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Abstract

Transcription factor [IB(TFIIB) is an essential component in the formation of the transcription initiation complex in
eucaryal and archaeal transcription. TFIIB interacts with a promoter complex containing the TATA-binding protein
(TBP) to facilitate interaction with RNA polymerase(IRNA pol 1) and the associated transcription factor (TH=IIF).

TFIIB contains a zinc-binding motif near the N-terminus that is directly involved in the interaction with RNA fol II
TFIIF and plays a crucial role in selecting the transcription initiation site. The solution structure of the N-terminal
residues 2-59 of human TFIIB was determined by multidimensional NMR spectroscopy. The structure consists of a
nearly tetrahedral ZiCys)s(His); site confined by type | and “rubredoxin” turns, three antipargfledtrands, and
disordered loops. The structure is similar to the reported zinc-ribbon motifs in several transcription-related proteins from
archaea and eucarya, includifyrococcus furiosusranscription factor B(PfTFB), human and yeast transcription
factor 11S (TFIIS), and Thermococcus celdRNA polymerase |l subunit MTCRPOM). The zinc-ribbon structure of
TFIIB, in conjunction with the biochemical analyses, suggests that residues Brstieet are involved in the interaction

with RNA pol II/TFIIF, while the zinc-binding site may increase the stability of gisheet.
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Transcription initiation of protein-encoding genes in eucarya isentry of RNA pol Il and the associated TFIIF into the complex.
mediated by RNA polymerase (RNA pol I1) and a complex array ~ Finally, binding of TFIIE and TFIIH yields a PIC that is capable of
of initiation factors(Orphanides et al., 1996; Hampsey, 189%he  accurately initiating the synthesis of the RNA chain in the presence
formation of a multiprotein complex, which is referred to as the of nucleoside triphosphates. This stepwise pathway of PIC assem-
preinitiation complex(PIC), triggers the transcription process. A bly has been challenged by recent identification of a RNA pol I
minimal set of factors suffices for badainregulategitranscription ~ holoenzyme, pre-associated with GTFs, from both yeast and mam-
initiation. These so-called basal or general transcription factorsnalian cells(Myer & Young, 1998. This suggests that RNA pol Il
(GTF9 include the TBR TATA-binding protein subunit of TFIID, also binds promoters in vivo as a pre-assembled complex.

TFIIB, TFIF, TFIIE, TFIIH, along with RNA pol II. In vitro In its critical role as the functiondghnd likely structuraglbridge
studies using highly purified transcription factors indicate that thebetween TBP and RNA pol Il, TFIIB utilizes two distinct domains.
formation of the PIC begins with binding of TBP to the TATA The N-terminal portion of TFIIB contains a metal-binding se-
element. Subsequent association of TFIIB with TBP facilitatesquence Cys-%His/Cys-X;5.17-Cys-X>-Cys that has the potential

to form a nonclassical zinc finger-like domajRinto et al., 1992
Previously, we reported the NMR-derived solution structure of
~ Reprint requests to: Robert A. Scott, Department of Chemistry, Chemthe metal-binding domain dPyrococcus furiosuFB that forms

istry Building, University of Georgia, Athens, Georg|a30602-2556;e-mall:a “zinc ribbon” (Zhu et al., 1998 The proteolytically stable

rscott@uga.edu ; . . g .
Abbreviations: DQF-COSY, double-quantum-filtered correlation spec- C-terminal core domain of TFIIB contains two imperfect direct

troscopy; FPLC, fast protein liquid chromatography; HSQC, heteronucleafepeats, conferring two similar cyclin A-like structural domains,
single-quantum coherence; hTFIIB-NTD, the N-terminal domain of humaneach consisting of fivex-helices (Bagby et al., 1995; Nikolov
transcription factor 11B; hTFIIS-CTD, the C-terminal domain of human g¢ al., 1995. The metal-binding domain and the two imperfect

transcription factor 11S; NOE, nuclear Overhauser effect; NOESY, NOE -
spectroscopyRf TFB-NTD, the N-terminal domain dPyrococcus furiosus repeats of TFIIB are commonly present in the TFIIBs of eucaryal

