-AP) is quenched by DNA base pairing. Thus the single

stranded or double stranded state of 2-AP containing DNA can be

determined by the presence or absence of 2-AP fluorescence. Moreover,

because the transcription bubble formation and 2-AP fluorescence

lifetime are on the same time scale, transcription bubble formation can

be followed in real-time using time resolved spectroscopic techniques.

This technique has been used to follow the transcription bubble in RNAP

transcription (6, 34) and in the study of bacteriophage T7 RNA
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polymerase (3 1). Fluorescence quenching and anisotropy techniques

have also been applied to the study of the E. coli trp repressor (7, 22, 29,

30), lac repressor (2), H-NS transcription factor (36), and Tet repressor

(28, 37).

Recently, fluorescence spectroscopy techniques have also been

applied to problems of eukaryotic transcription. Kersten, Noy, and

colleagues have performed in depth fluorescence studies of the retinoid X

receptor (RXR). Using steady state fluorescence anisotropy of intrinsic

tryptophan probes, they have obtained Kn values for the dimerization

and tetramerization of RXR (13) and the effect of mutations which

disrupt transcriptional activation on these multimerizations (1 6). They

have also applied fluorescence anisotropy to the interaction between RXR

and its ligand 9-cis-retinoic acid to show that binding of the ligand

causes dissociation of RXR tetramers in a positively cooperative manner

(14, 1 5).

Fluorescence spectroscopy has also been used to study one of the

central proteins in eukaryotic transcription, TBP. Experiments

undertaken in this laboratory used fluorescence spectroscopy to

determine that the transcriptional activation domain of the herpes

simplex protein VP]6 adopts a more ordered structure upon binding to

TBP (33). Emission spectroscopy has been used to demonstrate an effect

of DNA binding on the structure of an N-terminal portion of yTBP,

although the DNA binding domain ofyTBP is located in the C-terminal
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portion of the protein (27). Anisotropy studies have been used to

calculate a Kn for the interaction ofTBP and TATA oligo, and to show

that in the absence of DNA, TBP forms a multimer in solution (27).

Parkhurst, et al. have used resonance energy transfer to calculate the

DNA bend induced by TBP in solution for comparison with the results of

X-ray crystallographic analysis (25). Most recently, fluorescence

anisotropy has been used to study the interaction ofTBP and yTAFu130.

A Kn for this interaction has been calculated, and it has been shown that

the N-terminus of this protein can dissociate TBP from TATA box DNA

(1). Fluorescence techniques have also been used to test the sequence

specificity of DNA binding by TFIIB (19), determine the degree of DNA

induced bending by a fission yeast transcriptional regulator (24), observe

efi'ects of mutations in c-Myb on its conformation (8), observe effects of

binding of DNA by Fos and Jun on protein conformation (26), and study

the effects of transcription by PolII on nucleosome structure (3).

Clearly there is enormous evidence of the utility of fluorescence

spectroscopy in the study of protein-DNA and protein-protein

interactions. Fluorescence experiments require only limited (nM)

quantities of protein and are performed in solution, conditions which

allow fluorescence spectroscopy to more closely mirror physiological

conditions than other methods used to study protein structure and

interactions (20, 21). In experiments described later in this thesis, we

make use of fluorescence emission and anisotropy to investigate in more
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detail the interactions of the transcriptional activator VP16 with TBP.

Further applications of fluorescence to the study ofVP16 and

transcription are proposed in the conclusion of this thesis.
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CHAPTER 3

MUTATIONAL ANALYSIS OF A TRANSCRIPTIONAL ACTIVATION

DOMAIN OF THE VP16 PROTEIN OF HERPES SIMPLEX VIRUS‘

INTRODUCTION

Basal levels of transcription of eukaryotic mRNA genes by RNA

polymerase II can be augmented by the action of proteins known as

transcriptional activators. Several models have been proposed for the

function of eukaryotic activators, including the recruitment of chromatin

remodeling enzymes (22) or of basal transcription factors. These latter

interactions might facilitate pre-initiation complex formation (40),

increase initiation rate or aid promoter clearance (52), or increase the

rate of elongation (4). Each of these models invokes specific interactions

between transcriptional activation domains and particular target proteins

that are likely to require certain structural motifs present in the activator

protein. Therefore, transcriptional activators have been studied

intensively to identify such activation motifs.

Eukaryotic transcriptional activators were initially described by the

amino acids most abundantly present, resulting in classes of acidic,

glutamine-rich, proline-rich, and serine/threonine-rich domains (34,

 

' The work described in this chapter is currently in press:

Sullivan, S.M., P.J.Horn, V.A. Olson, A.H.Koop, W.Niu,

R.H.Ebright, and S.J.Triezenberg. 1998. Mutational analysis of

a transcriptional activation region of the W16 protein of herpes

simplex virus. Nucleic Acids Res.
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52), although some activation domains do not fit this scheme (2).

Thorough mutational analyses of acidic activation domains from VP16

(9, 42), Re1A(6), p53 (31), Bell (28), GCN4 (20), the glucocorticoid

receptor (1, 19), C l (45), and of a glutamine rich activation domain from

Sp 1 (13), indicated that the most prevalent types of amino acid were not

those most critical for activation function. Rather, in each case, specific

bulky hydrophobic or aromatic amino acids were more important.

This conclusion from mutational analyses is consistent with

results from biophysical experiments. Although activation domains, in

isolation, typically appear highly unstructured (1 l, 38, 46, 48, 55), more

ordered structures can be induced by the presence of putative target

proteins. Among the examples reported to date are the interaction of the

VP16 activation domain with TBP (49) and with hTAIm32 (54), the

interaction of the p53 transcriptional activation domain with its

repressor MDM2 (27), and the interaction of an activation domain from

CREB with a fragment of CBP (41). In each case, the interaction surface

of the activator comprised primarily hydrophobic residues (including

many defined by mutational analysis) within helical segments, with a

notable lack of participation by acidic sidechains.

VP16 (also known as Vmw65 or a-T‘IF) is a component of the virion

of herpes simplex virus whose transcriptional role is to activate

expression of the viral immediate early genes (reviewed in 37). The 490

amino acids of VP16 can be divided into two domains by biochemical or
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molecular genetic methods (17, 53). A domain comprising the amino

terminal 410 amino acids forms a complex with the host proteins Oct- 1

and HCF that can bind to specific DNA sequences in the promoters of the

immediate early genes (37). The carboxyl terminal 80 amino acids of

VP16 are both necessary and sufiicient for transcriptional activation,

even when fused to a heterologous DNA-binding domain (8, 44, 53). The

VP16 activation domain can be further divided into two subdomains

herein termed VP16N (amino acids 412 to 450) and VP16C (amino acids

450 to 490), each of which is independently capable of activation when

provided with a DNA binding mechanism (15, 42, 47, 53, 56).

Extensive mutational analysis of the VP16N subdomain indicated a

key role for the aromatic character of F442 and supporting roles for other

bulky hydrophobic residues, specifically L439 and L444 (9, 42). The

acidic residues in this domain had a much less important role. Any one

or even several negative charges could be removed without significant

loss of function. We and others have previously tested the roles of several

amino acids within the carboxyl-terminal subdomain of VP16. In one

case, several substitutions of F473 and F475 were tested in the context

of full-length VP16 bearing the debilitating F442A mutation in the N

subdomain, with the result that mutations at F475 had a somewhat

greater effect than corresponding mutations at F473 (42). In another

study, the simultaneous mutation of all three phenylalanine residues

within the C subdomain (i.e., F473, F475, and F479) to alanine had a
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dramatic effect on the ability of that subdomain to function in the

context of the full-length activation domain (56).

These preliminary analyses, however, are insufficient to ensure

that all key amino acids in VP16C have been identified, and fall short of

defining the chemical characteristics of those amino acid sidechains that

contribute to the transcriptional activity of this domain. To

comprehensively identify the critical residues in VP16C and to further

test the hypothesis that specific patterns of hydrophobic residues are

important for function of activation domains, we have undertaken a

thorough mutational analysis of VP16C using both PCR-mediated

random mutagenesis and systematic alanine-scanning mutagenesis.

Random mutagenesis permits the analysis of a broad range of amino acid

substitutions altering the size, charge and hydrophobicity of the amino

acid sidechains. Moreover, the approach as applied here has the

advantage of an in viva screening step which allows selection of mutants

defective in transcriptional activation. The complementary strategy of

alanine-scanning mutagenesis ensures that each amino acid position will

be tested and indicates the contributions of the side-chain atoms of a

given residue, because alanine substitutions eliminate all sidechain

atoms beyond the B-carbon (10) . The combination of these

complementary mutational analyses, therefore, provides information

about each position while focusing on those which affect activation most

strongly. The results indicate that in the case of VP16C, as with other
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activation domains, specific hydrophobic amino acids are particularly

critical to its transcriptional function.

MATERIALS AND METHODS

Plasmids and Phage. The substrate for all mutagenesis reactions

was mpPJH 18, an M13mp19 phagemid containing a Smal to BamI-I I

fragment encoding VP16 residues 452-490 with 1 19 bp of 3’

untranslated sequence. Mutants generated by error-prone PCR were

screened in yeast using pPJH13, a high copy (2p LEUZ) plasmid that

expresses a Gal4(l- 147)-VP16C fusion protein from the ADHI promoter.

Quantitative assays of transcriptional activation in yeast were performed

using wild type or mutant versions of pVS 1 , a low copy plasmid (CEN6

ARSH4 LEUZ) that expresses the Gal4(1-147)-VP16C fusion protein, and

the yeast reporter construct pLGSD5 (16) containing the E. coli lacZ

structural gene with the GAL1 -1 0 upstream activating sequence near the

CYCI promoter. VP16C mutants were also assayed in mammalian cells

using pSM71-1.VP16C, a derivative of pSGVP (44) that expresses the

Gal4(l- 147)-VP160 fusion protein from the SV40 early-gene promoter.

The mammalian reporter plasmid pG5BCAT (30) expresses the bacterial

chloramphenicol acetyltransferase protein under the control of five Ga14

sites upstream of the TATA sequence from the adenovirus E1B promoter.

Error-prone PCR-Meditated Mutagenests. To generate random

nucleotide substitutions, the VP16C coding domain of mpPJH18 was
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amplified by PCR using forward and reverse M13 sequencing primers

under reaction conditions that diminish the accuracy of Taq DNA

polymerase, including the presence of MnC12 (29) and limiting

concentrations of dATP (50). Reaction mixtures included 10 mM Tris-Cl

(pH 8.8), 50 mM KCl. 0.5 mM MgC12. 0.5 mM MnC12, 0.4 mM dATP. 3.2

mM each dC’I‘P, dGTP, dTTP, 100 rig/ml gelatin, 10 ng of mpPJH18, 60

pmol of each primer, and 5 U ofTaq DNA polymerase (Perkin-Elmer) in a

final volume of 100 ul. After an initial melting step of 2 minutes at 94° C.

the temperature was lowered to 80° C and PCR was initiated by the

addition of nucleotides and polymerase. Amplification proceeded through

25 cycles (30 sec. annealing at 43° C, 2 min. elongation at 72° C, 30 sec.

denaturation at 94° C). The PCR products were digested with Sall and

BamI-I I, ligated into pPJHl3 and transformed into yeast strain BPl

[MATa ura3-52 leu2-3, 2-1 12 Gal4::PHS4 adeI-IOO; , ref. (5)].

Alanine Scanning and Site-directed Mutagenests. Oligonucleotide-

directed mutations were generated in mpPJH18 using the method

described by Kunkel et al. (26). In some cases, a variety of substitutions

at specific positions were generated using degenerate oligonucleotides.

Sal I to Bgl II fragments containing the mutations were subcloned into

pVS 1 and resequenced to verify the identities of mutations.

Yeast Tiansformation and fl-galactosidas‘e Assay. Plasmids

expressing VPl6C mutants fused to the Ga14 DNA-binding domain were

co-transformed with the reporter plasmid pLGSD5 into yeast strains
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BPlor P8Y316 [MATa ade2-101 hisB-deLZOO leu2-3,2-112 lysZ ura3-53.

ref. (5)) using the procedure of Gietz et al. (12). To assay the activity of [3-

galactosidase produced from pLGSD5, 2 ml cultures containing pools of

approximately 100 yeast transformant colonies were grown to early

stationary phase (OD600 = 0.9- 1.2) in selective media, then diluted to

OD600 = 0.1, grown to mid-log phase (OD600 = 0.5) and harvested by

centrifugation. B-galactosidase activity was measured (43) using extracts

obtained from 5 mL cultures with results normalized to protein

concentration as determined by Bradford assay (7).

Yeast Immunoblot Analysis. To assess the steady-state levels of

each mutant activator protein, 25 ml yeast cultures grown as described

above were harvested by centrifugation, washed once in water, and

resuspended in water to a total volume of 100 (11. An equal volume of 4x

SDS-PAGE loading buffer lacking bromphenol blue was added and

extracts were boiled for 15 minutes, then centrifuged for 5 minutes at

14,000 g to clarify the extract. Relative protein concentrations for each

extract were determined using a detergent compatible protein assay (Bio-

Rad), and approximately 10 [lg total protein was loaded per sample onto

15% SDS-PAGE gels. Following electrophoresis, proteins were

electrophoretically transferred to nitrocellulose. Membranes were blocked

in 10% powdered milk, 20 mM TrisCl pH 7.5, 137 mM NaCl, 4mM KCl,

0.01% Tween 20 and then incubated sequentially with rabbit polyclonal
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antibodies raised against the Gal4-VP16 fusion protein (LA2-3; Lee

Alexander and Steven J. Tiiezenberg, unpublished) followed by goat anti-

rabbit IgG conjugated to horseradish peroxidase (BioRad). Blots were

developed using an enhanced chemiluminescence system (ECL,

Arnersharn or Renaissance, DuPont NEN Life Science Products).

Mammalian Plasmid Construction and Assay. The VP16C mutant

activation domains were subcloned from the yeast plasmids into pSM7 1 -

l .VP16C. All subclones were sequenced to verify their identities. 100 ng

of each plasmid was cotransfected into mouse L cells (American Type

Culture Collection) with 1 ug pGSBCAT using DEAE-dextran (33). Plates

were incubated at 37°C, 10% 002 for 36-48 hours after which cells were

harvested by scraping into phosphate-buffered saline followed by

centrifugation. Cell extracts were made by freeze-thawing and CAT

assays were performed by the mixed-phase method (35, 36). Final

reaction volumes of 100 (11 contained 30 pl of cell extract, 200 mM Tris-Cl

pH7.8, 4 mM EDTA, 30 mM acetyl-CoA, and 0.4 uCi [3Hl-acetyl CoA.

Reactions were overlaid with 10 ml Econofluor2 (Packard Industries),

incubated for 2 hours, and quantitated using an LKB Wallace 1209

Rackbeta liquid scintillation counter. Counts were normalized to protein

concentration as determined by Bradford assay (7).

Mammalian Western Blot Analysis. Separate plates of L cells were

transformed with 5 ug of each plasmid encoding wild type or mutant
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Gal4-VP16 fusion protein in the manner described above. After 36-48

hours, cells were washed once in phosphate-buffered saline and

harvested by scraping into 200 ill of 4xSDS-PAGE loading buffer lacking

bromphenol blue. Samples were boiled for 10 minutes and then spun for

5 minutes at 14,000 g to clarify the extracts. Relative protein

concentrations were determined by using the BioRad detergent-

compatible protein assay and Western blots were performed as described

above.

