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Abstract 21 

The TFIIB-related factor Brf1 is essential for RNA polymerase (Pol) III 22 

recruitment and open promoter formation in transcription initiation. We site-23 

specifically incorporated non-natural amino acid cross-linker to Brf1 to map its 24 

protein interaction targets in the pre-initiation complex (PIC). Our cross-linking 25 

analysis in the N-terminal domain of Brf1 indicated a pattern of multiple protein 26 

interactions reminiscent of TFIIB in the polymerase active site cleft. In addition to 27 

the TFIIB-like protein interactions, the Brf1 cyclin repeats subdomain is in contact 28 

with the Pol III-specific C34 subunit. With site-directed hydroxyl radical probing, 29 

we further revealed the binding between Brf1 cyclin repeats and the highly 30 

conserved region connecting C34 winged-helix domains 2 and 3. In contrast to 31 

the N-terminal domain of Brf1, the C-terminal domain contains extensive binding 32 

sites for TBP and Bdp1 to hold together the TFIIIB complex on the promoter. 33 

Overall, the domain architecture of the PIC derived from our cross-linking data 34 

explains how individual structural subdomains of Brf1 integrate the protein 35 

network from the Pol III active center to the promoter for transcription initiation. 36 

37 
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Introduction 38 

Eukaryotic RNA polymerase (Pol) III transcribes precursor tRNAs, 5S 39 

ribosomal RNA, small nuclear RNAs such as U6 and 7SK RNAs, and a number 40 

of small nucleolar and microRNAs (1). In yeast (Saccharomyces cerevisiae), the 41 

Pol III transcription apparatus consists of the 17-subunit Pol III and three other 42 

transcription factors: the single-polypeptide TFIIIA, the three-subunit TFIIIB and 43 

the six-subunit TFIIIC (2, 3). TFIIIA and TFIIIC function as the promoter 44 

recognition factors, and TFIIIB is recruited to the promoter through TFIIIC. TFIIIB 45 

is composed of the TFIIB-related factor Brf1, the TATA-box binding protein TBP, 46 

and the SANT domain-containing subunit Bdp1. Previous biochemical studies 47 

indicated that Brf1 and TBP cooperatively assemble onto DNA upstream of the 48 

transcription start site, and Bdp1 binds to the Brf1-TBP-DNA complex mainly 49 

through its SANT domain (4-10). The TFIIIB-DNA assembly is required for 50 

subsequent Pol III recruitment and transcript initiation. Both Brf1 and Bdp1 have 51 

been found to interact with Pol III and function in promoter opening (4, 11-14).  52 

The N-terminal domain of yeast Brf1 (Brf1n; aa. 1-286) contains a zinc 53 

ribbon fold (aa. 3-34) and a cyclin-fold repeat subdomain (aa. 83-282) (Figure 54 

1A), both of which are homologous to those in the general transcription factor 55 

TFIIB of the Pol II system. Based on biochemical and structural analyses, TFIIB 56 

ribbon and cyclin-fold repeats are respectively positioned in the RNA exit tunnel 57 

and on the wall domain of Pol II (15-20). In addition, the connecting region 58 

between the TFIIB ribbon and cyclin repeat domain is structurally resolved to 59 

contain B-reader and B-linker motifs interacting with the polymerase active center. 60 
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Based on sequence comparison, the connecting region in Brf1n, which we refer 61 

to as N-linker, contains low sequence homology with TFIIB. However, this region 62 

might also contribute to the binding of the polymerase active center as previous 63 

genetic analyses revealed the involvement of ribbon and N-linker in open 64 

complex formation (11, 13). 65 

The C-terminal half of Brf1 (Brf1c) is Pol III-specific and is not conserved 66 

among the TFIIB family, which, in addition to Brf1 and TFIIB, also includes Rrn7 67 

(TAF1B in human) in the Pol I system (21-24). Yeast Brf1c (aa. 287-596) contains 68 

three homologous sequence blocks, I (aa. 287-304), II (aa. 461-515) and III (aa. 69 

570-596) (Figure 1A), that are conserved in S. cerevisiae, Schizosaccharomyces 70 

pombe, Candida albicans, Kluyveromyces lactis and Homo sapiens (22, 25). 71 

Brf1c exists mostly as a scaffold that holds together the three TFIIIB subunits (12, 72 

26). In particular, structural analysis of the Brf1-TBP-DNA complex indicated that 73 

homology block II is positioned along the convex and lateral surfaces of TBP, and 74 

the block also interacts with Bdp1 (5, 6, 10, 22, 26-28). The homology blocks are 75 

separated by two non-conserved connecting regions that we refer to as C-linkers 76 

1 and 2 (Figure 1A). 77 

Previous genetic and pairwise protein-protein interaction analyses have 78 

identified Brf1 interacting partners. In addition to TBP and Bdp1 of the TFIIIB 79 

complex, Brf1 interacts with the τ131 (Tfc4) subunit of TFIIIC and two of the Pol 80 

