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ABSTRACT. We used site-specific protehDNA photo-cross-linking to define contact points between
Saccharomyces cearisiae RNA polymerase || (RNAP 1) and the general transcription factors TBP, TFIIB,
and TFIIF on promoter DNA. We present three key findings: (i) the overall pattern of cross-link sites is
remarkably similar between the yeast and the previously described human system, even though transcription
initiates downstream of the DNATBP—TFIIB—RNAP II-TFIIF complex in theS. cereisiae system;

(i) the yeast Rpb7 subunit of RNAP Il forms strong and reproducible cross-links to both strands of
promoter DNA; and (iii) a TFIIB arginine-78 to cysteine replacement (R78C), which shifts start site
selection downstream of normal, does not affect THIBNA cross-links prior to promoter melting but
instead affects downstream TFHDPNA interactions. These results support the premise that the overall
structure of the RNAP Il preinitiation complex is similar in all eukaryotes and imply that yeast RNAP Il

is able to scan template DNA downstream of the preinitiation complex for acceptable start sites. The
novel Rpb7~DNA contact sites imply that either promoter DNA does not follow a straight path from
TATA to the initiation site or the topology of Rpb7 within the DNATBP—TFIIB—RNAP II-TFIIF
complex is different from that defined in the 12-subunit RNAP Il X-ray structure. We discuss the
implications of these results for the mechanism of preinitiation complex assembly and promoter melting.

Transcription initiation by RNA polymerase Il (RNAP1)  RNAP |l catalytic center relative to the melted template
requires assembly of a preinitiation complex composed of defines the initiation site. Start site selection by RNAP Il
promoter DNA, RNAP I, and the general transcription appears to be more complicatedSaccharomyces carisiae
factors TBP, TFIIB, TFIIE, TFIIF, and TFIIHY-3). PIC where initiation often occurs at multiple sites within a
assembly is nucleated by TBP binding to the TATA window 40-120 bp from TATA @). Nonetheless, hydroxyl
sequence, which induces a sharp bend in the DNA template.radical footprinting of a yeast DNATBP—TFIIB complex
TFIB then binds TBP and DNA, both upstream and demonstrated that ternary complex assembly occurs at the
downstream of TATA, forming a structure that serves as a TATA box (6). Furthermore, promoter melting occurs at a
platform for binding RNAP Il and TFIIF. PIC assembly is fixed distance from TATA, regardless of the distance to start
completed by the binding of TFIIE and TFIIH. sites, suggesting that yeast RNAP Il “scans” downstream

Following PIC assembly, promoter DNA is melted in a template DNA for acceptable start sitg3.(The mechanism
manner dependent upon ATP hydrolysis and TFIIH helicase by which RNAP Il might scan promoter DNA for start sites
activity (3). Melting has been proposed to occur prior to is unknown.
placement of single-stranded template DNA into the active  TFIIB plays an important role in start site selection.

center cleft 4, 5). In the presence of NTP substrates, the Mutations in the yeast gene encoding TFIIBUA7 were
open complex is then able to initiate transcription. In identified on the basis of start site defed@% Gimilar defects
metazoan systems, transcription typically starts at a singlewere conferred bguas8alleles of theRPB1gene ), which
site located approximatety25 bp from the TATA box 2). encodes the largest subunit of RNAP II. Doublea7 sua8
Accordingly, RNAP Il start sites appear to be defined simply mutants are inviable, suggesting that interaction between
by the architecture of the open complex: the position of the TF|IB and Rpbl underlies the mechanism of start site
selection §). Consistent with this premise, pairwise replace-
" This research was supported by National Institutes of Health Grant Ment of TFIIB and RNAP I fromS. cereisiae by their
GM39484 to M.H. counterparts fromSchizosaccharomyces pomli® both
SSEgOFV;QQH; ;;gg;pggggnée nf;l”?u'g] ilgﬁ ;gdggﬁ]sesdé ga&e&n72§f35ﬂecessary and sufficient to shift start sites from the pattern
*Present address: Re(':eptor Biology Uhit, I\?atignal Instth.ute of CharaCter,'St'C oB. cereisiaeto that ofS. pomlbélo). TF_”B
Neurological Disorders and Stroke, National Institutes of Health, amino acid replacements that affect start site selection occur
Bethesda, MD 20892. within a phylogenetically conserved region of the protein

! Abbreviations: RNAP II, RNA polymerase II; PIC, preinitiation i _ ; ; ;
complex; TBP, TATA binding protein; TFIl, transcription factor of located just downstream of an N-terminal zinc ribba-