RESULTS

Biological selection of transcriptionally defective mutants of VPI6C

Expression of the wild type Gal4-VP16C fusion protein from a

high-copy plasmid is relatively toxic to yeast, as is the fusion protein

bearing the full-length VP16 activation domain (5). As a result, yeast

strains expressing high levels of these activators produce very small

colonies. Mutations in the VP16 activation domain that reduce

transcriptional activation also reduce the toxicity (5), yielding larger yeast

colonies. This phenomenon was employed to screen a library ofVP16C

clones to identify mutations that negatively affect transcriptional activity.

A DNA fragment encoding the VP16C subdomain was amplified using

Taq DNA polymerase under error-prone conditions. The population of

amplified fragments was then ligated into a yeast expression vector such

that the VP16 coding sequences were in-frame with sequences encoding
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the Ga14 DNA-binding domain. This library was then transformed into

yeast cells and large colonies were selected. DNA fragments encoding the

VP16C subdomain were isolated from these colonies and were

sequenced. These fragments were then cloned into a low-copy yeast

plasmid from which expression of the Gal4-VP16C fusion protein is

sufficiently low to avoid the toxicity. Transcriptional activation by the

mutant fusion proteins was quantitatively assessed using a B-

galactosidase reporter gene with a Gal4-responsive promoter (Figure 1).

Of the fourteen PCR-generated mutants in VP16C isolated by this

approach, eleven have at least one amino acid substitution between

positions 470 and 480. Eight of the thirteen missense mutants have

changes at one or more of the phenylalanines in this domain (F473,

F475, and F479). Moreover, all mutants displaying 40% or less of wild

type activity bear a substitution at one or more of these phenylalanine

residues, with the exception of the L438P/M478V mutant. For two of

these three phenylalanines, substitution to leucine resulted in only a

relatively modest defect: in B-galactosidase assays, F475L and F479L

displayed 78% and 90% of wild type activity, respectively. Substitutions

at these positions to a hydrophilic residue such as serine, however,

resulted in large defects. The mutant F4738 retained only 26% of wild

type activity, and the two mutants with serine substitutions at F479

(F4798/D486G and F4758/M478T/F479S), showed 10% or less of wild

type levels. These results indicate the important role of bulky
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Figure 1. Mutation identities and relative activities of VP16C mutants

selected for reduCed toxicity when highly expressed in yeast. The Gal4-

VP16C fusion protein, when expressed from the ADHI promoter on a

high-copy plasmid, is toxic to yeast resulting in tiny colonies. The VP16C

mutants listed here, generated by error-prone PCR, were selected based

on larger yeast colony size. The VP16C subdomains were then recloned

into a low-copy vector (to avoid toxicity) and assayed for transcriptional

activity using a Gal4-reponsive lacZ reporter plasmid (pLGSD5). Below

the amino acid sequence of VP16C (residues 450-490) are shown the

positions and types of substitutions identified in each of these mutants.

The B-galactosidase activities in lysates of cells containing each of the

Gal4-VP16C mutants are expressed relative to the activity of the wildtype

Gal4-VP16C fusion protein.
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hydrophobic or aromatic groups at positions 473, 475, and 479 for

transcriptional activation by VP16C.

Interestingly, the fourth phenylalanine residue in VP16C, F457,

seems much less important. This position was altered in only two of the

mutants isolated by this approach. The F457L/F479L mutant activated

the reporter gene at nearly wild type levels. The F4578 mutant showed

63% of wild type activity, a modest reduction compared to serine

substitutions at the other phenylalanine positions. This result supports

the idea that residues between positions 470 and 480, not simply any

bulky hydrophobic or aromatic residues in the vicinity, were primarily

responsible for the transcriptional activity of VP16C.

Alanine scanning mutagenesis of VP16C

As a complement to the random mutagenesis and to more

systematically assess the importance of each residue ofVP16C

individually, we constructed alanine substitutions at each position

(except those that were originally alanine or glycine). The 27 mutants

created in this set were tested as Gal4-VP16C fusion proteins, expressed

from a low-copy plasmid, for the ability to activate a Gal4-responsive El -

galactosidase reporter gene in yeast. The results (Figure 2) support the

conclusion derived from the PCR-generated mutants that the most

critical residues for activation by VP16C lie between positions 470 and

480. Only four of the twenty-seven alanine mutants have activity less

than 70% that of wild type. Three of these mutations affect
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Figure 2. Relative activities in yeast of alanine-scanning mutants of the

VP16C subdomain. Alanine substitutions were constructed at each

position of VP16C except glycines and existing alanines. The activities of

Gal4-VP16C fusion proteins bearing these substitutions were assayed

using a B-galactosidase reporter gene as described in the legend to Figure

1. The position of each mutation is represented by the amino acid

sequence ofVP16C along the horizontal axis of this figure. Bars indicate

mean activity (with standard deviation) of B-galactosidase in yeast cell

extracts from at least three parallel cultures, expressed relative to the

activity of the wildtype Gal4-VP16C fusion protein (indicated by +). B-

galactosidase activities in extracts lacking the Gal4-VP16C fusion protein

(indicated by -) were negligible. A double substitution of alanine for both

F473 and F475 is shown at the right end of the figure.
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phenylalanines: F473A (51% activity), F475A (21%), and F479A (43%). A

double mutant with alanine substitutions at both positions 473 and 475

showed 1% or less activity. The fourth mutant with a significant loss of

activity was E476A, which displayed only 38% of wild type activity. This

result suggests that the sidechain of E476 contributes to the function of

VP16C, despite the fact that this site was not affected in any of the

randomly-generated mutants isolated in the previous experiment. All

other alanine substitutions had little or no effect on transcriptional

activation in yeast assays.

To determine whether activation by VP16C in mammalian cells

depends on the same amino acids as in yeast, the alanine substitution

mutants were also assayed as Gal4 fusion proteins in mouse L cells.

Plasmids expressing the Gal4-VP16C proteins from the SV40 early

promoter were cotransfected with stBCAT. a reporter plasmid in which

expression of chloramphenicol acetyltransferase (CAT) is controlled by

Gal4-binding sites (30). After 36-48 hours, the CAT enzyme activity in

cell extracts was assayed as an indication of the ability of the Gal4-

VP16C protein to activate transcription. The results shown in Figure 3

are very similar to the results of assaying the mutants in yeast. As in

yeast, the mutants with the most significant effects (i.e., activity less

than or equal to 60%) have substitutions of the phenylalanine residues

at positions 473 (49%), 475 (25%), or 479 (22%), or the glutamate

residue at 476 (60%). Two other mutants, T458A and H460A, have
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Figure 3. Relative activities of Gal4-VP16C alanine-scanning mutants in

mammalian cells. Each of the alanine-scanning mutations described in

Figure 2 was recloned into a mammalian expression plasmid and

transfected into mouse L cells with a reporter gene that expresses

chloramphenicol acetyltransferase under control of Gal4 binding sites

(pG5Bcat). The CAT enzyme activities in cell extracts were assayed by

the fluor-diffusion method, adjusted to ensure that measurements were

within the linear range of the assay. Bars indicate mean activities (with

standard deviations) of CAT activity from at least three plates of cells

transfected with a given Gal4-VP16C mutant expression plasmid, relative

to the activity of the wildtype Gal4-VP16C plasmid (indicated by +).
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activities less than 70% (67% and 62%, respectively) in mammalian cells,

although their activities in yeast assays were close to wildtype levels. All

other alanine substitutions had little or no effect on transcriptional

activity in mammalian cells.

Side-chain preferences at key positions in VP16C

The random and systematic mutational analyses described in the

preceding sections indicate that F473, F475, E476 and F479 are the

residues most critical for the transcriptional function of VP16C in both

yeast and mammalian systems. The strong activity of the mutants

bearing phenylalanine to leucine substitutions, derived from the PCR-

mediated mutagenesis, suggested that the hydrophobic character of the

amino acids at those positions is more important than is the aromatic

character, in contrast to previous observations for the F442 residue in

VP16N. Therefore, to more clearly determine the chemical characteristics

most important for the sidechains of the amino acids at these positions,

we constructed a number of substitutions at each site and tested the

ability of these mutants to activate transcription in yeast and in

mammalian cells.

Each of the three key phenylalanine residues was altered to other

aromatic amino acids, non-aromatic bulky hydrophobic amino acids,

small hydrophobic amino acids, small hydrophilic residues, and charged

or polar residues. When assayed in yeast, the effects of a particular type

of substitution were quite similar at each of the three Phe positions
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tested (Figure 4A, 4B, 4E). Substitutions of phenylalanine with either

aromatic or bulky hydrophobic residues resulted in proteins with at least

50% of wild type activation ability. Even a double mutation to leucine at

positions 473 and 475 retained approximately 60% of wild type activity

(Figure 4B). Alterations at these positions to residues with smaller or

hydrophilic sidechains, however, reduced activity to 50% or less. These

data support the hypothesis that hydrophobic character is the most

significant criterion of these residues that are critical for activation.

Interestingly, effects at positions 475 and 479 were more severe

than those at 473. Changes resulting in sidechains that are not bulky

and hydrophobic only reduced activity to between 50% and 30% for 473,

whereas for 475 and 479, activity was less than 25% for all of these

changes. This result may indicate that F473 is less important for

transcriptional activation than are F475 and F479.

When assayed in mammalian cells, the substitutions at positions

475 and 479 produced results similar to those obtained in yeast. At

these positions, the activities of mutants with hydrophobic amino acid

substitutions were at least 60% of wild type respectively, while

substitutions with non-hydrophobic residues yielded activities less than

30% that of the wild type protein (Figure SE, SE). Again, these results

support the hypothesis that the hydrophobic nature of residues at these

positions is important for activation by VP16C. A double mutant with
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Figure 4. Relative activities in yeast of Gal4-VP16C mutants bearing

various amino acid substitutions at specific positions. Mutant Gal4-

VP16C proteins with substitutions at F473 (panel A), F475 (panel B),

E476 (panel C), M478 (panel D), or F479 (panel E), were assayed for their

ability to activate expression of a B-galactosidase reporter gene as

described in Figure l. The individual substitutions are indicated along

the horizontal axis of each panel in descending order of activity from left

to right, with the mean activity (with standard deviations) from at least

three cultures for each mutant being represented by a vertical bar. Panel

B also indicates the activity of one mutant with leucine substitutions at

both F473 and F475.
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Figure 5. Relative activities in mammalian cells of Gal4-VP16C fusion

proteins with various substitutions at specific positions. Each of the

VP16C mutants described in Figure 4 was recloned into a mammalian

expression vector and assayed for the ability to activate expression of a

CAT reporter gene as described in Fig. 2. The individual substitutions

are indicated along the horizontal axis of each panel in descending order

of activity from left to right, with the mean activity (with standard

deviations) from at least three plates of transfected cells for each mutant

being represented by a vertical bar.
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leucines at positions 473 and 475 also retained more than 30% wild type

activity (Figure 5B).

The indication that F473 is less important than F475 or F479 is

demonstrated even more clearly in the mammalian system than in yeast.

In the mammalian assays, the only F473 mutant with activity below 75%

bore a substitution to alanine (Figure 5A). Thus whereas F473 is less

important in yeast than are the other phenylalanine residues, it

contributes very little to the activity ofVP16C in the mammalian cell

assay.

The only substitution of an acidic residue with alanine that had a

significant effect was E476A (Figures 2, 3). To test the chemical

characteristics that might be important at that position, mutants were

constructed in which the glutamate was replaced with other acidic,

uncharged, nonpolar or even basic amino acids (Figure 4C, 5C). The

E476D and E4769 mutants functioned with essentially wild type activity

in both yeast and mammalian cells, indicating that the charge and length

of the sidechain are not critical parameters. Moreover, a mutant with

reversed charge (E476K) and mutants with aliphatic rather than polar

sidechains (E476M, E476L, and E476P) were also at least 50% active in

yeast and (with the exception of E476L) also in mammalian cells. The

wide range of substitutions that do not significantly affect activity in

either assay system suggests that the nature of the side chain at position

476 is not particularly critical for activation by VP16C.
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Mutations at position 478 seem to affect the function ofVP16C

differently in the yeast and mammalian systems. In the yeast assays,

leucine was an effective substitute for methionine at this position,

retaining 85% activity, while alanine and serine diminished activity to

50% and 40% of wild type levels respectively (Figure 4D). In the

mammalian assays, however, none of these changes significantly affected

activation ability (Figure 5D). This observation suggests at least some

difference in the structures required for activation in the yeast and

mammalian systems.

ImmunoblotAssays

The steady-state levels of all Gal4-VP16C proteins studied in this

work were assessed by irnmunoblot analysis. Expression of Ga14-VP16

mutants in yeast cells was assayed using aliquots of the whole-cell

extracts used for B-galactosidase assays. Expression of mutant fusion

proteins in mammalian cells was tested by transfecting mouse L cells

with five micrograms of each expression plasmid and collecting whole cell

extracts two days after transfection. Samples containing equivalent

amounts of total protein were electrophoresed in SDS polyacrylamide

gels, blotted to nitrocellulose, and probed with a polyclonal antiserum

raised against recombinant Gal4-VP16 fusion protein or a peptide

representing a portion of the VP16 activation domain. The results of

typical immunoblots are shown in Figure 6, which explicitly

demonstrates that the mutant proteins with the greatest defects in
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Figure 6. Immunoblot analysis of yeast (panel A) and mouse cells (panel

B) expressing wildtype or mutant forms of the Gal4-VP16 fusion protein.

Aliquots of whole cell extracts were electrophoresed in SDS

polyacrylamide gels and blotted to nitrocellulose. The filters were

incubated with polyclonal serum directed against the Gal4-VP16 protein

and developed using enhanced chemiluminescence. Extracts from cells

transformed with vector only are represented in the left lane of each

panel. This representative figure shows the expression levels of mutant

proteins with the greatest defects in transcriptional activation. Similar

results were obtained for all VP16 mutants tested in both yeast and

mammalian cells.
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transcriptional activity are nonetheless present at levels similar to or

greater than the wildtype fusion protein. Similar results were obtained

for each of the proteins whose transcriptional activities are represented

in Figures 2-5 (data not shown). Therefore, the differences in

transcriptional activity cannot be attributed to differences in expression

or stability of the mutant activator proteins.

DISCUSSION

The first evidence that bulky hydrophobic amino acids, rather than

the abundant acidic amino acids, were most critical for the function of an

acidic transcriptional activation domain was observed in studies of the

N-subdomain of the VP16 transcriptional activation domain [VP16N,

amino acids 41 1-456; refs. (9, 42). In the present study, we employed

two complementary mutational strategies, unbiased with respect to this

hypothesis, to identify key amino acids in the VP16 C-subdomain

(VPl6C, amino acids 450-490). The results of both alanine scanning and

PCR-mediated random mutagenesis indicated that three phenylalanine

residues, at positions 473, 475, and 479, contribute significantly to

activation, with F475 being the most critical. Other aromatic or bulky

hydrophobic amino acid sidechains apparently contribute relatively little

to transcriptional activation by VP16C, because most substitutions

replacing Phe457, Tyr465, Leu468, Met470, Ile485, and Tyr 488 had

little effect on transcriptional activity. We cannot exclude the possibility
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that amino acid substitutions with more drastic changes in sidechain

characteristics might affect transcriptional activity, as suggested by the

60% loss of activity in yeast when Leu468 was replaced by proline

(Figure 1) or when Met478 was altered to serine (Figure 4D).