III subunits, C34 and C17 (29-33). However, most of the previous studies 81 

involved large protein fragments of Brf1, and a detailed and more precise 82 

characterization of the Brf1 protein network is not yet available. In this study, we 83 
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site-specifically incorporated a non-natural photo-reactive amino acid p-benzoyl-84 

L-phenylalanine (BPA) to the yeast Brf1 to map protein-protein interactions within 85 

the Pol III pre-initiation complex (PIC). BPA incorporated in the amino acid 86 

sequence of Brf1n revealed cross-linking with TBP and the C160 and C128 87 

subunits of the Pol III active site cleft as well as two smaller subunits, C34 and 88 

C17. The Brf1-C34 interaction was further analyzed by site-specific hydroxyl 89 

radical analysis that revealed the connection between the Brf1 cyclin repeat 90 

subdomain and a conserved sequence C-terminal to C34 winged-helix domain 2. 91 

Our cross-linking results for Brf1c identified additional Bdp1 and TBP interactions 92 

in the C-linker 1 region. Mutational analysis indicated that a Bdp1-binding block 93 

in C-linker 1 is required for optimal cell growth and in vitro transcription activity. 94 

Overall, our work provides a precise mapping of the network of protein-protein 95 

interactions for Brf1 and further elucidates the domain architecture of the Pol III 96 

PIC.   97 
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Materials and Methods 98 

Yeast strains and plasmids 99 

Yeast strains used for this study were derived from BY4705 with chromosomal 100 

disruptions of individual genes by the KanMX4 cassette, yielding Brf1 shuffle 101 

strain YSK1 [MATα ade2::his3G his3Δ200 leu2Δ met15Δ lys2Δ trp1Δ63 ura3Δ 102 

(brf1::KanMX4) Brf1-pRS316 (URA3+)] and C34 shuffle strain YLy3 [MATα 103 

ade2::his3G his3Δ200 leu2Δ met15Δ lys2Δ trp1Δ63 ura3Δ (Rpc34::KanMX4) 104 

Rpc34-pRS316 (URA3+)] (34, 35). Brf1 and Rpc34 (C34) were separately cloned 105 

into yeast 2 micron vector pRS425 with LEU2 selection marker (36). Both genes 106 

were driven by yeast ADH1 promoter. Brf1 was either V5- or 13-Myc-epitope 107 

tagged at the C-terminus via the QuikChange II Site-Directed Mutagenesis Kit 108 

(Stratagene), yielding plasmids pSK1 (Adh1-Brf1cV5-pRS425) and pSK2 (Adh1-109 

Brf1c13Myc-pRS425), respectively. C34 was C-terminally V5-tagged, yielding 110 

pYL5 (Rpc34cV5-pRS425). Each of the constructed plasmids was used to 111 

generate individual mutant plasmids containing single “TAG” (amber) nonsense 112 

codon substitution at intended amino acid positions. To generate yeast strains for 113 

incorporating non-natural amino acids p-benzoyl-L-phenylalanine (BPA) into Brf1 114 

and C34, we applied plasmid shuffling to transform individual amber plasmids 115 

into yeast YSK1 together with the plasmid pLH157 encoding a suppressor 116 

tRNACUA (corresponding to TAG amber codon) and a BPA-tRNA synthetase (16, 117 

37).  118 

For Brf1 mutagenesis study, the gene encoding Brf1 along with its 119 

endogenous promoter was cloned into the vector pRS315 with a single HA 120 
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epitope tag at the C-terminus, yielding pSK3 (Brf1-HA, ars cen, LEU2) (38). All 121 

Brf1 mutant plasmids were generated based on pSK3, and the plasmids were 122 

transformed into the Brf1 shuffle strain to generate mutant strains by the 5-FOA 123 

drop-out method. For cells growth assay, both the WT and mutant strains were 124 

grown in YPD till OD600 1.0, and the cell cultures were subsequently diluted with 125 

the dilution range of 10-2, 10-4 and 10-6. The diluted cells were spotted on the 126 

synthetic complete glucose plate lacking leucine, and the growth phenotypes at 127 

temperatures 16 °C, 25 °C, 30 °C, and 37 °C were monitored. The incubation 128 

time for cell growth at 30 °C and 37 °C was 3 days. For subsequent biochemical 129 

studies, yeast whole cell extract (WCE) is prepared.  Detailed procedures for 130 

preparation of WCE from individual BPA-incorporated or mutant yeast strains 131 

have been described previously (14, 39).  132 

 133 

PIC isolation and BPA photo-crosslinking 134 

The Pol III pre-initiation complex (PIC) was isolated using the immobilized 135 

template assay (IMT) with yeast WCE and DNA template containing either the U6 136 