RNAP II; rTBP, recombinant TBP; rTFIIB, recombinant TFIIB; GTF,  17)- Replacements at similar positions in human TFI1B, (
general transcription factor; NTP, nucleoside triphosphate; bp, base pair.19) and its archaeal counterpart, TFB0J|, also affect start
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sites. The start site domain of TFIIB was recently shown to Buratowski (Harvard Medical School). Theua7-3allele
form a “B-finger” that projects into the active center of encoding TFIIB R78C was amplified by the polymerase
RNAP 1l (21) and is in proximity to the Rpbl amino acid chain reaction, cloned into the pET-11d vector (Stratagene),
replacements encoded by thea8alleles Q). and expressed ikscherichia colistrain BL21. Thesua7-3

The sua7-landsua7-3start site mutants encode, respec- sequence in pET-11d was confirmed by DNA sequence
tively, E62K and R78C amino acid replacements within the analysis. The normal and R78C forms of rTFIIB were
B-finger (11). These two replacements confer similar growth purified as described previousl). Briefly, BL21 trans-
defects and identical effects on start site selection. E62 andformants were grown in 2YT medium supplemented with
R78 lie on opposite sides of the B-finger, presumably ampicillin (100xg/mL) at 37°C. When cell growth reached
forming a stabilizing salt bridge2()). E62 and R78 replace-  Asoonm= 0.5, ITFIIB expression was induced with IPTG (0.4
ments do not affect PIC assembli5( 16, 22) but appear mM) for 4 h. Cell extracts were prepared and passed through
instead to affect the transition from abortive to productive an S-Sepharose column (Amersham Pharmacia Biotech);
initiation (22). Genetic analysis of the cold-sensitive growth 'TFIIB was eluted with 0.5 M potassium acetate. The full-
phenotypes associated with E62K and R78C identified the length rTFIIB fraction also contained a truncation product
largest subunit of TFIIF (Tfgl) and the Rpb2 and Rpb9 that arises from internal translation initiation at methionine-
subunits of RNAP |l as suppresso22(-24). The positions 119. To separate the full-length protein from the truncation
of the Rpb2 and Rpb9 suppressors within the X-ray structure product, the S-Sepharose eluate was applied to a hydroxy-
of RNAP Il suggest that the TFIIB defect is overcome by apatite column (Bio-Rad) equilibrated with 10 mM potassium
stabilizing RNAP I interaction with DNA downstream of ~ phosphate (pH 7.6), 100 mM potassium acetate, 20%
the active center22). We do not understand how TFIIF ~ glycerol, 1 mM DTT, and 1 mM PMSF. rTFIIB was eluted
affects start site selection, either alone or in combination with With a gradient from 100 to 240 mM potassium phosphate

TFIIB (23). in the same buffer. The final hydroxyapatite eluate was
Crystal structures have been solved for a subset of RNAP further purified by Mono S (HR 5/5) FPLC. Proteins were
Il transcription complexes, including DNATBP—TFIIA monitored by Coomassie Blue staining and confirmed by

(25, DNA—TBP—TFIIB (26, 27), yeast RNAP I+TFIIB western blot using anti-TFIIB antibody. '
(21), the 10-subunit yeast RNAP I structure lacking Rpb4/  RNAP 1l and TFIIF were purified from yeast strains
Rpb7 @8), the complete 12-subunit RNAP Il structurg ( SHY407B and SHY391A expressing TAP-tagged Rpb9 and
5), and an RNAP Il transcribing comple®9). Cryoelectron ~ Tfgl, respectively. Cells were grown at 3€ in YPD
microscopy has also yielded a lower resolution image of yeastMedium, collected in late log phase, and lysed mechanically
RNAP [I-TFIIF (30). These and other structures provide With glass beads in disruption buffer (0.2 M Trisl.SQi,
extraordinary insight into the molecular basis of RNAP || PH 7.9, 0.39 M ammonium sulfate, 10 mM magnesium
transcription 81). Nonetheless, the molecular organization Sulfate, 20% glycerol, 1 mM EDTA). Proteins were purified
of RNAP Il initiation complexes requires a comprehensive as described previouslyd@). RNAP I lacking Rpb4 and
description of proteirrprotein and proteinDNA interac- ~ RPDb7 was purified from SHY407B following resuspension
tions. The contact sites between the human RNAP [ ©of cell pellets in disruption buffer containing 50 mM ZnCl
machinery and promoter DNA were mapped by site-specific RNAP Il without the TAP-Rpb9 tag was purified by
protein-DNA cross-linking 82—35). Similar experiments ~ conventional and affinity (anti-CTD) chromatography; this
have mapped the structural organization of bacte3®@)lgnd protein was a generous gift from S. Kim and D. Reinberg.
archaeal§7—39) initiation complexes. A description of site- ~ Promoter DNA Promoter DNA for proteir-DNA cross-
specific DNA contacts for the yeast RNAP Il machinery is linking experiments was prepared as follows. Single-stranded