transcription factor B; RMSD, root-mean-square deviation; TOCSY, totalofganisms as well as in the TFBs from archaea. The N- and
correlation spectroscopy. C-terminal domains engage in an intramolecular interaction that is
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disrupted by activators, facilitating assembly of the PRbberts  but in these cases the existencegegheet cannot be confirmed
& Green, 1994. The C-terminal region binds to the TBP-TATA through the observation of long-range NOE connectivities. Inter-
element complex as demonstrated by the crystal structure of thstrand hydrogen bonds in tifiestrands were identified on the basis
ternary complex containing TBP, TATA-element, and the C-terminalof NOE connectivities and from the slowly exchanging amide
domain of TFIIB (TFIIB-CTD) (Nikolov et al., 199%. The protons determined by observation of remaining amide cross peaks
N-terminal region of TFIIB plays an essential role in RNA pol Il in a series of'H-1>N HSQC experiments collected after dissolu-
recruitment and in RNA pol |l start site selectiOBarberis et al., tionin D,O. The residues in the three predicted antiparghsirands
1993; Buratowski & Zhou, 1993; Hisatake et al., 199@utations  are depicted in Figure 1B, along with sequential and long-range
within or deletion of the metal-binding domain significantly com- NOE connectivities and interstrand hydrogen bonds.
promise the ability of TFIIB to recruit RNA pol II-TFIIF into the NOE cross-peak patterns characteristic of a type | tWiithrich,
initiation complex. Mutations in the N-terminal region of TFIIB 1986 were found for residues Cys15-His18. The sequential and
also alter RNA pol Il start sites in yeast and huméBsto et al.,  medium-rangéH-'H NOEs for the type | turn are the strong NOE
1994; Pardee et al., 1998; Hawkes & Roberts, 1999; Wu & Hampbetween Asn17 M and His18 H', the medium NOE between
sey, 1999, suggesting a role for TFIIB as a precise spacer betweeiProl6 H and Asn17 H', the weak NOE between Prol16*Hand
TBP and RNA pol Il on the promoter in determining the transcrip- His18 HY, and the weak NOE between Cys13 Hnd His18 H'.
tion start site. NOE cross-peak patterns characteristic of a metal-binding “rub-
The Q(H/C)CC metal-binding motif(zinc ribbon is highly redoxin” turn were observed for residues Cys34—Le{f@nmers
conserved among eucaryal and archaedlllBs. Definitive iden- et al., 1990; Fourmy et al., 1993; Perez-Alvarado et al., 19B4e
tification of the physiologically relevant metal used by (TIFB is NOE cross peaks involved in this turn are the weak NOE between
not available, although the most likely candidate is zinc. Heterol-Cys34 H' and Gly38 H', the medium NOE between Cys34'H
ogous expression allows incorporation of Fe, Co, and other metaland Leu39 H, the strong NOE between Glu36‘Hnd Cys37 H,
into the QH/C)CC motif and the metal-binding site bears signif- the medium NOE between Glu36™+and Gly38 H', the strong
icant structural resemblance to the rubredoxin site, which binds FENOE between Cys37 Mand Gly38 H', the medium NOE be-
Sequence homologs of this motif are also found in several proteinsveen Cys37 M and Leu39 H', and the strong NOE between
involved in transcription, including TFII®ian et al., 1993; Olm-  Gly38 HN and Leu39 H'. The presence of severdly(i,i + 2)
sted et al., 1998 RNA pol Il subunits(Qian et al., 1993; Wang NOEs in residues His18—-Ala21 and Tyr27-Gly30 also suggest
et al., 1998; Cramer et al., 200@&nd TFIIE(Ohkuma et al., 1991; turns. However, the existence of characteristic and stable turns for
Peterson et al., 1991In our continuing efforts to characterize the His18-Ala21 and Tyr27—-Gly30 could not be confirmed through
assembly and topology of the archaeal PIC, we are using biophyghe observation of the expected NOE cross-peak patterns.
ical and structural biology tools to compare components of the
eucaryal and archaeal PICs. Here we report the NMR-based stru
ture of hTFIIB-NTD, a protein fragment consisting of the N-terminal
59 residues of human TFIIB. The results illustrate that the metalA zinc coordination sphere of three sulfurs and one oxygen or
binding CHCC motif of TFIIBs in higher eucarya also forms the nitrogen is suggested by EXAFS studies of the full-length hTFIIB
basic zinc-ribbon fold as observed in the CCCC moitif of the ar-and hTFIIB-NTD proteingColangelo et al., 2000Based on the
chaeal homolog. primary structure of hTFIIB-NTD(Fig. 1A) and the sequence
alignment(see below, the residues involved in zinc binding are
suggested to be Cys15, His18, Cys34, and Cys37. His18 can co-
ordinate the zinc through either the®Nor the N2 atoms. To
identify the nitrogen atom coordinating the zinc, a A calcu-
lation was carried out with covalent restraints only from sulfurs in
Sequence-specific assignment Hfi and 5N resonances was the three cysteines. The structural models generated from tH& DG
achieved through correlations from two-dimensio(2D) *H-'H calculation indicated unambiguously that the zinc could only co-
NOESY, *H-®N HSQC, and three-dimensioné8D) °N-edited  ordinate the N* atom of His18. The evidence for the coordination
NOESY-HSQC spectra using well-established strated\éghrich, mode involves strong NOEs between His18 Hnd the two Cys37
1986; Clore & Gronenborn, 1989Sequential H-HN or He-HN H”fs, medium NOE between His18“Hand Cys37 M, and me-
NOE connectivities are not observed for residues Ala2—Thr4 andlium NOE between His18 ¥ and His18 H. This mode of co-
Ser56-Lys59, and consequently, no NMR assignments were madwdination is also supported by the tautomeric state of the imidazole
for these residues. Side-chaill resonances were assigned from ring of His18 inferred from the!>N chemical shifts of the R
1H DQF-COSY,*H TOCSY, and'H-*>N HSQC-TOCSY spectra. (224.4 ppm and N (172.1 ppm nuclei using a 2D long-range
Elements of secondary structure were identified on the basis ofH-*N HSQC spectrunidata not shown The >N chemical shifts
cross-peak patterns and intensities observedHNNOESY and  of these two nuclei clearly indicate thatNis protonated, while
1H-15N NOESY-HSQC spectra. Interresidue NOE connectivitiesN®* is not (Halkides et al., 1996 The N°* atom of His18 was,
are summarized in the NOE intensity diagréfig. 1A). Strong  therefore, incorporated into the tetrahedral zinc-binding center with
sequential M-HN NOEs were found in residues Ala21-Tyr27, appropriate covalent bond restraints in the final structural refinement.
Gly30-Cys34, and Gly38-Gly42Fig. 1A), indicating an ex-
tended B-strand backbone conformation. Long-rangé-H¢,
He-HN, and HY-HN NOE connectivities were observed between
residues with thg-strand conformation as indicated in Figure 1B. Twenty-five lowest energy structures were obtained based on a
There are several other residues for which the presence of strorigtal of 443 experimentally derived distance restraints giving an
sequential M-HN NOEs suggestg-strand conformatiofiFig. 1A), average of about 15 restraints per resid@iable 1. The coordi-