Thus, as previously observed for VP16N (9, 42), aromatic residues

are particularly important for the function of the C-subdomain. However,

the changes in chemical characteristics of those amino acid sidechains

that can be tolerated with little loss of activity differ between the two

subdomains of VP16. The critical phenylalanine residue of VP16N, F442,

could only be functionally replaced by other aromatic residues (42). In

contrast, any of the bulky hydrophobic amino acids leucine, isoleucine

and valine, as well as cysteine and the aromatic residues tyrosine and

tryptophan, could effectively substitute for the key phenylalanirres in

VP16C (Figures 4 and 5).

Although most of the acidic residues ofVP16C could be altered (at

least to alanine) without affecting transcriptional activation, our results

indicate contributions by the glutamate residues at position 476 and

possibly at position 474, two sites flanking the most critical

phenylalanine. The alanine scanning results shown in Figures 2 and 3

demonstrate that the single replacement of E476 with alanine reduced

the activity of VP16C by half in both yeast and mammalian cells. The

negative charge of the amino acid sidechain at this position seems

dispensable however, because mutants bearing nonpolar, polar, and
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even basic amino acids at that position retained significant activity

(Figure 4C and 50). No other replacement of an acidic residue with

alanine showed any significant effect in our experiments. However, the

replacement of E474 with glycine had modest but reproducible effects in

the context of the E474G/F475L and F4738/E474G double mutants

when compared with the F475L and F4738 single mutants (Figure 1).

The transcriptional effect of glycine but not alanine at this position might

be due to the destabilizing effects of glycine substitutions on protein

secondary structures.

The relative unirnportance of individual acidic amino acids in

VP16C is consistent with prior observations ofVP16N and several other

eukaryotic transcriptional activation domains (1, 6, 9, 19-21, 28, 31, 42,

45) in which the negatively charged sidechains seem relatively

unimportant for transcriptional activation. For example, when four

aspartate residues surrounding the critical Phe442 in VP16N were

substituted by asparagine (removing the negative charge) or by glutamate

(retaining the charge on a longer sidechain), the asparagine substitutions

had less efiect (9). Moreover, when single alanine substitutions were

tested in VP16N at positions D440, D441, D443 and D445, only the

D443A mutation had a significant effect (J.Kastenmeyer, P.Horn, and

S.J.Triezenberg unpublished.) Thus, in both VP16C and VP16N the only

acidic residue whose replacement by alanine has a significant effect is

the residue immediately following the most critical phenylalanine.
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In most cases, substitutions in VP16C had roughly equivalent

effects when tested in yeast and in mammalian cells. This result implies

that similar structural features are required for this activation domain to

function in cells of these two disparate species, and might be construed

to suggest that mechanisms of transcriptional activation are also

conserved. An alternative hypothesis is that the specific targets of the

activating domain differ in yeast and in humans, but that similar

structural features of the activator are nonetheless integral to each of

those distinct interactions. Careful analysis of proteinzprotein

interactions and the transcriptional consequences of those interactions is

necessary to discriminate between these two hypotheses.

Eukaryotic transcriptional activation domains bind in vitro to a

number of putative target proteins. VP16, for example, has been shown

to bind directly to TFIIA (24), TBP (18), dTAF1140 or hTAF1132 (15, 23).

TFIIB (32), TFIIH (57), and the yeast adaptor ADA2(3). Questions remain

as to which if any of these interactions are relevant to transcriptional

activation in vivo, and whether the same hydrophobic interface is

employed in each interaction. This question can be addressed in part by

detailed biochemical experiments assessing the roles of activators at

particular steps in the transcriptional activation process. For example,

the VP16C activation domain (and others) can bind to TFIIA and can

enhance the rate of formation and the stability of a complex comprising

TFIIA, TFIID and promoter DNA (24). When a subset of the VPIGC
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mutants described in this report was tested for this property, a

significant correlation was observed between the level of transcriptional

activation and the ability to bind TFIIA and to stimulate formation of

TFIIA/TFIID/DNA complexes (25). This result is consistent with models

invoking recruitment of TFIID as an early step in the mechanism of

transcriptional activation (40, 5 1).

Given the propensity of hydrophobic amino acid sidechains to be

buried in protein tertiary structures, two simple models can be proposed

for the role of such residues in transcriptional activation domains. On

one hand, hydrophobic residues may be required for activation because,

by interactions with each other, they facilitate formation of a structure

that presents other amino acids for interaction with target proteins in the

transcriptional machinery. The systematic analysis by alanine-scanning

mutagenesis of the VP16C subdomain argues against this model, for we

found little evidence for the critical role of any other amino acids in

transcriptional activation. Alternatively, the critical hydrophobic residues

may remain exposed on the surface of the activation domain to directly

participate in the interaction with other proteins. These residues might

then be buried in the interface created when the activation domain

associates with its target.

The biophysical evidence presently available for VP16 cannot

clearly distinguish between these two hypotheses, although results from

studies of other activators favor the latter model. Fluorescence
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spectroscopy of the VP16 activation domain revealed that key aromatic

residues at positions 442 and 473 were constrained into a less flexible

and more hydrophobic environment in the presence ofTBP (49), but did

not demonstrate that these residues make direct contact with TBP. A

recent NMR study revealed that an a helix was induced in VP16C when

hTAF1132 (a component of TFIID) was present (54). Of the three amino

acid sidechains within this helix that showed significant chemical shifts

upon interaction with TAF1132, two (F479 and L483) are bulky

hydrophobic residues and the third (D472) is acidic. However, these

chemical shifts do not necessarily imply that those sidechains directly

participate in the interaction. Moreover, the results of this NMR analysis

are at odds with the mutational analysis described in the present report,

in which F473 and especially F475 are shown to play key roles in

transcriptional activation whereas alanine substitutions of D472 and

L483 had no apparent effect. Thus, one might have expected the NMR

experiments to show pronounced chemical shifts involving the sidechains

of F473 and F475. It may be that these residues are not involved in

interactions with hTAF1132, but are critical for some other interaction

required for transcriptional activation. Alternatively, the in vitro

interaction ofVP16C with hTAF1132 may not represent an essential step

in the process of transcriptional activation. We are presently testing our

panel ofVP16C mutations at these positions for their effects on binding
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to hTAF1132 and other potential target proteins (Y.Nedyalkov, S.M.S.,

P.Horn and S.J.Triezenberg, unpublished).

Two studies offer strong evidence that the hydrophobic residues of

some activating domains form surfaces that interact directly with target

proteins. In a crystallographic analysis of a peptide representing the p53

transcriptional activation domain complexed with its repressor MDM2

(27), the p53 peptide folded into a helix in which transcriptionally-

irnportant hydrophobic residues formed the interacting surface. The NMR

solution structure of a complex containing a peptide from the activation

domain of CREB and its interacting domain from the coactivator protein

CBP also showed a transition of the activation domain from random coil

to amphipathic helix (4 1). In this case, the interaction surface involved

hydrophobic residues of the activation domain and a hydrophobic goove

of the coactivator, reinforced by electrostatic and hydrogen-binding

interactions contributed by acidic and phosphoserine residues of the

activator. We hypothesize that a similar hydrophobic surface ofVP16C,

encompassing the phenylalanine residues at positions 475 and 479, may

interact with target proteins at key steps along the pathway to

transcriptional activation, but the identification of those key steps, the

relevant target proteins at those steps, and the structure ofVP16 when

interacting with those target proteins, await further study.

The mutational, biochemical, and biophysical studies summarized

above lead to a model in which transcriptional activation by VP16 and
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other eukaryotic activators requires biochemical interactions between

activation domains and specific target proteins that depend most directly

upon hydrophobic residues within helical segments of the activator, with

relatively minor or nonspecific contributions made by acidic sidechains.

The biophysical evidence that in at least some circumstances these

hydrophobic residues are present in helical segrrrents, induced by the

presence of the target protein, recalls to mind the amphipathic helix

model introduced early in the study of eukaryotic activators (14, 39).

This model originally posited that activation domains would fold into

amphipathic a-helices, the acidic face of which would comprise the

interaction surface with targets such as the basic domains ofTBP and

TFIIB. The present evidence, while largely consistent with the formation

of helices in activating domains, suggests instead that hydrophobic

surfaces are key to interactions with target proteins, whereas the acidic

residues may be present for bringing these otherwise buried domains to

the surface, for long-range electrostatic interactions that might facilitate

docking, or for minor supporting roles in the induced interaction

structure. A remaining question is whether the same secondary structure

and hydrophobic interaction surface will suffice for interactions of a

given activator, such as VP16, with each of its various putative target

proteins, and if so how this promiscuous interaction surface can

nonetheless retain sufficient specificity to effectively accomplish its
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transcriptional task in the complex environment of the eukaryotic

nucleus.
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CHAPTER 4

MUTATIONAL ANALYSIS OF THE INTERACTION BETWEEN VP16C

AND THE YEAST TRANSCRIPTIONAL ADAPTOR ADA2

INTRODUCTION

Work from multiple laboratories has indicated that maximal

transcriptional activation may require proteins in addition to the

transcriptional activator. Originally isolated in Drosophila, the TBP-

associated factors (TAFs)(1 1) are ubiquitous among species. In yeast, at

least five major adaptor complexes in addition to the TAFs are known

including the mediator complex (20, 21), the SWI/SNF complex (5, 28)

and its homologous complex RSC (6), the SAGA complex (14), and the

ADA complex (17). SW1/SNF and mediator complexes have also been

identified in mammalian systems (19, 25).

The yeast adaptor protein Ada2 is an integral part of both the ADA

(7, 17, 27) and SAGA complexes (14). Originally identified in a selection

for mutations that relieve toxicity of Gal4-VP16 in yeast (2), Ada2 has

been shown to be required for maximal transcriptional activation by

Gcn4 (9, 10), Bell (3), p53 (8), retinoid X and estrogen receptors (31),

and the taul-core domain of the glucocorticoid receptor (16), and the

activation domain of VP16 (30). Direct binding ofAda2 to the VP16

activation domain has been demonstrated to be a function of the C-

terrninal subdomain of VP16 (30). Further deletion mapping ofVP16
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indicated two separate Ada2 binding sites in VP16C, one in the 450-470

region and the other between residues 470-490 (1).

Although many adaptor complexes have been identified, the

mechanism of adaptor action remains unclear. Characterization of the

interaction between a transcriptional activator and a transcriptional

adaptor is a step toward understanding adaptor function. An extensive

set of alanine scanning and site-specific VP16C mutants (see Chapter 3)

were employed to identify the amino acid residues in VPIBC that are

responsible for the interaction of VP16C with Ada2.

Because the ADA2 gene is not essential in yeast (2), the activity of

the VP16C mutants can be assayed in an adaz null background.

Results of these assays are compared to the activity of the same mutants

in an ADA2 wild type strain, and the comparison is assessed as

illustrated in Figure 1. In an ADA2 wild type background (Figure 1 , left

hand panel), any mutation in VP16C that disrupts the interaction of

VP16C and one of its in vivo target proteins (Ada2 or Protein X) will

decrease transcriptional activation relative to wild type VP16C. In an

ada2 null background (Figure 1 , right hand panel), however, only

mutations that affect binding to targets in interactions that do not

require Ada2 will decrease activation below wild type levels. Because

activation by VP16C requires Ada2, the absence of Ada2 is functionally

equivalent to the effect of a mutation that disrupts VP16C:Ada2 activity

as wild type VP16C in an adaZ null strain. Conversely, the effects of the
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Figure 1. Schematic representation of the effects of various VP16C

mutants on transcriptional activation in yeast. “Wild type” denotes

VP16C wild type activation domain. “Ada2 Interaction” denotes a

mutation in the VP16C activation domain that disrupts VP16C

interaction with Ada2. “Protein X Interaction” denotes a mutation in

VP16C that disrupts VP16C interaction with some other target protein.

Activity of a mutant protein in a given yeast strain is expressed as a

percentage of the activity of the wild type VP16C in that strain. Black

bars represent activity assayed in an ADA2 wild type yeast strain. White

bars represent activity assayed in a AadaZ yeast strain.

125



  

_l

       

Wild Type Ada2 Protein X Wild Type Ada2 Protein X

Interaction Interaction Interaction Interaction

ADA2 Wild Type Strain Aada2 Strain

 

 

WIId Type Ada2 Protein X

InteractIon Interaction

    

Figure 1.

126



absence ofAda2 and the presence of a mutation that disrupts some

other interaction of VP16C (Protein X) would be additive. When results of

these two assays are compared (Figure 1 , bottom panel), mutations

which disrupt Ada2 interaction appear to have a lower than wild type

level of activity in the presence ofAda2 (black bars) and wild type activity

in its absence (white bars). Conversely, mutations which disrupt

interactions other than Ada2 (Protein X) do not display wild type activity

in either strain, but have a higher level of activity in the presence of Ada2

than in its absence. The results of these experiments, however, failed to

clearly identify specific amino acid residues in VP16C that interact with

Ada2.

MATERIALS AND METHODS

Plasmids and Phage. The substrate for all mutagenesis reactions

was mpPJH18, an M13mp19 phagemid containing a SmaI to BamH I

fragment encoding VP16 residues 452-490 with 1 19 bp of 3’

untranslated sequence. Quantitative assays of transcriptional activation

in yeast were performed using wild type or mutant versions of pVS1, a

low copy plasmid (CEN6 ARSH4 LEU2) that expresses the Gal4(1- 147)-

VP16C fusion protein, and the yeast reporter construct pLGSD5 (15)

containing the E. coli lacZ structural gene with the CALI-10 upstream

activating sequence near the CYCI promoter.
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Alanine Scanning and Site-directed Mutagenests. Oligonucleotide-

directed mutations were generated in mpPJH18 using the method

described by Kunkel et a1. (24). In some cases, a variety of substitutions

at specific positions were generated using degenerate oligonucleotides.

Sal I to Bgl ll fragments containing the mutations were subcloned into

pVS 1 and resequenced to verify the identities of mutations.

Yeast TYansformation and ,B-galactosidase Assay. Plasmids

expressing VP16C mutants fused to the Gal4 DNA-binding domain were

co-transformed with the reporter plasmid pLGSD5 into yeast strains

PSY316 or PSY316AadaZ [MATa ade2-101 hisB-deLZOO leu2-3,2-1 12 lysZ

ura3-53, MATa ada2::HisG ade2-101 his3-del.200 leu2-3,2-1 12 lysZ ura3-

53 respectively, ref. (2)] using the procedure of Gietz et al. (12). To assay

the activity of B-galactosidase produced from pLGSD5, 2 m1 cultures

containing pools of approximately 100 yeast transformant colonies were

grown to early stationary phase (OD600 = 0.9-1.2) in selective media,

then diluted to OD600 = 0. 1, grown to mid-log phase (OD600 = 0.5) and

harvested by centrifugation. B-galactosidase activity was measured (29)

using extracts obtained from 5 ml cultures with results normalized to

protein concentration as determined by Bradford assay (4).