lacking, despite the wealth of recent crystallographic images. DNA for primer extension was isolated using M13mp18-
In this study we used site-specific proteiDNA cross- AdML-G-less and M13mp19-AdML-G-less constructs. These

linking to map contact points on promoter DNA for a yeast Materials were made by PCR amplification of a 191 bp
DNA—TBP—TFIIB—RNAP Il-TFIIF complex. Our results ~ fragment of AdML-G-less promoter plasmid DNA [PGSMLT

provide a comprehensive set of proteDNA contact points (A38T)] using synthetic primers that included flankiBgaRl

that complement the recent X-ray and cryo-EM data for yeast and Hindlll recognition sequences, digestion of amplified

RNAP I components. Moreover, our results define novel DNA. and ligation into the multiple cloning region of
protein-DNA contacts that have implications for the mech- M13mp18 and M13mp19. pGSMLT (A38T) was constructed
anism of PIC assembly and promoter melting. by site-directed mutagenesis of the standard pG5MLT

promoter 41) to diminish initiation by yeast RNAP Il at
EXPERIMENTAL PROCEDURES position+38. Phenyl azide-derivatized oligonucleotides were
synthesized and purified essentially as descril32] 42).

Yeast StrainsThe yeast strains used in this study were These primers were then radioactively labeled, annealed to
derived from T16 MATa cyc1-5000 cyc7-67 ura3-52 leu2-  single-stranded template DNA, extended, and ligated ac-
3,112 cyh2(8). YMH125 is isogenic to T16, except for the  cording to standard procedures3|. Subsequent digestion
sua?3 allele encoding TFIIB R78CI(l). Strains SHY407B  with EcaRl andHindlll yielded DNA fragments that included
(Rpb9-TAP) and SHY391A (Tfg1l-TAP) were acquired from  the native AdML promoter<50 to +10) followed by 117
Steve Hahn (Fred Hutchinson Cancer Research Center). bp of the G-less cassette.

Protein Purification.Recombinant yeast TBP was gener-  Site-Specific ProteinDNA Photo-Cross-LinkingReac-
ously provided by Sungjoon Kim and Danny Reinberg tions were performed as described previousd®) (using
(Robert Wood Johnson Medical School). The plasmid chemically derivatized, radioactively labeled promoter DNA
construct for expression of rTFIIB was a gift from Steve fragments and purified yeast transcription factors. Reaction
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Ficure 1: SDS-PAGE analysis of TBP, TFIIB, TFIIF, and RNA polymerase Il. (A) SBB)% polyacrylamide gel stained with Coomassie
Blue R-250. Lanes: 1, rTBP; 2, wild-type rTFIIB; 3, R78C rTFIIB. (B) SBS-20% polyacrylamide gradient gel stained with silver
nitrate. Lanes: 1, TAP-purified TFIIF using Tfgl-TAP; 2, TAP-purified RNAP Il using Rpb9-TAP; 3, RNAP Il lacking the Rpb4 and
Rpb7 subunits.

Template:  pGALCG pGSMLT pGSMLT (A38T)

mixtures (20uL) contained 5.4 ng of DNA template (200

Bg/fmol), 5 ng of TBP, 15 ng of TFIIB (wild type or R78C), wee WL L owd WL weld

15 ng of TFIIF, 60 ng of RNAP II, 20 mM Tris-HCl, pH - s - = et

7.9, 20 mM potassium chloride, 40 mM potassium acetate, _ ; . %

5 mM magnesium chloride, 1 mM DTT, 25 mg/mL poly- b g - ‘! & 370
(dG-dC), and 10Qug/mL BSA. After 45 min at 28°C, - - W e 350
reaction mixtures were UV-irradiated for 2 min at 26. -1 i3

Nuclease digestion was performed using 12 units of DNase 1 2 3 45 6 7 8 8 10

; ; inhili v FIGURE 2: Yeast in vitro transcription system. Transcription from
I and 20 units of nuclease S1 with a protease inhibitor mix the pGALCG 63), pGSMLT (41), and pGSMLT (A38T) (Figure