snRNA or SUP4 tRNA promoter immobilized on Streptavidin magnetic beads 137 

(DynaI) as previously described (14, 39). For the BPA photo-crosslinking 138 

experiment, 800 µg of WCE was incubated with 4 µg of DNA template 139 

immobilized on 200 µg of DynaI beads (Invitrogen) at 30oC for 30 min. Each 140 

reaction was washed three times with transcription buffer containing 20 mM 141 

KHepes (pH7.9), 80 mM KCl, 5 mM MgCl2, 1 mM EDTA, 2%(vol/vol) glycerol, 142 

and 0.01% Tween 20. After washing, the reaction was divided into two fractions, 143 
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one that would receive UV irradiation (+UV) and the other that would serve as a 144 

control (-UV). UV irradiation was conducted with a total energy of 6500 µJ/cm2 in 145 

a Spectrolinker XL-1500 UV oven (Spectronics). The samples were then 146 

resuspended in NuPAGE sample buffer (Invitrogen) for SDS-PAGE and Western 147 

analysis. The Western blot was visualized with the LICOR Odyssey infrared 148 

imaging system using fluorescent dye-labeled secondary antibodies.  149 

 150 

In vitro transcription 151 

In vitro transcription was conducted with the IMT assay as described above. After 152 

washing, the isolated PICs were resuspended in 17 µL of transcription buffer 153 

containing 200 ng α-amanitin, 4 units of RNase inhibitor (Promega), and 1 mM 154 

DTT. A mixture of NTPs (3 µL) was subsequently added, and the resulting 155 

reaction mixture contains 500 µM each of ATP, UTP, CTP, 50 µM GTP and 0.16 156 

µM [α-32P] GTP (3000 Ci/mmol). After allowing the reaction to proceed at 30oC 157 

for 30 min, transcription was quenched by adding 180 µL of 0.1 M sodium 158 

acetate, 10 mM EDTA, 0.5% SDS and 200 µg/mL glycogen. The transcripts were 159 

extracted by phenol/chloroform and ethanol precipitated, separated on 6% (wt/vol) 160 

denaturing urea polyacrylamide gel and visualized by autoradiogram.  161 

Restoration of transcription activity was conducted by adding recombinant Brf1 162 

(160 ng) into the Brf1 mutants WCE.  163 

 164 

Immunoprecipitation 165 

Brf1 wild-type (WT) and mutant WCEs containing Bdp1 C-terminal Flag-tag and 166 
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Brf1 C-terminal HA-tag were used for immunoprecipitation (IP). WCE (1 mg) was 167 

mixed with 50 µL of anti-Flag agarose beads (Sigma) in the extract dialysis buffer 168 

containing 20 mM KHEPES pH 7.9, 100 mM KCl, 5 mM MgCl2, 1 mM EDTA, 169 

and 20% glycerol and incubated overnight at 4oC. Following 3 washes with 500 170 

µL of extract dialysis buffer, the bound proteins were eluted by boiling the beads 171 

at 95oC for 5 min in 20 µL of 4X NuPAGE buffer (Invitrogen). The eluted proteins 172 

were resolved by SDS-PAGE and analyzed by Western blot analysis probing with 173 

the following antibodies, anti-Flag (probed for Bdp1), anti-HA (probed for Brf1), 174 

anti-TBP, and anti-τ131 (Tfc4; TFIIIC subunit).  175 

 176 

C34 purification and FeBABE conjugation 177 

Expression and purification of C34 was as described previously (39). To avoid 178 

off-target FeBABE conjugation, three endogenous cysteines were altered to non-179 

cysteine residues as follows: Cys124Ala, Cys244Ala and Cys260Ser. All single-180 

cysteine C34 variants were derived from the non-cysteine C34. FeBABE 181 

conjugation was performed as described previously (14). 182 

 183 

Hydroxyl radical cleavage with C34-FeBABE conjugate  184 

Hydroxyl radical probing in the Pol III PIC was conducted based on the 185 

previously established protocol using a C82 mutant WCE allowing dissociation of 186 

the C82/34/31 subcomplex from the polymerase core (39). In a IMT reaction, 400 187 

µg yeast WCE containing C-terminally Flag3-tagged Brf1 and the C82 deletion-188 

mutant ǻ(50-52) was incubated with 0.72 µg of recombinant C31, 2 µg of 189 
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recombinant C82, and 0.94 µg of C34-FeBABE conjugate in a 200 µL reaction 190 

containing 2 µg of SUP4 tRNA promoter DNA template. The PICs on beads were 191 

washed three times with transcription buffer. After washing, samples were 192 

resuspended in 7.5 µL of transcription buffer. The following reagents were added 193 

sequentially: 2.5 µL of 50% (vol/vol) glycerol, 1.25 µL of 50 mM sodium ascorbate, 194 

and 1.25 µL of H2O2 mix [0.24% (vol/vol) H2O2, 10mM EDTA]. The hydroxyl 195 

radical cleavage reaction was conducted at 30oC for 8 min and quenched by 196 

adding 4.5 µL NuPAGE LDS sample buffer (Invitrogen) and 1 µL of 1M DTT. The 197 

protein cleavage sites in Brf1 were determined based on the method described 198 

previously (14). In vitro transcription analysis was also conducted in parallel. The 199 