RESULTS

The purpose of this set of experiments was to identify amino acid

residues that are critical to the interaction ofVP16C with the Ada2
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protein through comparison of activities in ADA2 wild type and Aada2

yeast strains. Results of assaying the alanine scanning mutants in yeast

strains PSY316 and PSY316AadaZ are described in Table I. These data

support the previous observation that VP16 requires Ada2 for maximal

activation (30). Activity of wild type Gal4-VP16C is reduced almost

tenfold in PSY316Aada2 as compared to its activity in PSY316 (compare

“IS-gal Activity” columns). Taken as a percentage of the activity of wild

type VP16C, the activity of the majority of the VP16C mutant proteins

decreases 40-70% in the absence of Ada2. This is not true of mutants at

positions 473, 475, 476, and 479; however, activity of those mutants is

low in the ADA2 wild type strain. Mutations at C-terminal residues 483-

488 also result in a milder decrease in activation activity than the

majority of the alanine changes. For these mutants, activity is only

decreased 10-20% in the absence of Ada2.

When the activity of the various VP16C mutants is expressed as a

percentage of the activity of wild type VP16C (Table I, Figure 2), no

mutations that directly affect Ada2 interaction can be identified. The

expected phenotype for Ada2 interaction mutants would be wild type

activity in the Aada2 strain (white bars) and lower than wild type activity

in the ADA2 wild type strain (black bars) (Figure 1). Three

mutations - D469A, T480A, D481A - displayed a phenotype similar to

that expected for an Ada2 interaction mutation. However, although the

activity of these mutants was at a wild type level in the Aada2 strain,
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Table 1. Relative activities in ADA2 wild type and Aada2 yeast strains of

alanine-scanning mutants of the VP16C subdomain. Alanine

substitutions were constructed at each position of VP16C except glycines

and existing alanines. The activities of Gal4-VP16C fusion proteins

bearing these substitutions were assayed for transcriptional activity

using a Gal4-reponsive lacZ reporter plasmid (pLGSD5). The activites of

these proteins were also assayed in yeast strain PSY3 16Aada2, a strain

which lacks the adaptor protein Ada2. The position of each mutation is

listed. A double substitution of alanine for both F473 and F475 is shown

at the bottom of the table. Activities are expressed both in B-

galactosidase units and as a percentage of the activity of wild type

VP16C. Activity difference is calculated as the difference between the

percentage of wild type activity in the ADA2 wild type strain and the

Aada2 strain.
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Table I.
 

 

PSY316 PSY316Aada2 Activity

B—gal Activity 90 WT B'fil Activity 90 WT Difference

No Activator 0 :I: 0 0% 0 :t 0 0% 0

Wild'lypeVPI6C 4700 i: 100 100% 540 :t 250 100% 0

P455A 4500 :t 100 96% 220 :I: 20 41% -55%

F457A 3600 :t 200 77% 160 :I: 50 30% -47%

T458A 4700 i 600 100% 330 i: 50 61% -39%

P469A 5900 i: 800 126% 300 i: 100 56% -70%

H460A 5800 i: 600 123% 340 :I: 40 63% -60%

D461A 6300 :t 400 134% 320 :I: 150 59% -75%

S462A 5800 i 100 123% 250 i 40 46% -77%

P464A 6200 :t 400 132% 310 i: 30 57% -75%

Y465A 3600 i: 100 77% 190 :t 60 35% -42%

L468A 3400 i: 100 72% 120 i 40 22% -50%

D469A 6400 i 300 136% 790 :t 260 146% +10%

M470A 4500 :I: 100 96% 200 :I: 30 37% -59%

D472A 5900 :t: 0 126% 440 :I: 120 81% -45%

F473A 2400 i 100 51% 50 :I: 20 9% -42%

E474A 5600 :t 300 119% 460 :I: 80 85% -34%

F475A 1000 i: 100 21% 8 :I: 10 1% -20%

E476A 2000 :t 100 43% 23 :I: 20 4% -39%

9477A 6000 i: 100 128% 380 i: 30 70% -58%

M478A 3900 i 800 83% 120 :I: 30 22% -61%

F479A 1800 i 100 38% 24 i: 20 4% -34%

T480A 4700 i: 300 100% 720 :I: 180 133% +33%

D481A 5100 i 200 109% 920 i: 190 170% +61%

L483A 3900 i 100 83% 290 :I: 80 54% -29%

I485A 5300 :t 0 113% 620 i: 100 115% +2%

D486A 4000 :t 100 85% 330 i: 80 61% -24%

E487A 4300 i: 100 91% 430 i: 80 80°/o -11%

Y488A 3900 i: 100 83% 310 i 70 57% -26%

F473A/F475A 0 i 0 0% 0 :t 0 0% 0
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Figure 2. Relative activities in ADA2 wild type and Aada2 yeast strains of

alanine-scanning mutants of the VP16C subdomain. Alanine

substitutions were constructed as described in Table I. The ability of

these mutant VP16C proteins to activate transcription from a B-

galactosidase reporter gene was assayed as described in Table I. The

position of each mutation is represented by the amino acid sequence of

VP16C along the horizontal axis of this figure. Bars indicate mean

activity (with standard deviation) of [i-galactosidase in yeast cell extracts

from at least three parallel cultures, expressed relative to the activity of

the wildtype Gal4-VP16C fusion protein (indicated by +). Black bars

indicate the ADA2 wild type yeast strain, white bars indicate the Aada2

strain. B-galactosidase activities in extracts lacking the Gal4-VP16C

fusion protein (indicated by -) were negligible. A double substitution of

alanine for both F473 and F475 is shown at the right end of the figure.
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none of these changes resulted in lower than wild type activity in the

presence of Ada2. It seems likely that because these mutants behave in

the same manner as the wild type VP16C regardless of the presence or

absence of Ada2, the residues at these positions are not involved in

interaction with any in vivo target of VP16C.

The majority of the mutants tested demonstrated greater activity in

the ADA2 wild type strain than the Aada2 strain. This phenotype is

indicative of a mutation affecting transcription through an interaction

that does not involve Ada2. It should be noted, however, that with the

exception of F473A, F475A, E476A, and F479A, none of the mutations

tested demonstrated activity in the ADA2 wild type strain that was

significantly lower than that of the wild type VP16C in the same strain. It

seems that these alanine scanning mutations are not severe enough to

affect transcription unless the system is otherwise affected, as by the

absence ofAda2.

To further probe the most transcriptionally sensitive residues, the

panels of detailed mutations at positions 473, 475, 476, 478, and 479

were also tested in the Aada2 strain. The results of this analysis, shown

in Figure 3, are substantially the same as those seen with the alanine

scan. The majority of mutants display higher activity in the presence of

Ada2 (black bars) than its absence (white bars). Moreover, the pattern

seen for mutations at a given position is also the same regardless of the

presence or absence of Ada2. For example, in the ADA2 wild type strain,
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Figure 3. Relative activities in ADA2 wild type and AadaZ yeast strains of

Gal4-VP16C mutants bearing various amino acid substitutions at

specific positions. Mutant Gal4-VP16C proteins with substitutions at

F473 (panel A), F475 (panel B), E476 (panel C), M478 (panel D), or F479

(panel E), were assayed for their ability to activate expression of a B-

galactosidase reporter gene as described in Table I. The activities of these

proteins were also assayed in yeast strain PSY316Aada2, a strain which

lacks the adaptor protein Ada2. The individual substitutions are

indicated along the horizontal axis of each panel in descending order of

activity from left to right, with the mean activity (with standard

deviations) from at least three cultures for each mutant being

represented by a vertical bar. Black bars indicate the ADA2 wild type

yeast strain, white bars the AadaZ strain. Panel B also indicates the

activity of one mutant with leucine substitutions at both F473 and F475.
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the native phenylalanine residue at position 475 can be replaced by

bulky hydrophobic residues and retain activity, while non-hydrophobic

residues disrupt activation (See Chapter 3). In the Aada2 strain, the

activity of all mutants is lower but the pattern of substitutions that do

and do not affect transcription is the same.

In the same manner as the D469A, T480A, and D481A mutants in

the alanine scanning experiment, the M478L, F479L and F479W

mutants demonstrated wild type or near wild type activity levels in both

yeast strains. The alanine scan established that residues 478 and 479

afiect transcription via a non-Ada2 dependent pathway. These data

seem to indicate that the M478L, F479L and F479W mutations do not

disrupt interaction with their target protein severely enough to decrease

transcription even in a system already debilitated by the absence of

Ada2.

DISCUSSION

Co-immunoprecipitation experiments have shown that W16 binds

to Ada2 in vitro (30). Further dissection of this interaction by deletion

mutagenesis and affinity chromatography demonstrated that both

regions of VP16 responsible for this interaction, amino acid residues 450-

470 and 470-490, lie in VP16C (1). Here we report that while the results

of assaying an extensive set of VP16C point mutants in vivo in the

absence ofAda2 support the previous observation that VP16C requires
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Ada2 for maximal transcriptional activation, they provide no evidence for

direct contact between amino acid residues in VP16C and Ada2 in vivo.

The mutational analysis does suggest evidence for direct in viva

interaction between VP16C and some other protein(s). Assay ofVP16C

mutants in yeast indicates that the side-chain of the residues at

positions 473, 475, and 479 must be large and hydrophobic for maximal

transcriptional activation by VP16C (Figure 3, black bars; see Chapter 3

for discussion). This suggests that these residues form a hydrophobic

surface for interaction with a target protein. In an ada2 null

background, activity of these mutants is lower relative to wild type

VP16C than when Ada2 is present. This additive effect of the VP16C

mutation and the disruption of the ADA2 gene suggests that VP16C is

involved in at least two interactions that contribute to transcriptional

activation, one that depends indirectly on Ada2 and another that

depends on a target that interacts with VP16C residues 473, 475, 476

and 479. This accounts for both the decrease in transcriptional

activation by VP16C in the ada2 null strain relative to the ADA2 wild

type strain (Table I), and the transcriptionally debilitating effect of

mutations at positions 473, 475, 476, and 479 that occurs regardless of

the presence or absence ofAda2 (Figures 2, 3). It is also possible,

however, that single amino acid substitutions are not sufiicient to

disrupt interaction of VP]6C with Ada2 and therefore that the Ada2

interaction motif in VP16C could not be detected in these assays.
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Mutations at positions 473, 475, 476, and 479 are the only point

mutations in VP16C with a phenotype strong enough to be observed in a

wild type yeast strain. However, the majority of the alanine scanning

mutants decrease transcriptional activation in the ada2 deleted strain.

Although whatever transcriptional pathway these mutations affect does

not rely directly on Ada2, it clearly is affected by the Ada2 pathway. This

link may be a temporal one, such that disruption at the Ada2-dependent

step in transcriptional activation decreases the efficiency of further steps.

Thus the majority of VP16C mutations are mild enough that they do not

affect an intact transcriptional system, but disruption ofVP16C function

by removal ofAda2 at an early step in transcription reduces the ability of

the system to compensate for these mutations at later steps for which

VP16C is also required. The observation that not all of the changes in

VP16C result in an equally large reduction in activation in the absence of

Ada2 may mean that certain of these residues are involved in a less

important pathway than the Ada2-dependent one, or that some amino

acid residues are less important for a given interaction than others.

In vitro binding experiments have identified many potential binding

partners for VP16C in addition to Ada2, including TFIIA (23), TBP (18),

dTAF1140 or hTAF1132 (13, 22), TFIIB (26), and TFIIH (32). The

experiments described in this chapter indicate that not all interactions

for VP16C that can be demonstrated in vitro occur in vivo. These results
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confirm the value of comprehensive mutational analysis as an in viva

technique to verify or negate hypotheses based on in vitro results.
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CHAPTER 5

FLUORESCENCE SPECTROSCOPY OF THE VP16

ACTIVATION DOMAIN

INTRODUCTION

Secondary structure data for transcriptional activators has been

difficult to obtain. Although in high concentrations of organic solvent or

at low pH some activation domains show a preference for a particular

secondary structure, activators in isolation generally appear as poorly

ordered domains (1 1, 45, 51, 52, 62). Recently, however, a number of

activation domains have been demonstrated to adopt a more ordered

structure in the presence of a putative target for the activator. The

activation domain of the herpes simplex virus protein VP16 has been

shown by fluorescence spectroscopy to adopt a more constrained

structure in the presence ofTBP (53). 1H-15N correlated NMR techniques

have shown that in the presence of hTAFn32, a portion of the VP16

activation domain adopts an (at-helical structure (61), as does an

activating domain of CREB with a portion of CBP (47). Likewise, circular

dichroism demonstrates induced secondary a-helical structure for the

transcription factor c-myc in the presence ofTBP (43). X-ray

crystallography has shown that the p53 transcriptional activation
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domain adopts an amphipathic a-helical structure in the presence of its

repressor MDM2 (34).

Mutational analyses of a large number of transcriptional activators

suggest that the most critical residues for transcriptional activation are

also bulky hydrophobic and aromatic amino acids (1, 4, 9, 13, 23, 24,

38, 40, 48, 50). These residues may be critical because of their role in

providing a surface for interaction with a target protein through which

secondary structure can be induced. The x-ray crystal structure of the

p53-MDM2 complex, for example, indicates that the surface of p53 that

interfaces with MDM2 consists of a Tip, a Phe, and a Leu residue (34)

previously shown to be critical for transcriptional activation (40). In this

report, we investigate a potential correlation between mutations that

disrupt activation ability in VP16 and the formation ofTBP-induced

structure.

Previous work has shown that the activation domain of VP16

(residues 413-490) can be divided into two subdomains. VP16N consists

of amino acids 412 to 450 and VP16C comprises amino acids 450 to 490

(15, 45, 60, 63). Each of these subdomains is independently capable of

activation when provided with a DNA binding mechanism. Mutational

analyses have demonstrated that the most critical residue for activation

by VP16N is a Phe at position 442, with some assistance from flanking

leucines at positions 439 and 444, and an aspartate at position 443 (45,
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9; J.Kastenmeyer, P.J.Horn, and S.J.Triezenberg, unpublished). In

VP16C, the most critical residues are Phe 475 and Phe 479, with some

contribution by Phe 473 and Glu 476 (56). Any of these Phe residues

can be replaced by Trp without eliminating activity, but replacement with

Ala severely decreases transcriptional ability.

In this chapter I describe a fluorescence analysis of chimeric

proteins consisting of the DNA binding domain of the yeast protein Gal4

and the activation domain of VP16. Trp codons were substituted for Phe

in the VP16 coding region to provide a unique intrinsic fluorescence

probe. During protein synthesis in E. coli, the 5-hydroxytryptophan

analogue was incorporated in place of normal Trp into the Gal4-VP16

protein. The excitation spectrum of 5-OH-Trp is shifted to longer

wavelengths than that of native Trp, thus allowing selective excitation of

5-OH-Trp in the presence of normal Trp residues. Previous analysis by

fluorescence spectroscopy has shown that Phe 442 and Phe 473 are

solvent-exposed in highly mobile segments which become constrained in

the presence ofTBP (52, 53). Here we observe that while this is also true

for Phe 475, the binding of the VP16 activation domain to TBP is

unaffected by mutations that disrupt transcriptional activation.

In addition, a 5-hydroxytryptophan probe was used to study the

effect of TATA-box containing DNA on the interaction between TBP and

VP16. X-ray crystal structures for TBP bound to DNA have been solved
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(25, 28), and x-ray crystallography, photo-crosslinking, and mutational

analysis have provided structural information about TBP complexed with

DNA and other basal transcription factors (12, 35, 44, 49, 58).