(Roche). Reactions were terminated by the addition of 0.2 3) templates initiates within the G-less cassette, yielding 350 and
volume of 10 M urea, 250 mM Tris-HCI, pH 6.8, 10% SDS, 370 nt products following RNase T1 digestion. Lanes: 1 and 2,

25%f3-mercaptoethanol, 50% glycerol, and 1% bromophenol wild-type (WT, strain T16) whole cell extract (WCE) using the
blue, followed by heating for 2 min at 95C. Reaction =~ PGALCG template with) or without (-) rTFIIB; 3—6, WT (T16)

0 ; and sua7-3(YMH125) whole cell extracts using the pG5MLT
products were analyzed by-46% gradient SDSPAGE. template; 710, same as lanes=®, except using the pG5MLT

(A38T) template, which includes the base pair substitution that
RESULTS diminishes initiation from the downstream-88) start site that

. . . oo yields the 350 nt product.

Site-Specific ProteinDNA Photo-Cross-LinkingVe used
site-specific, protein DNA photo-cross-linking as described Recombinant yeast TBP and TFIIB (rTBP and rTFIIB)
previously B82) to map precise positions of the general were purified fromE. colias described previouslg®). TFIIF
transcription factors within a DNATBP—TFIIB—RNAP and RNAP Il were purified from yeast by tandem affinity
II—TFIIF preinitiation complex. Briefly, promoter DNA  purification using TAP-tagged derivatives of Tfgl (TFIIF)
fragments containing a phenyl azide photoactivatable cross-and Rpb9 (RNAP II). Protein profiles are shown in Figure
linking agent (probe) and an adjacefP radiolabel were 1. The well-characterized adenovirus major late promoter
synthesized and incubated with purified yeast transcription (AdML) coupled to a G-less cassette (pG5MLT) was used
factors to assemble a preinitiation comple32,(42). Fol- as template DNA41). The pG5MLT-G-less cassette includes
lowing UV irradiation to cross-link proteins in physical a TATA box centered at positior30 and a single transcrip-
proximity to the probe, complexes were extensively digested tion start site at positior-1. Although transcription initiates
with nuclease, thereby converting cross-linked DNA &R at+1 using a HelLa nuclear extract or purified human system,
tag. Labeled polypeptides were then identified by gel initiation occurs at two downstream sites located within the
mobility assays and autoradiography. Our objectives were G-less cassette at positiorsl8 and+38 using the yeast
to answer the following questions: (i) Where do the yeast system (Figures 2 and 32Z, 44). To minimize potential
GTFs and RNAP Il bind to promoter DNA relative to the complications associated with dual start sites from the same
transcription start site prior to promoter melting? (ii) How promoter, we mutated the downstream start site fromA
do the promoter contact points for these factors compare toT, which significantly diminished initiation at positioh38
the contact points for the human general transcription relative to initiation at+-18 (Figure 2, lane 1 vs lane 7). The
machinery? (iii) Does a mutation in yeast TFIIB that shifts sua7-3 extract was defective for initiation from either
start site selection in vivo affect proteHDNA contact points promoter (lane 1; cf. lanes 5 and 9), and this defect was
in vitro? rescued by rTFIIB (lanes 6 and 10).
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Ficure 3: pG5MLT A38T template. Site-specific, phenyl azide photoactivatable DNA fragments that include an a#faamcliolabel

span residues 37 to+21 on the nontemplate strand and residu&9 to+21 on the template strand. Transcription initiates at positian

using a human transcription system but at positi$ii8 (arrow) and+38 using the yeast system; an A38T substitution was introduced to
eliminate initiation at+-38 (see Figure 2). Start sites-al and+18 are highlighted in blue; the altered start site-88 is denoted in black.

DNA sequences corresponding to the AdML promoter and G-less cassette are highlighted in black and red, respectively. Asterisks denote
the positions of each phenyl azide site.
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Ficure 4: Assembly of derivatized template DNA into protein
DNA complexes. The electrophoretic mobility shift assay (EMSA)
establishes that greater than 90% of the pG5MLT A38T template - — T
is assembled into a DNATBP—TFIIB—RNAP I[I—=TFIIF complex. :

TFIA is included here (lane 2) because the TB complex is not

stable in the EMSA assay; TFIIA is dispensable for formation of ; R

the higher order TBPol and TBPolF complexes and was not P —
included in any of the cross-linking experiments in this study L R P