C34-FeBABE conjugates restored transcription activity similar to that of the wild-200 

type (data not shown).  201 
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Results 202 

Brf1 N-terminal domain interacts with Pol III in a similar mode as the TFIIB-203 

Pol II complex 204 

To map the protein-protein interaction network of Brf1, we applied the 205 

nonsense suppression method to incorporate BPA site-specifically to the entire 206 

Brf1 (37, 40). We generated individual yeast strains each containing a single TAG 207 

amber codon in the Brf1 coding sequence for BPA replacement at the designated 208 

amino acid positions. A total of 197 strains were created as listed in Table S1. We 209 

isolated yeast WCEs from these Brf1-BPA strains and conducted the immobilized 210 

template (IMT) assay coupled with UV-irradiation to allow site-specific photo-211 

cross-linking in the isolated PICs. The cross-linking samples were subsequently 212 

applied to SDS-PAGE and Western blotting analyses, and protein cross-links 213 

were determined based on the appearance of additional low-mobility gel bands 214 

generated by UV-irradiation. As demonstrated in the Western analysis (Figure 215 

1B), BPA substitution in residues Gly44 and Gln62 in the N-linker region of Brf1 216 

generated protein cross-links of the size of ~240 kDa (Fig. 1B; lanes 4 and 6). By 217 

subtracting the apparent molecular weight of Brf1, the polypeptide cross-linked to 218 

Brf1 was estimated to have molecular weight in the range of 160 to 180 kDa. We 219 

confirmed this crosslinked polypeptide to be the largest subunit C160 of Pol III by 220 

repeating the photo-cross-linking experiment using WCEs containing C-terminally 221 

HA-tagged C160 and probing with anti-HA antibody (Fig. 1B; lanes 10 and 12). 222 

Cross-linking to the second largest subunit C128 of Pol III was also observed for 223 

BPA substitution in residues Arg85 and Arg149 of the first cyclin fold and residue 224 
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Asn18 of the ribbon fold (Fig. 1C and data not shown).  225 

As summarized in Figure 1A, Brf1-C160 and -C128 cross-links are 226 

distributed respectively in the N-linker and ribbon/cyclin repeat subdomains. The 227 

cross-linking pattern suggests a TFIIB-like binding mode as in the Pol II-TFIIB 228 

structural model (20). In the Pol II-TFIIB model, the linker region of TFIIB, 229 

including B-reader and B-linker motifs, are positioned in the polymerase active 230 

center contacting the lid, rudder, and clamp coiled-coil motifs of Rpb1 231 

(homologous to C160). In addition, the first cyclin fold of TFIIB is in close contact 232 

with the wall and protrusion domains of Rpb2 (homologous to C128), and the 233 

ribbon fold of TFIIB contacts both Rpb1 and Rpb2 in the RNA exit tunnel (16, 20). 234 

To further investigate this TFIIB-like binding mode, we conducted another BPA 235 

cross-linking analysis in the wall domain of C128. As demonstrated in Figure 1D, 236 

a BPA substitution at His801 of the wall domain generated a cross-link with Brf1, 237 

supporting the localization of Brf1 on C128. Although further structural and 238 

biochemical analyses are required to determine the structural region of Brf1 in 239 

contact with the wall domain of C128, our combined photo-cross-linking results 240 

with BPA substituted C128 and Brf1 suggest that the Brf1 N-terminal domain 241 

likely has a TFIIB-Pol II binding mode in the PIC.   242 

In addition to cross-linking with the two largest subunits of Pol III, we also 243 

observed Brf1-C17 cross-linking for residues Lys5 and His8 in the zinc-binding 244 

knuckle of the ribbon domain (Fig. 1A; data not shown). Since C17 dimerizes 245 

with C25 to form the stalk subcomplex that localizes adjacent to the RNA exit 246 

tunnel (41), the Brf1-C17 cross-link suggests a potential functional link between 247 
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Brf1 and the stalk in transcription initiation. Furthermore, we observed a Brf1-TBP 248 

cross-link at Lys211 at the H2’ helix of the second cyclin fold (Fig. 1A & 1E). This 249 

cross-link supports the structural model for the binding of cyclin fold repeats with 250 

the TBP-DNA complex, where the loop between H2’ and H3’ helices of the 251 

second cyclin fold interacts with the C-terminal stirrup and the C-terminus of TBP 252 

(42).  253 

 254 

Brf1 cyclin fold repeat subdomain connects with C34 for Pol III recruitment 255 

Our BPA cross-linking analysis for Brf1n revealed subdomain-specific 256 

interactions with C160, C128, and TBP, suggesting that Brf1n organizes TFIIB-257 

like domain architecture in the PIC. Based on previous studies with yeast two-258 

hybrid and pull-down analyses, Brf1 also contains a Pol III-system specific 259 

interaction with the C34 subunit of the Pol III complex. However, the interaction 260 

site for C34 was not precisely mapped as the studies were involved either with 261 

the full-length Brf1 protein or with the cyclin fold repeats (aa. 90-262) (22, 43). 262 