Mutational analysis ofTBP has also allowed identification of TBP

residues that affect the activity of transcriptional activators (2, 26, 27,

37, 39, 59). However, to date no structural information exists on the

association of transcriptional activators with TBP in the presence of

TATA-box DNA.

Pugh and colleagues have evidence that suggests that both TBP

and TFIID exist as dimers in solution, raising the possibility that a

function of transcriptional activators with respect to TBP is to dissociate

the TBP dimer thus allowing TBP to interact with TATA-box DNA (7, 8,

57). Mutational analysis of several transcriptional activators has

demonstrated a correlation between the ability to bind TBP and the

ability to activate transcription (2, 37). Moreover, a mutation in TBP that

disrupts transcriptional activation by VP16 can be found on the DNA

binding surface ofTBP (26) and VP16 has been suggested to induce a

conformational change in TBP that affects binding ofTBP to TATA (39).

Thus it is possible that one of the roles ofVP16 in activating

transcription is to dissociate the TBP dimer, perhaps by binding to TBP,

thereby facilitating TBP binding to DNA. To explore the potential

relationship between TBPzDNA and TBP:VP16 interactions, we used
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fluorescence anisotropy to determine whether a TBP-VP16 complex could

be dissociated by addition of TATA-box DNA. The results indicate that

TATA-box DNA may dissociate the VP16-TBP complex, suggesting an

equilibrium between TBP binding to VP16 and the TATA-box.

MATERIALS AND METHODS

Mutagenests and cloning. The Gal4-VP16 proteins used in these

experiments are described in Table I. Plasmids pF812182(WV36).F442W

and pF812182(WV36).F473W were previously constructed by Fan Shen

(52). Plasmids pVSl .F475A and pVS1.F475W were previously

constructed (56). All derivatives of yeast ARS/CEN plasmid pTHZ-l

contain the full length VP16 activation domain coding region with the

specified mutations fused to the wild type Gal4-DNA binding domain

coding region. All derivatives of yeast ARS/CEN plasmid pVSl contain

the VP16C activation domain coding region with the specified mutations

fused to the wild type Gal4 DNA binding domain coding region. All

plasmids designated pSMS156 are E. coli expression vectors containing

the Gal4 DNA binding domain coding region (coding for amino acid

residues 1-147) with the WV36 mutation fused to the full length VP16

activation domain coding region (coding for amino acid residues 411-490)

with the listed mutations.
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Table I. Gal4-VP16 constructs used in this study. All proteins used contain

the Gal4 DNA binding domain (amino acids 1- 147) with a tryptophan to valine

substitution at position 36. All proteins also contain a two amino acid (Pro-

Gly) linker between the G314 and VP16 domains. All proteins contain the

activation domain ofVP16 (amino acids 411-490) with 5-hydroxytryptophan

and alanine substitutions as indicated.

 

Construct 5-hydroxytryptophan substitution Alanine substitution
 

442W Phe 442 none

442W/444A Phe 442 Leu 444

442W/475A Phe 442 Phe 475

473W Phe 473 none

473W/475A Phe 473 Phe 475

475W Phe 475 none

475W/479A Phe 475 Phe 479

442A/475W Phe 475 Phe 442
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F442W/L444A: Oligonucleotide directed mutagenesis of a VP16N

M13 template (derived from mpDC3) that carries an L444A mutation was

used to create the F442W/L444A double mutant in the VP16N

subdomain coding region (33). The VP16N subdomain coding region

from mpDC3.F442W/L444A was then cloned into pTH2-1 using Aval and

Sail to generate the insert, and PspAI and Sail to generate the vector

(Aval and PspAI produce compatible ends). This yielded

pT'H2- l .F442W/L444A. The VP16 activation domain coding region from

pT‘I-12- 1 .F442W/L444A was cloned into the E. coli expression plasmid

pFS12182(WV36).F473W, which carries the valine for tryptophan

mutation in the Gal4 DNA binding domain coding region, using XhoI and

HindIII. The resulting plasmid was designated pSMS156.F442W/L444A.

F442W/F475A: The VP16C subdomain coding region from

pVS1.F475A was cloned into the E. coli expression plasmid

pFS12182(WV36).F442W, which carries the valine for tryptophan

mutation in the Gal4 DNA binding domain coding region, using Aval and

Hindlll to generate the insert, and PspAI and Hindlll to generate the

vector. The resulting plasmid was designated pSM8156.F442W/F475A.

F473W/F475A: Oligonucleotide directed mutagenesis of the VP16C

M13 template mpPJH18.F475A was used to create the F473W/F475A

double mutant in the VP16C subdomain coding region (33). The VP16C

subdomain coding region from mpPJH18.F473W/F475A was then cloned
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into pTHZ-l with Sail and BglII to yield pVS1.F473W/F475A. The VP16C

activation domain coding region from pVSl .F473W/F475A was cloned

into pFS12182(WV36).F473W using Aval and HindIII to generate the

insert and PspAI and HindIII to generate the vector. The resulting

plasmid was designated pSMSl56.F473W/F475A

F475W: The VPIGC activation domain coding region from

pVSl.F475W was cloned into pF812182(WV36).F473W using Aval and

HindIII to generate the insert and PspAI and HindIII to generate the

vector. The resulting plasmid was designated pSMS156.F475W.

F475W/F479A: Oligonucleotide directed mutagenesis of the VP16C

M13 template mpPJH18.F475W was used to create the F475W/F479A

double mutant in the VP16C subdomain coding region (33). The VP16C

subdomain coding region from mpPJH18.F475W/F479A was then cloned

into pTT-I2-1 with Sail and BglII to yield pVSl.F475W/F479A. The VP16C

activation domain coding region from pVS1.F475W/F479A was cloned

into pF812182(WV36).F473W using Aval and HindIII to generate the

insert and PspAI and HindIII to generate the vector. The resulting

plasmid was designated pSMSl56.F475W/F479A.

F442A/F475W: The VP16N subdomain coding region carrying an

F442A mutation was cloned from pACF442A into

pFS12182(WV36).F473W using Aval. Clones were checked for

orientation, and the plasmid was designated pSMSl56.F442A/F473W.

151



The VP16C subdomain coding region from pVSl.F475W was cloned into

pSMS156.F442A/F473W using PspAI and Hind III. The resulting

plasmid was designated pSMS156.F442A/F475W.

TATA-box Oligonucleotide design and creation. TWO twenty base

oligonucleotides, S’l‘274 (5’-CTGTATGTATATAAAAC-3’) and 81275 (5’-

GTTITATATACATACAG-S’), corresponding to the yeast CYC 1 promoter

TATA box (12) were synthesized. Oligonucleotides were lyophilized and

resuspended to a concentration of 1 M in TE. Equal volumes of $1274

and 81275 were annealed by heating to 90°C and allowing the mixture to

cool slowly to room temperature to produce 1uM TATA-box DNA.

Expression and purification of proteins. Yeast TBP was purified from E.

coli BL21(DE3) cells carrying the plasmids pLysS and pKA9 (a gift from

Dr.Fred Winston) using the procedure of Petri, et al. (46) as modified by

Shen, et al. (53). Yeast TBP used in these experiments was a gift from

Fan Shen. To incorporate 5-hydroxytryptophan into Gal4-VP16 proteins,

E.coli strain CY15077 containing Ga14-VP16 encoding plasmids were

grown and harvested as previously described (52). Proteins were purified

using a modified version of the procedure of Shen, et al. (53). Cell pellets

were resuspended in 40 ml per liter of cell culture of Buffer A200 (20 mM

HEPES, pH 7.5, 10 M zinc acetate, 200 mM NaCl, 20 mM (3-

mercaptoethanol, 0.2 mM phenylrnethylsulfonyl fluoride, 20 ug/m1

benzamadine, 2 ug/ml leupeptin, 2ul/ml pepstatin). The cells were lysed
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by sonication and the cell debris removed by centrifugation.

Palyethylenirnine was added to the cleared lysate to 0.06% (v/v) and the

precipitated proteins were removed by centrifugation. Ammonium

sulfate was added to the supernatant to 25% w/v. The precipitated

proteins were resuspended in 1 .67 ml per 1 L of cell culture of 10 mM

HEPES, pH 8.5 and the solution was cleared by centrifugation at 14,000

rpm for 20 min. The resulting supernatant was separated by preparative

HPLC (Waters 600E controller: TOSOHAAS (TOYO SODA) T‘SK DEAE-

5PW column, 21.5mmx150mm). The column was washed with 10 mM

HEPES, pH 8.5 and eluted with a linear salt gradient (187-375 mM KCl

in 10 mM HEPES, pH 8.5). Fractions containing the purified proteins, as

judged by SDS-PAGE, were pooled and stored as aliquots at —70°C.

In vitro transcription assays. Yeast TBP activity was tested in in vitro

transcriptional assays using HeLa nuclear extracts as described (6, 53).

Gel mobility shift assays. A 17 basepair double-stranded oligonucleotide

bearing a consensus binding site for yeast protein Gal4 was created by

annealing 100 ng of oligonucleotide ST23 (5’-CGGAAGACTCTCGTCCG-3’)

and 3izP-labeled oligonucleotide ST24 (5’-GCCTTCTGACAGCAGGC-3’). A

30 ul reaction mixture containing approximately 10 final of 32P-labelled

DNA, 5 pg (170 pmol) Gal4-VP16 wild type or mutant protein, 12.5 mM

Hepes, pH 7.5, 60 mM KCl, 12.5% glycerol, 5 mM MgC12, and IOmM B-

mercaptoethanol was incubated at room temperature for 1 hour.
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Reactions were separated on 15 x 18 cm 4% polyacrylamide gels. Gels

were electrophoresed in lx’l'l‘E at 100V for approximately 1.5 hours.

Gels were dried and visualized via autoradiography.

Fluorescence measurements. All proteins were dialyzed against

phosphate buffered saline (pH 7.4, 8. 1 mM NazHPO4, 1.4 mM KHzPO4.

137 mM NaCl, and 2.7 mM KCl) with 8% (v/v) glycerol. Concentrations

of Gal4-VP16 samples were determined using the extinction coefiicient

derived from amino acid composition (14, 21), 8230 = 9460 cm'lM'l.

Absorbance measurements were obtained using a HP8452A diode array

spectrophotometer. Concentrations of all proteins used in this study

were 2 uM. The optical density of these solutions was less than 0.1 at

the excitation wavelength to avoid inner filter effects.

Steady state anisotropy measurements were obtained on a Jobin

Yvon-Spex Instruments SA, Inc. Fluormax2 spectrophotometer using an

L—format detection configuration. The excitation wavelength was 309 nm

and the bandwidth was 4nm. The emission wavelength was 360 nm and

the bandwidth was 8 nm. Every data point was measured at least 6

times. Data were fit to the equations describing the formation of the 1:1

binary complex between Gal4-VP16 and TBP and Kr) values were

determined using least-squares regression (Scientist 2.0 for Windows,

MicroMath Scientific Software, Salt Lake City, UT").
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Time-resolved anisotropy decay of Gal4-VP16 and Gal4-VP16:TBP

complexes was measured on a single photon counting fluorometer (16).

A synchronously pumped, mode-locked, cavity-dumped dye laser

(Spectra-Physics 3520) was used as the light source, with an excitation

wavelength of 308 nm. Anisotropy decay curves were obtained by

alternately recording emission oriented parallel and perpendicular to the

plane of excitation at an emission wavelength of 360 nm. A glass slide

was added to further reject scattered light; however, both raman and

raleigh scatter were higher than previously observed (52, 53) so that

ro(app), might be somewhat contaminated by scatter. Time per channel

was 85 ps, and 512 channels were recorded. Data were analyzed by the

“sum and difference” method (10) using the Decayfit software developed

in the Knutson laboratory. The anisotropy decay curve, r(t), was obtained

from the difference curve an total intensity curve by the following,

r(t) = (Iva-10W (I... + 21m) (Eq. 1)

where luv and Inn are emission intensities measured parallel and

perpendicular to the excitation plane, respectively. The system

depolarizer makes the G factor equal to unity. r(t) was modeled by a sum

of exponentials,

r(t) = ZBJexP('t/¢l) (Eq-2)

where 4!] is the rotational correlation time of thejth component, and 1% is

its preexponential term. If one assumes segmental motion can be
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reconciled with the “wobbling in cone” model (29, 42), the cane

semiangle, 6, is given by the following,

[32 = ro[1/2(cosa)(1 + cosfl)’ (Eq.3)

where (32 is the preexponential term for the global rotation of the

macromolecule and r0 is the limiting (“time zero”) anisotropy.

Gal4-VP16zTBPzTATA-box DNA experiments were carried out using

solutions containing 2 uM Gal4-VP16.F442W and 4 uM TBP in PBS/8%

glycerol. TATA-box DNA in TE was titrated from 0-6.9 uM. Time-

resolved anisotropy decay of Gal4-VP16:TBP:TATA-box DNA complexes

was measured on a 16 channel time correlated single photon counting

fluorometer coupled to a multianode microchannel plate photomultiplier

tube (HR R3841-07). A synchronously pumped, mode-locked, cavity-

dumped dye laser (Spectra-Physics 3520) was used as the light source,

with an excitation wavelength of 308 nm. Emitted light was split by a

Rochone prism according to polarization and introduced into an imaging

spectrometer (Spex 270M). This system was designed and built by

J.Xiao in the laboratory of J.Knutson at the National Institutes of Health.

RESULTS

Production of Gal4-VP1 6fusion proteins with unique 5-OH-tryptophan

substitutions and phenylalanine to alanine nurtations. Ga14-VP16 fusion

proteins containing 5-OH-tryptophan were created to provide a unique
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intrinsic fluorophore with which to study the structure induced in VP16

activation domain by interaction with TBP. The chirnerlc transactivator

proteins used in this study contained the DNA-binding domain of the

yeast protein Gal4 (residues 1-147) fused to wild type or mutant

activation domains of VP16 (residues 41 1-490) by a two amino acid (Pro-

Gly) linker. The original Gal4 protein had a tryptophan residue at

position 36, which was replaced by valine with no effect on DNA binding

(52). The native activation domain ofVP16 has no tryptophan residues.

To insert unique fluorescence probes in the VP16 activation domain, the

codons for phenylalanine residues at positions 442, 473, or 475 were

replaced by tryptophan codons in an E. coli expression plasmid. A

tryptophan auxotrophic E. coli strain containing the various expression

plasmids was grown in the presence of 5-hydroxytryptophan to

incorporate the 5-OH-Trp analogue at these positions.

In addition to the 5-OH-tryptophan substitutions, versions of each

of these proteins bearing transcription debilitating substitutions were

also constructed. Alanine codons were inserted in place of Phe442,

Leu444, Phe475, and Phe479 in combination with the Trp substitutions

to create the panel of proteins described in Table I. Mutational analysis

of Gal4-VP16N or Gal4-VP16C indicates that alanines placed at positions

442, 444, 475, or 479 disrupt transcriptional activation in vivo (48, 56).

By combining transcription debilitating mutations with 5-OH-Trp probes,
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we hoped to observe the effects of changes at these positions on the TBP-

induced structure of VP16 activation domain. The F442W/L444A,

F473W/F475A, and F475W/F479A combinations were designed to

provide information about potential structural changes as observed from

the same subdomain as the transcriptional mutation. The

F442W/F475A and F442A/F475W pairs were designed to test whether

mutations in one subdomain which affect transcriptional activation

would also affect TBP induced structure in the other subdomain.