(Figures 5 and 6). Key: TB, DNATBP—TFIIB; TAB, DNA— P i

TBP—TFIIA—TFIIB; TBPol, DNA—TBP-TFIIB—RNAP II; TB- L2345 6

PolF, DNA—-TBP—TFIIB—RNAP II-TFIIF. Ficure 5: Protein-DNA photo-cross-linking is dependent upon

the presence of TBP and TFIIB. Representative pretein
DNA cross-linking data to the pG5MLT nontemplate strand posi-

We constructed 55 site-specific derivatized promoter DNA tion —12NT are depicted. Cross-linking to the Tfgl and Tfg2

fragments, each including the photoactivatable cross-linking SuPunits of TFIIF and the Rpb7 subunit of RNAP Il is dependent
. . upon the presence of TBP and either the normal or R78C form of

agent at a single, defined phosphate on the AAML-G-less 1 g.
A38T template. Site-specific derivatives span residu8g
to +21 on the nontemplate (top) strand and residu&6 to
+21 on the template (bottom) strand (Figure 3). DNA  mogeneous, they are not necessarily functionally homoge-
TBP—TFIIB—RNAP II-TFIIF complexes were assembled neous; i.e., in the presence of TFIIE, TFIIH, and ATP not
using either rTFIIB or the rTFIIB R78C derivative that shifts all complexes would necessarily yield transcripts; therefore,
initiation downstream of normal. Randomly selected, de- we cannot be certain that specific protelDNA cross-links
rivatized DNA fragments were assayed by electrophoretic defined here occur in initiation-competent complexes. Rep-
mobility shift assays to monitor assembly into higher order resentative cross-linking data are shown in Figures 5 and
complexes. A representative assay is depicted in Figure 4.6A,B. Results are summarized schematically in Figure 7.
At the concentration of factors used in this study, essentially Cross-Link Sites between Yeast RNAP Il and Promoter
all DNA was incorporated into single homogeneous com- DNA.We found that three subunits of the 12-subunit RNAP
plexes. Control reactions established that the cross-link sitesll complex cross-linked with template DNA. Rpb1 and Rpb2
are position-dependent and dependent upon the presence axhibited similar patterns, cross-linking with the nontemplate
TBP and TFIIB, as shown in Figure 5 for nontemplate strand strand immediately upstream of the TATA box, beginning
position —12. Accordingly, our results represent specific at position—37, and at several downstream sites between
protein—DNA interactions. positions —12 and +18 (Figure 7). Similar, though less

The identities of cross-linked polypeptides were deter- extensive, cross-links of Rpbl and Rpb2 to the template
mined by denaturing polyacrylamide gel electrophoresis strand were found. These results are comparable to those
using purified GTFs and tagged derivatives of TFIIF and reported previously for the Rpbl and Rpb2 subunits of
RNAP 1l subunits as markers. All experiments were done human RNAP Il using the AML promoteBg, 35). Given
in the absence of ATP, TFIIE, and TFIIH, which are required the dimensions of yeast RNAP I, estimated to be 240
for promoter melting; consequently, our data reflect contact 136 x 100 A @5), and the approximate distance of 190 A
points prior to open complex formation. Although the between positions-37 and+18, it appears that RNAP Il is
complexes characterized in this study are structurally ho- able to bind sites on the template DNA that are separated
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FiGURE 6: Protein-DNA photo-cross-linking results for the DNATBP—TFIIB—RNAP II-TFIIF promoter complex. (A) Representative
protein—DNA cross-linking data to the pG5MLT nontemplate strand positie22 to —8 using the normal or the R78C form of TFIIB
(IIB). Tfgl and Tfg2 denote the two largest subunits of TFIIF. (B) Representative cross-linking data to the template strand p@gitions
to —10 and to nontemplate strand (NT) positiond 8BNT and—12NT using normal or R78C TFIIB. (C) Representative data showing
cross-linking of Rpb7 to nontemplate strand positiof2 using the complete 12-subunit RNAP Il complex (lane 1) or 10-subunit complex
lacking Rpb4 and Rpb7N4/7) (lane 2). Lanes 3 and 4 show silver nitrate stained TAP-purified RNAP Il (lane 3) and RN¥?17I(lane
4). Lanes 5 and 6 show cross-linking to nontemplate positi@2 using either conventionally purified RNAP Il (lane 5) or TAP-Rpb9
RNAP Il (lane 6). TAP-purified RNAP Il and RNAP IA4/7 are depicted in Figure 1. (D) Representative data showing enhanced-TFIIF
DNA cross-linking associated with the R78C form of TFIIB to nontemplate (NT) strand positibgo-+19. Photo-cross-linking experiments
used three different concentrations (3.75, 7.5, or 15 ng) of normal TFIIB (WT) or its R78C derivative.