Consistent with the low-resolution protein mapping data, we observed a weak 263 

cross-link between Brf1 and the C34 subunit of Pol III at residue Tyr99 of the H2 264 

helix in the first cyclin fold (Figure 2A).  265 

Our previous cross-linking analysis on Pol III identified inter-subunit 266 

interactions that localize C34 N-terminal winged-helix domains WH1 and WH2 267 

above the Pol III active center cleft and the C-terminal region beneath the 268 

polymerase clamp domain (Figure 2B). However, it remains unclear how C34 269 

provides additional Pol III-Brf1 interaction for Pol III recruitment as indicated in 270 
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previous studies (22, 29, 44). To address this, we incorporated BPA in C34 to 271 

map Brf1 binding sites. BPA substitution at Glu169, located at the connecting 272 

region between WH2 and the predicted WH3, resulted in a weak cross-link with 273 

Brf1 (Figure 2C). Surprisingly, Glu169 is located near the amino acid stretch 274 

Asp171-Glu173 that is functionally important for Pol III recruitment (44).  275 

To further characterize the C34-Brf1 interaction, we applied site-directed 276 

hydroxyl radical analysis to probe the structural region of Brf1 near the C34 277 

WH2/3 connecting region. We generated C34 single cysteine mutants to 278 

conjugate the hydroxyl radical reagent FeBABE at the amino acid positions 279 

Leu170 and Ile172. The FeBABE-conjugated C34 variants were applied to the 280 

IMT assay for hydroxyl radical protein cleavage analysis in the PIC. In Figure 2D, 281 

a Brf1 cleavage fragment was commonly generated by the C34-FeBABE 282 

conjugates (Figure 2D; lanes 2, 3, and 4). By comparing with the molecular 283 

weight ladder generated from in vitro translated Brf1 peptide fragments, the 284 

cleavage site was determined to be in the H4’ helix of Brf1n second cyclin fold. In 285 

summary, the combined cross-linking and hydroxyl radical analyses suggest an 286 

interaction between the WH2/3 connecting region of C34 and the cyclin fold 287 

repeats of Brf1n. As the biochemical probing results were weak, we suspect that 288 

C34 might not strongly interact with Brf1 in the PIC. However, as previous studies 289 

suggested that BPA is a less efficient cross-linking reagent due to its geometry 290 

requirement for hydrogen abstraction by benzophenone (45), the weak C34-Brf1 291 

crosslinking could also be attributed to the poor cross-linking efficiency of BPA. 292 

 293 
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Brf1 C-terminal domain contains extended Bdp1 and TBP binding region 294 

The homology block II of Brf1c serves as the dominant binding site for both 295 

TBP and Bdp1, and this block adopts a “vine-on-a-tree” conformation to interact 296 

with TBP from the convex surface to the lateral surface of the first structural 297 

repeat (6, 27, 28). Consistent with the protein interaction model, our BPA cross-298 

linking analysis conducted in homology block II revealed cross-links with Bdp1 299 

and TBP. As indicated in the summary of Brf1c cross-linking (Figure 3A) and 300 

illustrated in Figure 3B, BPA-substitution at residue His473 generates two cross-301 

links confirmed to be TBP and Bdp1, indicating simultaneous interactions with 302 

both proteins. Similar simultaneous cross-linking was also observed for BPA 303 

substitution at the neighboring residue Ala472 (data not shown). In the homology 304 

block II-TBP-DNA ternary complex structure, His473 and Ala472 belong to the 305 

helix H23 that interacts with the convex surface of the TBP first structural repeat. 306 

Our cross-linking results therefore further suggest the localization for Bdp1 on the 307 

TBP convex surface.  308 

Additional Bdp1 and TBP cross-links were also observed for BPA 309 

substitutions in the connecting region between homology blocks I and II, which 310 

we refer to as C-linker 1. As shown in Figure 3C and summarized in Figure 3A, 311 

BPA incorporated at residues Lys319 and Lys335 generated Bdp1 cross-linking. 312 

In contrast to the Brf1-Bdp1 cross-links that are clustered closer to homology 313 

block I, Brf1-TBP cross-linking occurs at residues widely distributed in C-linker 1 314 

(Figure 3D and summarized in Figure 3A).  315 

 316 
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The Bdp1-binding block is important for transcription initiation 317 

On the basis of extensive TBP and Bdp1c interactions revealed by BPA 318 

cross-linking, we introduced a series of truncations and point mutations in Brf1c. 319 