To ensure that the VP16 mutations were not afl'ecting DNA

binding, gel mobility shift assays were performed. All of the Gal4-VP16

proteins were capable of binding to DNA at or near the level of the wild

type Gal4-VP16 (Figure 1).

Steady state excitation and emission spectra were analyzed to

ensure that 5-hydroxytryptophan had been incorporated into the purified

Gal4-VP16 proteins. Excitation spectra were characteristic of 5-

hydroxytryptophan (20) and did not differ significantly between

transcriptional mutants and their respective wild types (Figure 2A-C).

Emission spectra for all eight proteins tested demonstrated a peak at 335

nm, close to that of the free amino acid analogue (20) (Figure 3A-C). This

supports the previous observation that the fluorophores placed at these

positions are largely solvent exposed (52, 53). Moreover, the emission

spectra (Figure 3A-C, compare dotted or dashed lines to solid) indicate
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Figure 1. Gel mobility shift assay with Gal4-VP16 proteins. A double

stranded oligonucleotide 32P-labeled containing a Gal4 binding site was

incubated with wild type Gal4-VP16 or mutant Gal4-VP16 proteins

bearing the W36V change in Gal4 and the 5-OH-tryptophan and alanine

substitutions in the activation domain. Proteins are identified by

mutation, with “W" indicating 5-OH-tryptophan.
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Figure 2. Excitation spectra of Gal4-VP16 proteins labeled with 5-

hydroxytryptophan. Emission wavelength 360 nm. A. Proteins with

probe at position 442. 442W alone: solid line. 442W/444A: dotted line.

442W/475A: dashed line. B. Proteins with probe at position 473.

473W alone: solid line. 473W/475A: dotted line. C. Proteins with

probe at position 475. 475W alone: solid line. 475W/479A: dotted line.

442A/475W: dashed line. “W" denotes 5-OH-tryptophan.
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Figure 3. Emission spectra of Gal4-VP16 proteins labeled with 5-

hydroxytryptophan. Excitation wavelength was 3 10 nm. A. Proteins

with fluorescent probe at position 442. 442W alone: solid line.

442W/444A: dotted line. 442W/475A: dashed line. B. Proteins with

probe at position 473. 473W alone: solid line. 473W/475A: dotted line.

C. Proteins with probe at position 475. 475W alone: solid line.

475W/479A: dotted line. 442A/475W: dashed line. “W” denotes 5-OH-

tryptophan.
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that the various activation mutations have no effect on the measured

fluorescence properties of the 5-OH-tryptophan probe.

Steady statefluorescence anisotropy and dissociation constantsfor the

interaction of the VP1 6 activation domain nultants and TBP. Previous work

had shown an increase in steady-state anisotropy of Gal4-VP16 protein

in the presence of TBP, indicative of a complex between the two (53). To

determine whether VP16 amino acids that are important for

transcriptional activation are also important for interaction with TBP,

steady state anisotropy experiments were performed using 5-

hydroxytryptophan labeled Gal4-VP16 proteins with or without an

activation mutation. Anisotropy values were measured upon incremental

addition ofTBP and values were plotted as a function ofTBP

concentration.

The results (Figure 4) indicate that activation mutants at positions

444 and 475 have no discernible effect on the interaction of Gal4-VP16

with TBP. The measured anisotropy values and the calculated binding

curves for the proteins bearing the L444A or F475A substitutions in

conjunction with the 5—OH-T‘rp substitution at position 442 do not difier

significantly from those of the protein bearing the position 442 5-OH-Trp

alone (Figure 4A). Within the limits of experimental error, anisotropy

values measured for all three proteins are indistinguishable. Binding

curves fit by least-squares regression were nearly identical for all three
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Figure 4. Steady-state anisotropy analysis of Gal4-VP16 proteins in the

presence of TBP. A. Proteins with probe at position 442. 442W alone:

diamonds, solid line. 442W/444A: squares, dotted line. 442W/475A:

circles, dashed line. B. Proteins with probe at position 473. 473W

alone: diamonds, solid line. 473W/475A: squares, dotted line. C.

Proteins with probe at position 475. 475W alone: diamonds, solid line.

475W/479A: squares, dotted line. 442A/475W: circles, dashed line.

Data represent the average of three separate experiments. “W” denotes

5-OH-tryptophan. Lines represent best fit curves derived from the data

points by least squares regression for a presumed 1:1 binary complex

between Gal4-VP16 and TBP.
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proteins carrying the fluorophore at residue 442. Dissociation constants

calculated from the binding curves indicated that the activation

mutations do not significantly alter the interaction between TBP and

Gal4-VP16 (Table II). The value of 4 :l: 1 x 10'7 M calculated for the

proteins bearing the 444A and 475A mutations does not differ

significantly from the 3 i l x 10‘7 M constant calculated for the 442

fluorophore alone. Moreover, both of these dissociation constants are

consistent with the 3.3 i 1.7 x 10'7 M value previously reported (53). The

444A and 475A mutations do not alter binding ofTBP and Gal4-VP16 as

detected by a fluorescent probe at the 442 position.

The F475A mutation in conjunction with a probe at position 473

also has no effect on TBP binding. The anisotropy values measured for

the 475A mutation in the context of a 473 fluorophore and the

corresponding binding curves are almost identical to those measured for

the fluorophore alone (Figure 4B). Kr) values calculated for each of these

proteins are similar (Table II). The 473 probe alone has a dissociation

constant of 5 i l x 10'7 M, while the 475A mutant has a value of

7 i 1 x 10:7 M. The difference in these values is not statistically

significant. It should be noted, however, that the measured Ko value of 5

i 1 x 10‘7 M for the 473 probe alone is significantly higher than the 2.8 i

0.6 x 10'8 M previously reported (53).
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Table II. Calculated dissociation constants from steady state anisotropy

experiments. Best fit lines for the 1:1 binary complex between Gal4-VP16 and

TBP were derived by least squares regression. Kn values were calculated from

the best fit line.

 

 

Construct K0

442W 3 :l: l x 10-7 M

442W/444A 4 :l: l x 10-7 M

442W/475A 4 i l x 10-7 M

473W 5 i 1 x 10'7 M

473W/475A 7 i l x 10-7 M

475W 1 :l: 0.2 x 10:6 M

475W/479A l :l: 0.2 x 10:6 M

442A/475W 1 i 0.1 x 10'6 M
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The values measured for the 442A mutation in conjunction with a

5-OH-Trp at position 475 do not vary from those of the 475 fluorophore

alone (Figure 4C). Moreover, the calculated Kn value is 1 i 0.2 x 10'6 M

for both the 475 probe and the 475 probe with the 442A mutation (Table

II). This mutation does not discernibly affect the binding ofTBP to VP16.

The only alanine change that seemed to have some effect on steady

state anisotropy was the F479A mutation (Figure 4C). The measured

values were significantly lower for the protein bearing both the F479A

mutation and the 475 probe than for the 475 probe by itself. However,

the K0 for the 479A mutant protein was 1 i 0.1 x 10'6 M, the same as

that of the 475 probe alone (Table II). This indicates that binding ofTBP

in fact is not affected by the 479A mutation. The lower anisotropy values

for this protein are most likely to result from difi'erences in the local

environment of the fluorophore (see Discussion).

As described, the K0 values for all activation mutants tested were

the same as those of their respective fluorophores alone (Table 11).

Interestingly, however, fluorophores at different positions had different

Kn values. The proteins with fluorophores at position 475 seemed to

bind slightly less strongly than those with position 442 or 473

fluorescent probes.

Time resolved anisotropy and segmental motion of the VP] 6 activation

domain when complexed with TBP. Time resolved anisotropy studies were
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also undertaken to confirm and expand the results of the steady-state

experiments. Previous work indicated a decrease in segmental motion

for probes at both 442 and 473 in the presence ofTBP (53). Anisotropy

decay curves were obtained for all proteins in the presence and absence

of a twofold molar excess of TBP. Decay parameters for proteins bearing

transcriptionally debilitating mutations were compared to those for

proteins with the probe alone to determine if these mutations would alter

the nature of the binding ofTBP to VP16.

The anisotropy decay curves of the Gal4-VP16 proteins in the

presence and absence ofTBP are shown in Figure 5. For all proteins

tested, the addition ofTBP slowed the anisotropy decay. In all cases,

regardless of the presence of an activation mutation, the decay curves in

the presence ofTBP (Figure 5A-E, light dotted and solid lines) retain

higher anisotropy values for longer times than those of the Gal4-VP16

proteins alone (Figure 5A-E, heavy dotted and solid lines). This indicates

that, as shown by the steady state anisotropy data, the mutations that

debilitate transcriptional activity do not eliminate the binding to TBP.

The anisotropy decay curves for proteins bearing activation

mutations appear similar to those of their respective probes alone

(Figure 5). The curves for all mutant proteins overlap those of probe

alone in the absence of TBP (Figure 5A-E, light dotted and solid lines).

Moreover, for these proteins in the presence of TBP, the curves also
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Figure 5. Time-reSolved anisotropy decay curves for Gal4-VP16 proteins

in the presence and absence of TBP. 2 uM activators and 4 uM TBP were

used in these experiments. A. 442W: solid line. 442W/444A: dotted

line. 442W+TBP: heavy solid line. 442W/444A-i-TBP: heavy dotted

line. B. 442W: solid line. 442W/475A: dotted line. 442W+TBP: heavy

solid line. 442W/475A+TBP: heavy solid line. C. 473W: solid line.

473W/475A: dotted line. 473W+TBP: heavy solid line.

473W/475A+TBP: heavy dotted line. D. 475W: solid line. 475W/479A:

dotted line. 475W+TBP: heavy solid line. 475W/479A+TBP: heavy

dotted line. E. 475W: solid line. 442A/475W: dotted line. 475W+TBP:

heavy solid line. 442A/475W+TBP: heavy dotted line. “W” denotes 5-

OH-tryptophan.
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overlap or nearly overlap those of the probe only protein (Figure 5A-E,

heavy dotted and solid lines).

To quantify these results, best fit curves were generated (Table III).

The anisotropy decays of all Gal4-VP16 proteins in the absence or

presence ofTBP were best fit to a two component model with a

subnanosecond fast rotational correlation time, 01, representing

segmental motion around the 5-hydroxytyptophan fluorophore and a

slower rotational correlation component, 02, representing a more global

motion of the protein. Rigorous confidence limits were not assessed for

all parameters. The acceptable variation in the fitted rotational

correlation times was assessed by fitting anisotropy decay data to fixed

rotational correlation values.

The Gal4-VP16 proteins in the absence ofTBP fit to a range of

rotational correlation times, with 0, from 0. l3-0.77 nanoseconds and 02

from 2.6- 14 ns (Table 111, top). However, the anisotropy decay data from

the proteins bearing activation mutations also could be fit to the

rotational correlation components of the proteins bearing the respective

fluorophore alone (Table IV, top). In no case was the 75’ value altered by

more than 10%, and for all of the proteins with alanine substitutions

except F475W/F479A, the change in x2 was less than 3.5%. Thus the

variations between activation mutant and wild type protein are not
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Table III. Fluorescence anisotropy decay parameters of the Gal4-VP16

proteins labeled with 5-OH-W in the absence and presence of TBP.

Anisotropy decay curves were recorded for Gal4—VP16 proteins

containing 5-OH-W and various alanine substitutions in the presence

and absence of a 2-fold molar excess of TBP. Anisotropy decay data were

analyzed by the “sum and difference” method (10). The rotational

correlation times (0) and the corresponding preexponentials (B) were

derived from the best fit. The apparent limiting time zero anisotropy

(ro(app)) is defined as EB]. ro(app) was used to calculate the cone

semiangles ((9). The x2 value is calculated as a measure of the goodness

of fit of the anisotropy decay curves and parameters.
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Table III.

 

 

B. in (3. i. 1‘0 (aPP) 9 it

Without TBP

442W 0.086 0.43 0.072 5.6 0. 1 58 40. 1 l . 1 1

442W/444A 0.106 0.50 0.041 12 0. 148 49.9 1 . 13

442W/475A 0.097 0.62 0.057 13 0. 1 54 44.6 1 .05

473W 0.081 0.29 0. 102 3.3 0. 183 34.8 1.02

473W/475A 0. l 17 0.26 0.084 2.6 0.200 42.1 1 . 1 l

475W 0. l 11 0.77 0.039 14 0. 149 51.3 0.81

475W/479A 0.205 0. 13 0.094 2.7 0.299 47.9 0.97

442A/475W 0.090 0.70 0.058 6.7 0. 147 43.5 1.00

With TBP

442W 0.060 0. 18 0. 154 36 0.2 13 26.4 1.02

442W/444A 0.053 0.47 0. 123 53 0. 1 75 27.5 0.88

442W/475A 0.057 0.35 0. 133 50 0. 190 27.4 1 .03

473W 0.046 0.49 0. 129 26 0. 175 25.4 1 .08

473W/475A 0.105 0.36 0. 109 3 1 0.213 37.3 1 . 10

475W 0.074 0. 16 0. 154 25 0.228 28.8 0.95

475W/479A 0.056 0.49 0. 1 15 48 0. 171 28.9 1 .01

442A/475W 0.054 0.22 0. 15 l 37 0.205 25.5 1 .07
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Table IV. Fluorescence anisotropy decay parameters of the Gal4-VP16

proteins labeled with 5-OH-W in the absence and presence ofTBP

calculated with fixed rotational correlation times. Anisotropy decay

curves were recorded for Gal4-VP16 proteins containing 5-OH-W and

various alanine substitutions in the presence and absence of a 2-fold

molar excess of TBP. Anisotropy decay data were analyzed by the “sum

and difference” method (10). Parameters were generated by fixing both ¢

values to that of the appropriate probe alone protein. The x2 value is

calculated as a measure of the goodness of fit of the anisotropy decay

curves and parameters. Differences in x2 values between the parameters

generated by initial calculations with free 0 values (Table III) were

calculated (A )6). The apparent limiting time zero anisotropy (ro(app)) is

defined as 26;. ro(app) was used to calculate the cone semiangles (9).
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Table IV.

 

 

A

(31 01 [32 02 1'0 9 x2 x2

(app)

Withouth

442W 0.086 0.43 0.072 5.6 0.158 40.1 1.11

442W/444A 0.099 0.43 0.052 5.6 0.151 46.1 1.10 2.7%

442W/475A 0.083 0.43 0.077 5.6 0.160 38.8 1.09 3.3%

473W 0.081 0.29 0.102 3.3 0.183 34.8 1.02

473W/475A 0.127 0.29 0.074 3.3 0.200 44.8 1.09 1.3%

475W 0.111 0.77 0.039 14 0.149 51.3 0.81

475W/479A 0.113 0.77 0.036 14 0.149 52.3 1.08 9.6%

442A/475W 0.103 0.77 0.045 14 0.149 48.3 0.98 1.7%

WithTBP

442W 0.060 0.18 0.154 36 0.213 26.4 1.02

442W/444A 0.102 0.18 0.129 36 0.230 34.8 0.92 4.5%

442W/475A 0.091 0.18 0.138 36 0.229 32.6 1.07 4.2%

473W 0.046 0.49 0.129 26 0.175 25.4 1.08

473W/475A 0.082 0.49 0.109 26 0.191 34.3 1.14 3.3%

475W 0.074 0.16 0.154 25 0.228 28.8 0.95

475W/479A 0.103 0.16 0.125 25 0.228 35.3 1.16 12.9%

442A/475W 0.049 0.16 0.157 25 0.206 24.1 1.16 8.0%
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considered significant and these proteins can be said to be

indistinguishable.