by distances greater than the dimensions of RNAP II. These 1 and 3). Second, the cross-linking signal was lost when the
results suggest that template DNA wraps around the yeastexperiment was repeated using the 10-subunit form of RNAP
RNAP Il complex, as suggested previously for human RNAP Il that lacks the Rpb4 and Rpb7 subunits (Figure 6C, lanes
Il (32, 34). 1 and 2), thereby defining dependence of the cross-link upon
The only other subunit of human RNAP Il reported to either Rpb4 and/or Rpb7. Third, there was no effect on the
cross-link with template DNA is Rpb332). In our studies position of the cross-linking polypeptide when the experiment
we saw no evidence for cross-linking of yeast Rpb5 with was repeated using RNAP Il that lacks the Rpb9-TAP tag
DNA. Instead, we found that the Rpb7 subunit cross-linked (Figure 6C, lanes 5 and 6), indicating that the cross-linking
to DNA downstream of TATA at position-12 on the subunit is not Rpb9. We conclude that yeast Rpb7 directly
nontemplate strand and at positionrd4 and—16 on the contacts promoter DNA between the TATA box and start
template strand (Figures 6A,B and 7). Three lines of evidencesite.
argue that the observed cross-links correspond to Rpb7. First, GTF—Promoter DNA Cross-LinksAs expected, TBP
the apparent molecular mass of the cross-linking polypeptide cross-linked with the nontemplate and template strands of
is close to that of only Rpb7 or Rpb9-TAP (Figure 6C, lanes promoter DNA at the TATA box (Figures 6A,B and 7).
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Ficure 7: Summary of DNA-TBP—TFIIB—RNAP II-TFIIF photo-cross-linking results. The nontemplate (top) and template (bottom)
strands of the ADML-G-less cassette are shown with AdML promoter DNA sequence denoted in black and the G-less cassette denoted in
red. Phosphate positions analyzed in this study are indicated by asterisks. Sites exhibiting reproducible cross-links are indicated by solid
bars; sites exhibiting less reproducible cross-links are indicated by shaded bars. The TATA element is highlighted by shading, and the
transcription start site using the human system is denoted in blue at positiohranscription using the yeast system initiates within the
G-less cassetteld) at position+18; normal initiation at+38 was diminished by the A38T substitution (Figure 2). Cross-linking results

that are different using the R78C form of TFIIB are highlighted in red.

These interactions also extended immediately upstreampromoter melting: cross-link sites to both DNA strands are
(nontemplate strand) and downstream (both strands) ofidentical for normal and R78C TFIIB (Figure 7). This result
TATA. The cross-link sites for TFIIB were also similar to is consistent with our conclusion that R78C alters transcrip-
those of human TFIIB, contacting DNA upstream and tion after PIC assembly by affecting the competition between
downstream of TATA. These sites correspond to the specific abortive initiation and promoter clearanc®?). Similarly,
contact points between promoter DNA and the C-terminal contact with promoter DNA is not affected by an altered

core domain of TFIIB observed in the DNATBP—TFIIB
crystal structureq6) and are consistent with DNATBP—
TFIIB footprinting data 6). Additional TFIIB cross-link sites

form of human TFIIB that affects start site selectidr®)(
Interestingly, however, R78C enhanced the interaction of
both subunits of TFIIF with the nontemplate strand at

were observed further downstream, including contact points position+19 (Figure 6D, cf. lanes 1618 with lanes 13
flanking +1. These sites presumably represent contact points15; Figure 7); no effect of R78C on cross-linking of TFIIF

with the N-terminal domain of TFIIB that includes the zinc
ribbon and B-finger.

TFIIF formed multiple DNA contacts, spanning promoter
DNA from upstream of TATA to sites as far downstream as
+18 on the nontemplate strand ar@®2 on the template
strand (corresponding to the limits of the probes in this
study). All of these contact sites are TBP-dependent.
Extensive cross-linking between TFIIF and promoter DNA
was reported previously for human TFIIBZ 34, 35) and,

in one case, included multiple contact points downstream

of +1 (34). These results are generally consistent with the
broad distribution of the Tfgl and Tfg2 subunits of TFIIF
across RNAP Il revealed by cryoelectron microscopy of the
yeast RNAP I+TFIIF complex @0). Moreover, much of

to positions+15 or +17 was observed (Figure 6D, lanes
1-6 and #12). Quantitative effects of R78C on cross-
linking of TFIIF also occurred at positiof-1 (Figure 7).
Thus, R78C does not affect the direct interaction of TFIIB
with DNA prior to promoter melting but instead affects
DNA—TFIIF interactions. Whether this effect underlies the
mechanism of altered start site selection associated with
TFIIB and TFIIF mutations will be addressed by future cross-
linking studies with promoteropen complexes.