Internal truncations and point mutations were initially introduced in homology 320 

block I resulting in cell lethality. In contrast, most of the mutations in C-linker 1 321 

resulted in yeast strains without observable temperature-dependent growth 322 

defects. However, mutations in the sequence block Gln311-Arg350, which 323 

provided multiple cross-linking with Bdp1 (Figure 3A), conferred a temperature-324 

sensitive growth phenotype. As demonstrated in Figure 4A, the yeast strains with 325 

either Leu332Glu point mutation or del (Glu331-Tyr340) internal truncation 326 

showed slow cell growth at the non-permissive temperature 37°C. We isolated 327 

WCEs from these two mutant strains and conducted a co-immunoprecipitation 328 

assay to analyze Brf1-Bdp1 binding. As shown in Figure 4B and 4C, both Brf1c 329 

mutants severely compromised the binding with Bdp1, supporting our cross-link 330 

data. We further analyzed this newly identified Bdp1-binding block by in vitro 331 

transcription and PIC formation assays on the SUP4 DNA template. Both 332 

mutations severely compromised transcription activity (Figure 4D, lanes 2 and 3). 333 

The mutations also caused reduced Bdp1 and Brf1 protein levels in the isolated 334 

PICs from the IMT assay (Figure 4E, lanes 2 and 3), indicating that both 335 

mutations affect stable association of Bdp1 and Brf1 in the PIC. Our results thus 336 

suggest that this Bdp1-binding block provides important structural support for 337 

stabilizing Brf1 and Bdp1 in the PIC.  338 

339 
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Discussion 340 

In the Pol III transcription machinery, Brf1 together with TBP and Bdp1 341 

constitutes transcription factor TFIIIB for Pol III recruitment and open promoter 342 

complex formation. Using site-specific biochemical probing analyses in this study, 343 

we precisely mapped the network of protein interactions for Brf1 in the PIC. Our 344 

cross-linking results suggest that the Brf1 N-terminal domain organizes a TFIIB-345 

like domain architecture in the PIC. In contrast, the C-terminal half of Brf1 serves 346 

mainly as the interface to hold TBP and Bdp1 for TFIIIB complex. An open 347 

promoter model for the Pol III PIC is thus derived based on the x-ray structures of 348 

Pol II-TFIIB, TFIIB cyclin folds-TBP-DNA, and Brf1 homology block II-TBP-DNA 349 

complexes (Figure 5) (20, 28, 46). In the model, the ribbon and the cyclin fold 350 

repeat subdomains are respectively localized in the RNA exit tunnel and on the 351 

wall domain of polymerase. TBP contacts a 8-bp-long DNA sequence that starts 352 

from 30 bases upstream of the transcription start site, and the Brf1 cyclin folds 353 

clamp the second stirrup of TBP and interact with DNA sequences flanking the 354 

TBP-binding region. Brf1 N-linker region was not modeled due to the lack of 355 

structural information. However, this region likely interacts with the open 356 

promoter region as well as structural motifs of the active center based on our 357 

Brf1-C160 cross-linking and its functional role, together with the ribbon 358 

subdomain, in DNA opening (11, 13, 47, 48).  359 

 The domain architecture of Pol III derived from our previous study 360 

localizes the TFIIE-like C82 and C34 subunits on the polymerase clamp (Figure 361 

5). The WH2 domain of C34 is in close contact with the clamp coiled-coil and 362 
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further interacts with the upstream edge of the transcription bubble, which is a 363 

10~12 base strand-separated promoter region spanning upstream beginning 364 

from the transcription start site (39). With the localization of C34 WH2 domain, 365 

the functionally important connecting region immediately C-terminal to WH2 is 366 

likely positioned adjacent to the Brf1 cyclin fold repeat subdomain. Our site-367 

specific cross-linking and hydroxyl radical data support this interaction. Further, 368 

this C34 connecting region likely contributes to additional upstream C34-DNA 369 

interaction based on the Pol III-DNA topography analysis indicating co-370 

localization of C34 and Brf1 in the promoter region spanning ~20 bases upstream 371 

of the transcription start site (49, 50). In the Pol II PIC, the TFIIB cyclin folds were 372 

found to interact with Tfg1 and Tfg2 subunits of the transcription factor TFIIF (15), 373 

which is positioned on the lobe and protrusion domains of polymerase (40). 374 

Compared to TFIIE, which also interacts with the polymerase clamp, the 375 

localization of TFIIF is on the opposite side of the polymerase cleft. Therefore, 376 

the cyclin repeats domain is involved in establishing specific interactions with 377 

polypeptides on the polymerase active center cleft for respective transcription 378 

systems. 379 

 Our cross-linking data indicate Brf1c mainly serves as a bipartite interface 380 

for TBP and Bdp1. Specifically, our analysis extends Bdp1- and TBP-binding 381 

sites to the C-linker 1 region, and we identified a functionally important Bdp1-382 

binding sequence block. Although this Bdp1-binding block contains low sequence 383 

homology, secondary structure analysis indicates consensus Į-helical secondary 384 

structures in this region. Furthermore, this Bdp1-binding block contains the amino 385 
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acid sequence Gly328-Glu329-Gln330-Glu331-Leu332 (GEXEL) that was 386 

previously reported to be a conserved short motif in Brf1c (25). The structural 387 

region of Bdp1 that interacts with this sequence block remains to be determined. 388 