In the presence of a twofold molar excess of TBP, the slow

rotational correlation time, 02, increased for all proteins tested (Table III,

bottom). The range of 02 values obtained was 26-53 ns. These rotational

correlation times describe the motion of a protein larger than Gal4-VP16

alone, indicating the presence of a complex formed between Gal4-VP16

and TBP. Moreover, all proteins tested show a decrease in the

contribution of the fast anisotropy decay component to the total

anisotropy and a corresponding decrease in the cone semiangle, 6. The

fast anisotropy decay component, 01, reflects the segmental motion

around the 5-hydroxytryptophan fluorophore. Its contribution to the

overall anisotropy is given by (31. If segmental motion of a fluorophore is

modeled as the a wobbling of its transition moment within a cone, the

extent of this motion is given by the cone semiangle magnitude (29, 42).

Taken together, then, decreases in these two parameters in the presence

ofTBP indicate a decrease in segmental mobility of the VP16 activation

domain in the presence ofTBP for all of the proteins tested. Data

obtained in the presence ofTBP could not be fit to 01 and 02 values

obtained from experiments in the absence of TBP, nor vice versa,

demonstrating that the difference between the data sets is significant

(data not shown).
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In the presence as in the absence of TBP, the anisotropy decay

parameters for proteins with a 442 or 473 fluorophore do not vary

significantly between activation mutant proteins and their respective wild

types. All three alanine mutant proteins - 442W/444A, 442W/475A,

473W/475A - can be fit to the 01 and 02 values from their respective

fluorophore only proteins without altering x2 values by more than 4.5%

(Table IV, bottom). Thus, although the increase in 02 indicates that a

complex is formed between VP16 and TBP, these results indicate no

effect of activation mutations on this interaction.

The proteins with a 475 fluorophore yield a slightly different result.

The 442A mutation does not appear to have a significant effect.

Anisotropy decay parameters obtained using the 442A/475W protein can

be fit to the 0 values of the 475 probe alone with only an 8% difference in

x2. The 479A mutant, however, shows a change of 12.9% when its data

are fit to the fixed rotational correlation parameters of the 475 probe

alone. This is slightly larger than the 10% limit of significance and may

indicate an effect of this mutation on TBP binding. This effect is slight,

however, and when compared to the average value for the three 475

probe proteins, the 479A mutant x2 is altered by only 0.8% from the wild

type fitting (data not shown). Moreover, this mutation does not affect the

overall binding of Gal4-VP16 and TBP, as demonstrated by the K1) values

calculated from the steady state data (Table II).
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Table V contains values averaged from data for all proteins bearing

the 5-hydroxytryptophan probe at the same position. When data for

each protein are fit to these averaged 01 and 02 values, no 12 value

changes by more than 8% (data not shown). indicating that variations

among proteins bearing the same fluorophore are not significant.

Therefore, the average values are representative of the behavior of a

probe at a given position.

Upon addition ofTBP, the 02 value increases and the (31 and 6

values decrease for all proteins (Table V). However, the changes for the

473 proteins are not as large as for the 442 and 475 probes (compare

data, Table V). The in correlation time increases 9.5 fold for the 442 and

475 proteins upon addition of TBP. For the 473 probe proteins, this

increase is only 4.5 fold. Likewise, the decrease in (31 and 6 values for

the 442 and 475 proteins is approximately 40%, whereas for the 473

proteins these values only decrease by apprordrnately 20%. The lower B1

and 6 values indicate that the 473 position is less restricted in its

segmental motion than the 442 or 475 positions. In addition, the 01

value increases for 473 and not for 442 or 475. This increase indicates

that the apparent size of the segment associated with position 473

becomes larger in the presence of TBP. These results agree with those

previously reported (53), and seem to indicate that different regions of

VP16C interact differently with TBP.
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Table V. Fluorescence anisotropy decay parameters of the Gal4-VP16 proteins

labeled with 5-hydroxytryptophan in the absence and presence ofTBP,

averaged for proteins bearing the same probe. Anisotropy decay curves were

recorded for Gal4-VP16 proteins containing 5-hydroxytryptophan and various

alanine substitutions in the presence and absence of a 2-fold molar excess of

TBP. Anisotropy decay data were analyzed by the “sum and difference” method

(10). Parameters were generated for each protein separately (Table III), then

average (31, [52, 01, and 02 values were calculated. The apparent limiting time

zero anisotropy (ro(app)) is defined as 26,. ro(app) was used to calculate the cone

semiangles (e).

 

[31 in [52 «p2 ro (app) 9

Without TBP

442W 0.096 0.52 0.057 10 0. 153 44.5

473W 0.099 0.27 0.093 3.0 0. 192 38.6

475W 0. 135 0.53 0.064 7.9 0. 199 47.4

With TBP

442W 0.057 0.33 0.137 46 0.194 27.2

473W 0.076 0.43 0.1 19 29 0. 195 32.2

475W 0.061 0.29 0.140 37 0.201 27.7
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Time resolved and steady-state anisotropy to detemiine the effects of

TATA-box DNA on the TBP:VPI 6 complex. Time resolved anisotropy decay

studies were carried out on a preformed complex of 2 p.M Gal4-VP16

bearing a 5-OH-Trp fluorophore at position 442 and 4 uM TBP. After an

initial anisotropy decay was measured, TATA-box DNA was titrated into

the mixture and a new anisotropy decay reading was taken upon each

addition of TATA-box DNA. The results of this experiment (Table VI)

indicate that TATA—box DNA disrupted the binding ofTBP to VP16.

Increasing amounts of TATA-box DNA resulted in decreasing rotational

correlation times, indicating a decrease in the size of the fluorophore

complex. In the presence of a sufficient amount ofTATA-box DNA, the 02

value dropped to nearly equal that of Gal4—VP16 in the absence of TBP.

Moreover, the decrease in 02 occurred in a dose-dependent manner.

These results must be considered suspect as the TATA-box DNA

used in this experiment was annealed improperly. Instead of being

heated to 90°C and allowed to cool together to room temperature, the

complimentary single stranded Oligonucleotides were resuspended in

approximately 25 ill ofTE and incubated at room temperature for almost

30 minutes. Thus, the degree of hybridization of the complementary

Oligonucleotides is uncertain. The effect observed on anisotropy of the

TBP:VP16 complex may have been due to molecular crowding by single

stranded DNA preventing reformation ofTBP:VP16 complexes following
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Table VI. Time resolved anisotropy of Gal4-VP16/TBP complex upon addition

ofTATA-box DNA. A pre-formed complex of 2 mM Gal4-VP16 F442W and 4 mM

TBP was used in this experiment. “W" denotes 5-OH-tryptophan. Anisotropy

decay data were analyzed by the “sum and difference" method (10). The long

rotational correlation time (0,) was derived from the best fit.

 

 

(TATA-box DNA] ¢2

Gal4-VP16 only 7.1 ns

0 [1M 45 ns

0.98 M 46 ns

1.92 M 40 ns

3.70 M 18 ns

6.90 “M 9.6 ns
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equilibrium dissociation. Specific or non—specific binding to single

stranded DNA may also have produced this result.

To address this issue, steady state anisotropy experiments were

performed with double stranded TATA-box DNA that was properly

annealed. Results of this experiment are shown in Figure 6. The

addition of TATA-box DNA did decrease anisotropy values in a dose-

dependent manner, indicating that the TBP:VP16 complex was being

disrupted (Figure 6, diamonds). However, addition of TATA-box DNA in

this experiment did not reduce anisotropy to the value seen with Gal4-

VPl6 alone (Figure 6, circle). Moreover, addition of equirnolar amounts

of either single stranded oligonucleotide also resulted in a decrease in

anisotropy (Figure 6, square and triangle). While the addition of the

maximum amount ofTATA-box DNA decreased anisotropy by 71%, the

addition of an equivalent amount of ST274 decreased anisotropy 52%

while ST275 decreased it by 31%. The difference between the effects of

the double stranded TATA-box DNA and the single stranded ST274 on

anisotropy values is the same as the difference between efi'ects of ST274

and ST275 on anisotropy values. This effect of single stranded DNA

makes interpretation of these results problematic. If the Oligonucleotides

used in the time resolved experiment were not completely annealed, then

the molar amount of DNA added could have been as much as twice that

of the single and double stranded DNA used in the steady state
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[TATA] uM

Figure 6. Steady state anisotropy of Gal4-VP16:TBP complex

upon addition of TATA-box DNA. A pre-formed complex of 2 11M

Gal4-VP16 F442W and 4 p.M TBP was used in this experiment.

Diamonds with the solid line represent anisotropy of Gal4-VP16

F442W upon titration of TATA-box DNA. The square and the

circle represent anisotropy of Gal4-VP16 F442W upon addition of

each of the single stranded oligos used to create the TATA-box.

The circle represents the anisotropy value for Gal4-VP16 F442W

in the absence of TBP and DNA. “W” denotes 5-OH-tryptophan.
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experiment. It seems likely that there is at least some effect of single

stranded DNA.

DISCUSSION

Fluorescence anisotropy and the TBP:VPI 6 interaction

Most proposed models for the function of eukaryotic

transcriptional activators invoke contact between the activator and some

target in the transcriptional machinery. Many transcriptional activators

bind in vitro to a number of putative target proteins. VP16, for example,

has been shown to bind to TFIIA (31), TBP (55), dTAFn40 or hTAF1132 (15,

30), TFIIB (41), TFIIH (64), the mediator in a PolII holoenzyme (19), and

the yeast adaptor ADA2 (3, 54). An important yet unresolved question is

which if any of these interactions are relevant to transcriptional

activation in vivo.

Mutational analysis of the VP16 activation domain has identified

amino acid residues, especially Phe442, Phe473, Phe475, and Phe479,

that are critical for activation ability (9, 48, 56). Affinity chromatography

experiments have demonstrated that mutations at position 442 that

disrupt activation by VP16N also disrupt binding to TBP (17, 22).

Immunoprecipitation experiments have shown that mutations at

positions 473 and 473 together, or at position 479 alone also diminish

binding to TBP (32). To explore these correlations simultaneously in the
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context of the full length activation domain, we chose to employ

fluorescence spectroscopy.

Unlike binding assays that give a result for the protein in its

entirety, fluorescence spectroscopy with an intrinsic fluorophore allows

one to look directly at the position in which the fluorophore is placed.

Moreover, fluorescence, by providing information about the

microenvironment surrounding the fluorophore residue, is sensitive to

the nature of the interaction in a manner in which binding assays are

not (36). The ability to place fluorophores at different positions within

the protein allows one to study the affects of an interaction on different

segments of the protein. For example, such a strategy allows study of

how mutations in one domain of a protein affect the structure of another.

Furthermore, fluorescence anisotropy experiments allow determination of

dissociation constants and a view of the global motion of the protein,

thereby also providing information about the protein as a whole. For

these reasons, we chose to utilize fluorescence spectroscopy in this

study.

Results of steady-state anisotropy experiments indicated little or

no effect of transcriptionally debilitating mutations in VP16 on the

association between the VP16 activation domain and TBP. For all

proteins tested the calculated Kn values were equivalent for proteins

bearing the 5-OH-tryptophan fluorophore alone or the fluorophore with a
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transcriptional mutation. However, proteins with fluorophores at

position 475 in VP16C demonstrate higher Kn values than those with

fluorophores at the 442 or 473 positions. This seems to indicate that the

differences result from the insertion of the tryptophan analogue itself at a

given position. The Ko values determined here for the 442 and 473

fluorophores are on the order of 4 x 10'7 M and 6 x 10‘7 M respectively,

which agree with a previously reported Kn value of 2 x 10'7 M for the

interaction ofVP16 and TBP (22). The calculated Kn for the 475

fluorophore is on the order of 1 x 10'6 M. Although no explanation is

available for the discrepancy between Kn values for a fluorophore at

position 473, there is a tendency toward higher Kn values when the

fluorophore is placed in the VP16C subdomain as opposed to VP16N.

The substitution of the fluorophore at these transcriptionally critical

positions in VP16C affects the binding ofVP16 and TBP, suggesting that

despite the lack of effect of the alanine mutations at these positions on

observed fluorescence, the transcriptionally critical amino acid residues

for which the fluorophores were substituted may affect the interaction of

VP16 and TBP.

Emission spectra and time resolved anisotropy decay spectra

recorded for the Gal4-VP16 proteins in the absence ofTBP indicate that

fluorophores at all three positions (442, 473, 475) are solvent exposed

and highly mobile. Time resolved anisotropy decay data indicate that the

189



addition of TBP restricts the segmental mobility of all fluorophores in

VP16. The presence ofTBP in these experiments caused an increase in

the slow anisotropy decay component and a decrease in the contribution

of the fast anisotropy decay component. These characteristics indicate

that the VP16 activation domain becomes structurally constrained in the

presence of TBP.

For the majority of the Gal4-VP16 proteins in the presence of TBP,

those bearing activation mutations can be fit to the parameters of their

respective fluorophore proteins, indicating no significant difference in the

VP16:TBP interaction as a result of these mutations. Moreover, the data

from each protein carrying a given fluorophore can be fit to the average

data for the set of proteins carrying that fluorophore. The results of this

analysis indicate that the 442 and 475 fluorophores behave similarly and

somewhat differently from the 473 fluorophore. As with the steady state

Kr) values. this suggests that the presence of the fluorophore at a given

position exerts an effect on TBP interaction. Transcriptional assays

indicate that residues 442 and 475 are more important than residue 473

for transcriptional activation ability (9, 48, 56), a result which correlates

with the time resolved data. In contrast, however, the K1) values indicate

a greater similarity between positions 442 and 473. Taken all together,

these results suggests that while some connection between TBP
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interaction and transcriptional activation may exist, other contributing

factors must exist.

In the proteins tested, only the presence of the 479A mutation has

even a minimal effect on TBP interaction in time resolved anisotropy

experiments. This is consistent with the observation that the F479A

mutation modestly decreases the ability of VP16C to bind TBP in vitro

(32). However, the anisotropy decay parameters obtained for the

475W/479A protein can be fit to the average of the fitted parameters for

all proteins with a 475 fluorophore, which indicates that the differences

are likely not significant. Although these results direct attention to

position 479, neither the time resolved anisotropy data nor the in vitro

binding experiments (32) demonstrate a strong effect of the 479A

mutation on TBP interaction.

The difference in anisotropy data for the 475W/479A protein could

be explained by an alteration in the nature of the fluorophore itself. In

addition to segmental and global motion of the fluorophore containing

protein, the vibration or rotation of the probe on its own axis can affect

its fluorescence (36). If the amino acid residues at positions 475 and 479

are adjacent in the secondary structure of the protein, each of these

residues would potentially sterically affect the other. Uesugi and

coworkers observed that hTAFn32 induces formation of an alpha helix

between residues 472 —483 VP16C in which Phe 475 and Phe479 are
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adjacent to one another. The simplest hypothesis supposes that the

target-induced structure in VP16 is characteristic ofVP16 and would be

the same regardless of the target. Thus, a 5-OH-tryptophan at position

475 might be expected to vibrate or rotate far more freely in the presence

of a small neighboring residue like alanine than the much larger

phenylalanine, contributing to more rapid rotational correlation times.