DISCUSSION

The results of this study define a comprehensive set of
protein—DNA contact points within the yeast DNATBP—
TFIIB—RNAP II-TFIIF complex, thereby complementing

the TFIIF density is associated with the Rpb4/Rpb7 subunits the recent X-ray and cryo-EM structures of the yeast RNAP

of RNAP 11 (30), which is likely to account for the common
cross-links at positions-12 to —16 for TFIIF and Rpb7
(Figures 6A,B and 7).

Effect of the TFIIB R78C Replacemehhe sua7-3mutant
extract, containing the R78C form of TFIIB, is severely
defective for transcription from theCYC1 and AdML
promoters (Figure 2)22). Here we show that TFIIB R78C
has no effect on the TFIBDNA interaction prior to

[l transcription machinery. The key findings are that (i) the
overall pattern of cross-link sites were remarkably similar
between the yeast and human systems, supporting the
premise that the architecture of the preinitiation complex is
similar in all eukaryotes; (ii) in apparent contrast to human
RNAP I, the yeast Rpb7 subunit forms strong and reproduc-
ible cross-links to both strands of promoter DNA at specific
sites between the TATA box and initiator region; and (iii)
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the TFIIB R78C replacement, which confers a marked effect Rpb7 subunit of RNAP Il and its archaeal counterpart
on start site selection, has no effect on TFHBNA cross- includes two nucleic acid binding motifs, leading to the
linking prior to promoter melting. Instead, R78C enhances proposal that Rpb7 binds the nascent transcript as it emerges
specific TFIIF contacts with downstream DNA, an effect that from the RNA exit channel50, 52). If our Rpb7—-DNA
underscores the expansive interaction of TFIIF with promoter cross-link sites correspond to a binding site for DNA during
DNA. PIC assembly and transcription initiation, then it is conceiv-
Our results have several important implications for the able that the Rpb7DNA interaction is replaced by Rpb7
mechanism of transcription initiation. The recent X-ray RNA during the transition to elongation. This notion is in
structures of the complete 12-subunit yeast RNAP || complex agreement with the weak interaction between Rpb7 and DNA
revealed that the Rpb4/Rpb7 subcomplex, absent in the 10-n the elongation compleXs() and the dispensability of the
subunit structures2@, 46, 47), is situated at the upstream Rpb4/Rpb7 complex for elongation in vitrd9).
face of RNAP Il adjacent to the docking site for TFIIB, ( The AdML-G-less cassette used in this study includes the
5). Rpb7 forms a wedge between the mobile “clamp” and same promoter used in earlier studies of human RNAP Il
flexible linker domain of Rpbl1 such that the Rpb4/Rpb7 (32, 35). Accordingly, cross-linking results can be directly
subcomplex appears to lock the clamp in a closed conforma-compared between the yeast and human systems. The most
tion. This structure would necessarily block entry of duplex notable differences between the human and yeast cross-
DNA into the active site cleft, a surprising conclusion given linking results are that human Rpb5, but not yeast Rpb5,
that the Rpb4/Rpb7 subcomplex is required for transcription binds DNA, whereas no cross-linking of human Rpb7 to
initiation but dispensable for elongatioA§—50). DNA was reported32, 35). Perhaps these differences reflect
In the “clamp-open” form of RNAP II, double-stranded differences in transcription mechanisms between the two
DNA could follow a straight path into the active site cleft systems. However, negative results from photochemical
(28). However, binding in the cleft in the clamp-closed state cross-linking experiments are not necessarily meaningful
requires bending of the DNA by-90°, leading to the (39, and we caution against conclusions based on the
proposal that straight promoter DNA binds RNAP I, passing absence of Rpb5 and Rpb7 cross-links in the respective
above the closed clamp, and that single-stranded templatestudies.
DNA descends into the active center of RNAP Il upon  The human and yeast studies are more notable for their
melting and bending4( 5). However, a straight path for  similar overall cross-linking patterns. This is remarkable in
promoter DNA prior to melting is hard to reconcile with that transcription initiation from the AdML-G-less cassette
our observation that DNA interacts directly with Rpb7: the occurs at+1 with the human RNAP Il machinery but at
structure of the 12-subunit complex would require that +18 and+38 using the yeast system (Figure @Y. This
promoter DNA bend significantly to enter the downstream confirms that yeast RNAP |l enters into a preinitiation