In addition to TBP and Bdp1 interactions, we observed a weak C34 cross-link for 389 

BPA substitution at Gln549 adjacent to homology block III (data not shown). This 390 

C34 cross-link supports a previous genetic interaction analysis that mapped Brf1-391 

C34 interaction to homology blocks II and III (29).  392 

The domain architecture of the PIC derived from this study explains 393 

respective functional roles in DNA opening for ribbon and N-linker and in 394 

organizing TFIIIB-pol III-DNA complex for the cyclin fold repeats subdomain and 395 

the C-terminal domain. In the eukaryotic Pol I system, the TFIIB-related factors 396 

TAF1B in human and Rrn7 in yeast also contain TFIIB-like ribbon and cyclin 397 

repeat subdomains in their N-terminal domains and unique C-terminal domains 398 

specific for respective polymerases (23, 24). Genetic analysis for TAF1B 399 

indicated that the zinc ribbon and the connecting region (N-terminal linker) mainly 400 

function in post-recruitment step(s), reminiscent of Brf1 (23). Although the 401 

analysis for domain localization is not available, a conserved binding mechanism 402 

may exist for these Pol I factors as suggested by our study for Brf1.   403 
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Figure Legends 557 

Figure 1. Brf1n BPA photo-crosslinking. (A) Schematic of Brf1 domain 558 

architecture and summary of Brf1n BPA photo-crosslinking. Residue numbers for 559 

the boundaries of individual subdomains are marked. NL, N-linker; CL-1&2, C-560 

linker 1&2. BPA-substituted residues are color coded according to respective 561 

cross-linked polypeptides indicated below the horizontal connecting lines. Lower 562 

panel: models of the ribbon fold (left) and the Brf1c homology block II-TBP-DNA 563 

complex (right). The magenta sphere in the ribbon model indicates the zinc ion. 564 

TBP is displayed with the molecular surface model in light green. Others are 565 

shown as backbone trace with Brf1c homology block II in brown, Brf1n cyclin 566 

folds in orange, template DNA (TS) in dark blue, and non-template DNA (NTS) in 567 

cyan. BPA-substituted residues with confirmed cross-linking targets are 568 

highlighted with spheres. The hydroxyl radical cleavage site (Ala246±5aa) in 569 

Brf1n by C34-FeBABE is indicated. (B) Western analysis of Brf1-C160 photo-570 

cross-linking. BPA-substituted residues are indicated above the lanes. Brf1-C160 571 

cross-linking was identified using anti-V5 antibodies (Brf1) (lanes 1-6) and 572 

confirmed with anti-HA antibodies (C160) (lanes 7-12), respectively. Triangles are 573 

placed next to the cross-linking gel bands. All cross-linking bands in subsequent 574 

figures are marked by triangles. WCE, yeast whole cells extract; UV + or −, with 575 

or without UV irradiation; WT, wild-type Brf1 with no BPA replacement; *, non-576 

specific background band. (C) Brf1-C128 photo-crosslinking. Brf1-C128 cross-577 

linking band was visualized with anti-V5 antibody (Brf1) (lanes 1-4) and 578 

confirmed with anti-HA antibody (C128) (lanes 5-8). (D) C128-Brf1 photo-579 
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crosslinking. C128-Brf1 cross-linking band was visualized with anti-Myc antibody 580 

(C128) (lanes 1-4) and confirmed with anti-Flag antibody (Brf1) (lanes 5-8). The 581 

BPA position in C128 additionally cross-links to C82. (E) Brf1-TBP photo-582 

crosslinking at BPA substituted residue Lys211 in the second cyclin fold of Brf1. 583 

The cross-linked Brf1-TBP was probed with anti-V5 antibody (Brf1) (lane 1-4) and 584 

confirmed by anti-TBP antibody (lane 5-8).  585 

 586 

Figure 2. Brf1n cyclin folds interact with C34. (A) Brf1-C34 photo-cross-linking 587 

from BPA-substitution at residue Tyr99 of Brf1. The cross-linking was visualized 588 

with an antibody against V5 (Brf1) (left panel) and was verified with C34 589 

antiserum (right panel). Cross-linking bands are marked with triangles. The 590 

bands marked with asterisks (*) are background bands, which appear to be UV-591 

specific. (B) Schematic of C34 domain architecture. As highlighted in the 592 

sequence of the connecting region between WH2 and 3 domains, Asp171 and 593 

Glu173 mutations affect transcription initiation. (C) Western analysis of C34-Brf1 594 

cross-linking. BPA-substitution is at the residue Glu169 of C34. Crosslink was 595 

visualized by probing with anti-V5 antibody (C34) (left panel) and the identity of 596 

the C34-Brf1 cross-linking band was verified by probing with Brf1 antiserum (right 597 

panel). Asterisk (*) marks a non-specific background band. (D) Determination of 598 