In fact, the rotational correlation times for the 475W/479A protein in the

absence ofTBP are shorter than those of the other proteins that carry

the 475 fluorophore. This proposed steric difference could also account

for the change in fluorescence intensity observed for this protein in the

steady state anisotropy experiments.

Although the results of these experiments indicate that none of the

alanine mutations have an effect on VP16:TBP interaction. both the

steady state and time resolved anisotropy data sets confirm an

interaction between the VP16 activation domain and TBP. However,

unlike the majority of the binding and activity assays, which have tested

either VP16N or VP16C separately, these experiments have been

conducted with the full length activation domain. Previous fluorescence

experiments showed no difference between the behavior of the 442

fluorophore alone in the presence ofTBP in the VP16N or full length

context (53). However, activity assays have shown that the activity of a

transcriptionally defective VP16N mutants can be partially restored by
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the addition of the VP16C subdomain (48). It is possible, therefore, that

the slight nature of the effects seen here of mutations that in an isolated

subdomain have had more severe effects on either binding or activation

may be due to compensation by the other subdomain. Moreover, in vivo

transfection experiments have recently demonstrated that VP16N does

not recruit TBP to the TATA box in mammalian cells in vivo (18).

Therefore, although both subdomains of VP16 activation domain can

bind to TBP in vitro, it is possible that the relevant interaction with TBP

in vivo is strictly a function of either the VP16C or the VP16N subdomain.

In that case, the presence of the other subdomain in one-on-one binding

assay of the type used here may compensate for lack of binding in a

manner which does not occur in vivo. Further study of these mutations

in the context of the isolated VP16N and VP16C subdomains is needed to

explore these questions.

TBP is not the only component of the transcriptional machinery

which has been associated with activation by VP16. Binding of the p62

subunit of TFIIH to VP16C has been shown to correlate directly with

activation ability (32. 64). Both binding to TFIIA and the formation of a

TFIIA:TFIID:promoter DNA complex also correlate to activation ability

with a set of VP16C mutants (32). Certain residues implicated in binding

of VP16C to TAFn32 have been shown to be important for activation,

although the correlation does not hold for all mutants tested (56, 6 1;
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Y.Nedyalkov, S.M.S., P.J.Horn, and S.J.Triezenberg, unpublished). Given

the number of interactions that might contribute to transcriptional

activity. it is perhaps naive to expect to find a correlation between

transcriptional activity overall and any one target.

It is also possible that VP16 acts at multiple steps in

transcriptional activation, either both subdomains in concert or

separately. Moreover, mutations in TBP that decrease transcriptional

activation by VP16 can be found at the TFIIA and TFIIB binding

interfaces ofTBP (5, 26, 37, 59), suggesting that VP16 may not bind

directly to TBP but might associate with it through another protein. If

the interaction with TBP is relevant to a different step than is affected by

the transcriptional mutations tested, or if the interaction in vivo is not

direct as it is in vitro, no correlation would be found. Fluorescence

studies with other potential targets for VP16 might discover a target on

whose binding these mutations have a direct effect.

Association ofTBP with VPI 6 and TATA-box DNA

TBP derives its name, TATA-box binding protein, from its ability to

bind the TATA-box DNA. X-ray crystal structures for TBP bound to DNA

have been solved (25, 28). Chemical crosslinking and affinity

chromatography suggest that both TBP and TFIID exist as a dimer in

solution, raising the possibility that the function of transcriptional

activators with respect to TBP is to dissociate the TBP dimer thus
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allowing TBP to interact with TATA-box DNA (8, 57). Moreover, a

mutation in TBP that disrupts transcriptional activation by VP16 can be

found on the DNA binding surface ofTBP (26). In order to explore the

nature of the interactions among VP16, TBP. and DNA, we made use of

fluorescence anisotropy to determine whether a TBP-VP16 complex could

be dissociated by addition of TATA—box DNA.

Results of the preliminary experiments described herein suggest

that TBP cannot bind both VP16 and DNA simultaneously. These

observations are intriguing but lack certain information which would

make them definitive. Titration of the single stranded DNA controls and

a non-specific double stranded DNA under the conditions of the

experiments conducted here would provide a direct comparison of the

dose dependent effect of DNA on TBP-VP16 binding and would allow

determination of the specificity of the effect. Use of fluorescently labeled

DNA would address this issue more directly, as it would be possible to

determine whether upon dissociation from VP16 the TBP binds the

TATA-box DNA (through observation of an increase in the anisotropy of

the DNA) or remains in solution. The reverse experiment, using

prebound TBPzTATA and titrating VP16, would also be useful in

analyzing the specificity of this effect. Overall, these experiments provide

an intriguing preliminary observation, but no hard evidence of mutually

exclusive interactions between TBP and VP16, and TBP and DNA.
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Swnmary and Conclusion

Clearly the binding ofVP16 and TBP, and the restriction of motion

of the VP16 activation domain by TBP demonstrated in these

experiments is real and specific in vitro. Previous work has demonstrated

that another transcription factor, TFIIB, which can bind to VP16 cannot

induce this conformational constraint (53). Moreover, preliminary

experiments with TATA-box DNA suggest that specific binding ofTBP and

TATA may be related to the interaction between TBP and VP16.

The results of this study, however, also confirm that the binding of

the VP16 activation domain to TBP is not the sole determinant of

transcriptional activation ability in vivo. However, studies of this type

attempt to look at simple pieces of a very complex system. In vivo

transcriptional activation will not be completely understood until there is

a way in which to study it directly. In the meantime, however, the

results presented here confirm the value of fluorescence spectroscopy as

a tool to study protein-protein interaction. Future experiments of this

type may well allow the identification of in vivo relevant binding partners

for VP16 activation domain as well as exploring how those interactions

affect the N and C subdomains thereof.
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CHAPTER 6

SUMMARY AND FUTURE STUDY

SUMMARY

The focus of my thesis research was the transcriptional activation

domain of the herpes simplex virus transactivator VP16. Using

oligonucleotide directed mutagenesis and in vivo activity assays, I

conducted a thorough mutational analysis of the C-terminal subdomain

of the VP16 activation domain (VP16C). Analysis of VP16N had

established the hypothesis that bulky hydrophobic amino acids are

critical for transcriptional activation regardless of which amino acid

residues are most abundant in an activation domain (5, 29). This theory

has subsequently been supported by work on numerous other activation

domains (1, 3, 9, 12, 14, 21, 22, 31). The conclusions of this study of

VP16C clearly indicate that VP16C also follows this pattern. The amino

acid residues most critical for activation by VP16C in yeast or in

mammalian cell assays are phenylalanines at positions 473, 475, and

479, and glutamate 476. Substitution of any bulky hydrophobic amino

acid at position 473, 475, or 479 resulted in wild type or near wild type

transcriptional activity, whereas other substitutions decreased function.

At position 476, only substitution to alanine geatly diminished
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transcriptional activation suggesting a steric role for this side chain that

alanine is too small to fulfill.

Having completed the mutational characterization of the VP16

activation domain, I sought to use the VP16 mutants to investigate the

link between in vitro binding and in vivo activation. The activation

domain of VP16 has been shown to bind to multiple potential target

proteins (10, 17, 18. 23, 38), including the yeast adaptor Ada2 (2, 33).

To analyze the effects of mutations in VP16C on binding to Ada2, I made

use of reporter gene assays in a Aada2 yeast strain. The results of these

experiments indicate that VP16C and Ada2 do not directly interact in

vivo.

VP16 has also been shown to bind the basal transcription factor

TBP (1 1 , 35). From mutational analysis, I and others found that

transcriptionally critical phenylalanine residues in the activation domain

of VP16 can be replaced by tryptophan with no significant effect on

activation (5, 29; Chapter 3, this work). Tryptophan is a natural

fluorophore; moreover, the excitation spectrum of the 5-

hydroxytryptophan analogue is shifted to longer wavelengths than that of

native tryptophan, allowing selective excitation of 5-hydroxytryptophan

in the presence of normal Trp residues. Based on the results of the

mutational analysis, I was able to place unique intrinsic probes for
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fluorescence spectroscopy at those positions in VP16 that are most

critical for in vivo transcriptional activation.

Using fluorescence anisotropy techniques, I analyzed the

interaction between VP16 and TBP. 5-hydroxytryptophan probes were

placed at transcriptionally critical positions in both the N and C

subdomains (positions 442, 473, and 475). Proteins bearing these

probes alone, or these probes in combination with alanine mutations

known to disrupt activation were studied in the presence and absence of

TBP. In the presence of TBP, the highly mobile VP16 activation domain

becomes more constrained, indicative of formation of ordered secondary

structure. However, the same TBP-induced structure in VP16 is formed

in the presence or absence of transcriptional mutations. These results

indicate no correlation between these transcriptional activation mutants

and binding to TBP for the VP16 activation domain.

The experimental approaches outlined above highlight the true

value of the thorough mutagenic analysis described in this thesis.

Knowing which mutations disrupt transcription in vivo provides clues as

to which parts of the protein to study. A more subtle benefit, however, is

found in knowing which changes do not disrupt activity. Biophysical

techniques such as fluorescence that require the use of amino acid

analogues depend on a thorough mutational analysis to delineate the

limits within which changes can be made in VP16 activation domain
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while allowing the protein to remain representative of the wild type. An

extensive mutational analysis such as has now been completed on both

subdomains of VP16 is vital as a foundation on which to build functional

experiments which are representative of wild type in vivo activation.

In the process of conducting these studies, I also made

improvements to two of the procedures utilized by our laboratory. The

manner in which yeast cells are gown for assay was altered and the

reproducibility of B-galactosidase assays was increased. Previously.

individual yeast colonies had been selected and gown in liquid culture

overnight before assay. When activities from three separate cultures

were averaged, standard deviations were frequently as high as half the

activity value. In an effort to produce more replicable results, I altered

both colony selection and cell growth procedures. To assay a

representative population of yeast, I replaced the individual

transforrnants with a pool of approximately 100 colonies. To ensure that

all cultures were at the same growth phase and apprordrnate cell density,

I diluted overnight cultures to OD600 of 0.1 and harvested them at OD600

of 0.5. These changes in procedure resulted in a decrease in standard

deviation from as much as 50% to 10% or less. The new method for cell

gowth also allowed activity assays and Western blot analysis to be

performed on extracts from cells gown in the same culture, which
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eliminates the possibility of differences in gowth conditions between

assays.

Sigiificant changes were also made to the procedure for purifying

Gal4-VP16 fusion proteins. By altering the concentrations of both PEI

and ammonium sulfate in precipitation steps, and employing HPLC as

opposed to conventional chromatogaphy techniques, I eliminated two

dialysis steps and one column chromatogaphy step. The new procedure

is two days faster and yields twice as much protein as the previous

method (32). The protein produced was as pure or purer than that

produced by the old method, as assessed by Coomassie Blue staining of

SDS-PAGE gels.

FUTURE STUDY

The process of transcriptional activation requires DNA and

multiple proteins in addition to a transcriptional activator (37). The most

sophisticated X-ray crystal structures of this multiprotein-DNA complex

available to date are binary complexes between TBP and DNA (15, 16),

and ternary complexes with TFIIA or TFIIB in addition (8, 25).

Photocrosslinking has allowed visualization of larger complexes, but only

through the use of protein-DNA cross-linking agents such that protein-

protein associations are not mapped (19, 30). An extensive panel of

alanine scanning mutants in TBP allowed a simultaneous view of TBP,
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PolII, TFIIA, TFIIB, and TFIIF (36); however, the binding experiments

were performed singly between TBP and each binding partner. Binding

experiments of this type negate any efi'ects of other members of the

complex on a given interaction.

The fluorescence methods which have been employed in this thesis

and previously in the lab in collaboration with the Knutson goup have

geat potential structural studies of the entire transcription complex.

The availability of tryptophan analogues with fluorescence properties

different from those of native tryptophan allow observation of a single

protein in the presence of multiple others (20). Fluorescent amino acid

analogues such as 7-azatryptophan and 5-hydroxytryptophan, which can

be selectively excited in the presence of native tryptophan, and 4-

fluorotryptophan. which does not absorb at the wavelengths which excite

the fluorescent tryptophans, can be used to “customize“ the

transcriptional system. Using combinations of proteins containing native

tryptophan, proteins synthesized in the presence of various tryptophan

analogues, and fluorescently labeled DNA, individual components can be

selectively observed in the context of an entire transcriptional complex.

Experiments of this sort would provide information as to structural

changes in a protein of interest, for example VP16, in the presence of

multiple targets. Moreover, resonance energy transfer techniques, which

provide information about the proximity of two fluorophores in a mixture
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(20), can be used to investigate which target protein is responsible for a

given structural change. We have begun to apply this approach in the

analysis of VP16-TBP—TATA interactions described in this thesis. These

studies should be pursued and expanded to provide a clearer picture of

the behavior of VP16 in the context of the transcription complex.

An issue that must be considered in analyzing the results of these

studies is the possibility of a temporal component of transcriptional

activation. For example, it is possible that the interaction ofVP16 with a

target protein is important at more than one step in transcriptional

activation, such that VP16 acts at multiple steps in transcription

through one or more target protein. The ability of VP16 to interact with

TBP, for example, when viewed via fluorescence spectroscopy does not

correlate to the effects of mutations at amino acid residues in VP16 that

are critical for transcriptional activation. However, TBP binds to both

VP16N and VP16C and induces an ordering of the structure of both

activation subdomains. TBP binding may be an artifact of a “sticky”

VP16 activation domain which is capable of binding to many proteins in

an in vitro system; however, it is equally possible that the TBP interaction

is important, but at a step later than that arrested by FA442, LA444,

FA475, or FA479 mutations.

To address this issue requires the ability to separate the steps of

transcriptional activation. Work from a number of laboratories has

211



elucidated the sequential assembly on promoter DNA of the preinitiation

complex (4, 6. 7, 13, 24, 27). If VP16 is involved in multiple steps in

transcriptional activation, anisotropy measurements taken at each

assembly step would record the binding, dissociation, and rebinding of

VP16 to target proteins upon sequential addition of transcription factors.

Recently, stopped-flow capability has become available for the

fluorescence spectrophotometers of the Knutson group. In combination

with the use of tryptophan analogues to provide a unique fluorophore,

this would allow the VP16 activation domain to be observed during the

step-wise reconstitution of the transcriptional system.

Gal4-VP l6 has been referred to as “the ubiquitous transcriptional

activator.” This description highlights the fact that the biological context

of the VP16 protein is the activation of immediate early genes in infection

by the herpes simplex virus (reviewed in 26). Little use has been made of

VP16 mutations in the context of the herpes virus itself. Recently, two

goups have published reports on the effects of disruption or deletion of

the VP16 activation domain on the phenotype of herpes simplex (28, 34).

Work from this laboratory has explored the effects of deletion of VP16N,

VP16C, or the entire activation domain (RPichyangkura and

S.J.Triezenberg, unpublished). A logical progession from the deletion

mutagenesis would be the incorporation of site specific mutations into

recombinant virus to study the mechanism ofVP16 activation in the
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virus itself. Mutations such as F442A and F475A, which disrupt

transcriptional activity in artificial systems (5, 29: Chapter 3, this work),

may or may not affect the viral function. The extensive panel ofVP16

activation mutants available will allow as thorough a characterization of

activation in the virus as has been completed for the activation domain

alone (5, 29; J.Kastenmeyer, P.Hom, S.J.Triezenberg, unpublished;

Chapter 3, this work).
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