cleft while making upstream contact with Rpb7. complex at one site but initiates transcription further
We envision either of two scenarios to account for the downstream. Although we have not yet determined cross-
robust cross-links between Rpb7 and promoter DNA. In one link sites for TFIIE and TFIIH, we anticipate that these
case, promoter DNA would not bind RNAP 1l as a straight factors will not affect the architecture of the DNARNAP
duplex. Instead, the Rpb4/Rpb7 subcomplex might facilitate Il contacts, as TFIIE and TFIIH “slot” into the complex
initiation by inducing a topological bend in the promoter as without altering the interactions of human RNAP Il or the
a prerequisite to promoter melting and entry of template other general transcription factors with DNABZ 35). This
DNA into the active center. This possibility is consistent with scenario raises the question of whether promoter melting
earlier cross-linking studies of human RNAP I, suggesting occurs at a defined distance from TATA or from the start
that promoter DNA wraps around RNAP [82, 34). site. Analysis of open complex formation at t@AL1 and
Alternatively, the topology of the Rpb4/7 subcomplex GAL7genes revealed that promoter melting begins at a fixed
within the RNAP Il holoenzyme does not reflect its topology distance of~20 bp from the TATA elements of these two
in the DNA-TBP—TFIIB—RNAP [I-TFIIF complex. Given promoters, despite initiating 70 bp downstream atGiad 1
the small interface between Rpb7 and core RNARL)IS], promoter and 90 bp downstream@AL7 (7). These results
it seems plausible that the topology of the Rbp4/Rpb7 led to the proposal thaS. cereisiae RNAP Il scans
subcomplex might change during assembly of the preinitia- downstream template DNA for acceptable start si®s (
tion complex. If such a topological change involves dis-  The structure of the RNAP #TFIIB complex suggests a
sociation of the Rpb7 “tip” that forms the wedge between mechanism by which scanning might occur. The finger
the clamp and CTD linker, then the clamp could swing open domain of TFIIB, which encompasses residues—88,
to allow entry of the promoter DNA duplex into the active protrudes into the RNA exit channel, extending beyond the
center cleft. This scenario might underlie the essential role active center Z1). Kornberg and colleagues proposed that
of Rpb4/Rpb7 in transcription initiatiord). following strand separation the B-finger directly interacts
Interaction between the Rpb7 subunit of RNAP Il and with template DNA near the active center. Whether RNAP
DNA has also been detected by photoaffinity cross-linking Il initiates at the nucleotide positioned in the active center
during transcription elongatio®{). Yeast Rpb7 cross-linked  (+1) or proceeds downstream would depend on favorable
at low levels to positions-10 and—4, compared to robust interactions between TFIIB and the template sequence: in
cross-links at positions-12 to—16 in our study. [Rpb7 also  the absence of stable interactions, single-stranded template
cross-linked to positior-29/—28; however, this cross-link  DNA would pass through the active center until more
was diminished in the presence of RNase H, implying that favorable interactions occur. TFIIB amino acid replacements
cross-linking was probably an artifact of the nontemplate that shift start site selection would do so either by directly
strand failing to reanneal with the tailed templei&)(] The affecting TFIIB-DNA interactions upstream of-1 or by



12748 Biochemistry, Vol. 43, No. 40, 2004

indirectly affecting interaction of the TFIIB “fingertip” with
template DNA at the catalytic cente21).

Our observation that the TFIIB R78C replacement does
not affect TFIIB-DNA cross-linking is consistent with this
model. Prior to melting, promoter DNA would be unable to
enter the active center of the clamp-closed form of RNAP
II, and no effect of R78C on cross-linking of the B-finger to
DNA would be expected. Instead, we found that R78C
affected the interaction of TFIIF with DNA. Therefore,
altered interaction of TFIIB within the RNA exit channel
appears to affect TfgADNA affinity prior to promoter
melting and insertion of single-strand template DNA into
the active center. We do not know how the TFIIB-mediated
effect on TFIIF-DNA interaction correlates with start site
changes, but it might be related to our isolation of altered
forms of TFIIF as suppressors of the TFIIB E62K and R78C
mutants 22, 23). We are now interested in knowing how
these and other suppressors of start site def@dsaffect
protein—DNA cross-linking, both before and after promoter
melting.
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