C34-FeBABE hydroxyl radical cleavage site in Brf1. The hydroxyl radical 599 

cleavage peptide fragment is revealed in the Western blot analysis with anti-Flag 600 

antibody, and the cleavage site is determined to be in the cyclin fold repeat 601 

subdomain of Brf1 as indicated. The non-cysteine (nonCys) mutant of C34 does 602 
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not contain any cysteine residue for FeBABE conjugation and served as the 603 

negative control. Non-specific bands are marked with asterisks. 604 

 605 

Figure 3. BPA photo-cross-linking in Brf1c. (A) Summary of Brf1c BPA photo-606 

crosslinking. (B) Western analysis of cross-linking for BPA-substitution at His473 607 

of Brf1. The cross-linking results were probed with anti-V5 antibody (Brf1) (left 608 

panel), anti-Flag antibody (TBP) (middle panel), and anti-Bdp1 antibody (right 609 

panel). The cross-linking bands are marked with triangles. A slight upper mobility 610 

shift for the Brf1-TBP cross-link in the middle panel was caused by the use of 611 

Flag epitope tagging in TBP. (C) Western analysis of Brf1-Bdp1 cross-linking at 612 

Lys319 and Lys335 in the C-linker 1 (CL-1) region. The Western blot was probed 613 

with anti-Myc antibody for Myc-epitope tagged Brf1 and anti-Bdp1 antibody to 614 

confirm the Bdp1 polypeptide in the cross-linked fusion (lanes 8 and 10). (D) 615 

Western analysis of Brf1-TBP cross-linking for BPA-substitution at residues 616 

Ser420, Gln424 and Asn418 of Brf1c. 617 

 618 

Figure 4. Mutational analysis of Brf1c homology block I and C-linker 1. (A) Cell 619 

growth phenotype was analyzed by the serial dilution spot assay. Both 620 

Leu332Glu and del (Glu331-Tyr340) mutants showed slower growth at 37oC. (B) 621 

Western blot analysis of co-immunoprecipitation for Brf1 Leu332Glu and del 622 

(Glu331-Tyr340) mutants. Co-IP was conducted with anti-Flag agarose to 623 

precipitate Flag-tagged Bdp1 and co-immune precipitated polypeptides were 624 

probed with respective antibodies indicated on the left. (C) IP-anti-Flag results 625 
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are quantified and plotted with WT signals set to 1. Errors bars indicate s.e.m. 626 

from four independent experiments.  (D) Transcription activity of Brf1 mutants. As 627 

indicated, WCEs from wild-type (WT) or mutant yeast strains were used in the in 628 

vitro transcription assay. The autoradiograms show the SUP4 pre-tRNA transcript 629 

(upper panel) and SnR6 transcript (lower panel). rBrf1, recombinant wild-type 630 

Brf1. (E) Immobilized template analysis. Proteins in the isolated Pol III PICs from 631 

the IMT assay were probed with antibodies as indicated on the left. The relative 632 

protein levels for Brf1 and Bdp1 are listed below each gel band.   633 

 634 

Figure 5. Model of the Pol III open promoter complex. (A) The structural model 635 

contains Pol III, Brf1, TBP, and open promoter DNA based on the Pol II-TFIIB-636 

TBP open promoter complex (19, 20) and the Brf1c homology block II-TBP-DNA 637 

structure (28). Subdomains of Brf1 are displayed with the backbone trace model 638 

and are color-coded: Brf1n cyclin repeats in orange and Brf1c homology block II 639 

in brown. The molecular surface model of TBP is colored pale green. The Pol III 640 

core structure is shown as the white molecular surface, and the magenta sphere 641 

in the active center denotes the magnesium ion. Pol III-specific subunits are 642 

displayed as follows: C34 WH1 and WH2, magenta backbone trace; C82, tan 643 

molecular surface; C37/53 subcomplex, light blue molecular surface. DNA is 644 

represented by the phosphate backbone trace with the template strand in blue 645 

and non-template strand in cyan. Positions of DNA base-pairs -38/-39 and -21 on 646 

the non-template strand (relative to the transcription start site as +1) are also 647 

indicated. The localization for the WH3 domain of C34 is indicated as the dashed 648 
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oval line in black. The atomic coordinate file for the Pol III PIC model is available 649 

upon request. (B) Same as in (A) with rotation as indicated. The molecular 650 

surfaces for Pol III core, C37/53 subcomplex, and C82 are semi-transparent. As 651 

highlighted with the spheres in the Brf1 cyclin repeats model, Glu98 and Tyr99 652 

provide Brf1-C34 BPA-cross-linking and Ala246 (±5aa) is the hydroxyl radical 653 

cleavage site by the FeBABE-conjugated C34. The dashed circle represents the 654 

potential localization for the connecting region between the WH2 and WH3 655 

domains of C34.  656 

  657 

 658 
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