fdentification of the metal-binding mode

Results

Spectral assignments and secondary structure determination

Converged structures and structural description
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Fig. 1. NOE connectivities and slowly exchanging amide proténsSequential and medium-range NOEs are represented by the lines
connecting the amino-acid residues. The corresponding amino-acid sequence of hTFIIB-NTD is given at the top. The thickness of the
lines denotes the relative intensities of NOE cross peaks. The symhppl$, j ), du.n(i,j), anddgn(i, ) represent NOE connectivities
involving the HY, H*, and H of residuei and amide protongH® and H" of prolines of residug. Filled circles indicate residues that
retained amide cross peaks in the HSQC spectrum 30 min after dissolutig®irRBsidues with triangles are those with remaining
HSQC signad 3 h after dissolution in fD. Arrows at the top of the sequence are used to indicate the residuesdsstiands S1, S2,

and S3B: Backbone diagram of thg-strands. The antiparall@-strands are defined by sequential and interstrand backbone NOEs.
Thick arrows indicate strong NOEs. Thin arrows indicate medium or weak NOEs. Vertical dashed lines indicate predicted hydrogen
bonds derived from the slowly exchanging amide protons and NOE connectivities.

nates of the solution structure of hTFIIB-NTD have been depos{Figs. 1B, 2A. The hydrophobic residues, namely Leu23, Val24,
ited in the RCSB Protein Data Bar{PDB) with accession code Met32, lle33, Leu39, Val40, and Val41, form hydrophobic clusters
1DL6. The best-fit superposition of the 25 structures along theiron the two sides of th@-sheet. Residues Glu25, Asp26, Asp31,
backbone G C* and N atoms demonstrates that hTFIIB-NTD and Asp43 form an acidic patch located at one end oftisheet
forms a well-defined fold in the structural region between residuesand on both faces of th@-sheet. Residues Cys15-His17 form a
Thr14—-Asp26 and Asp31-Gly4dFig. 2A). The mean pairwise type | turn(Richardson, 1981with S” of Cys15 and N of His17
RMSDs for backbone and all heavy atoms in this most preciselycoordinating to the zinc atom. The other two metal-binding resi-
defined regior{Thr14—Asp26 and Asp31-Glyjare 0.45+ 0.10 A dues Cys34 and Cys37 are located in a typical “rubredoxin” turn
and 0.97+ 0.13 A, respectivelyTable 1. Residues Ala2-Val13, (Adman et al., 1975 consisting of six residues from Cys34 to
Tyr27-Gly30, and Asp43—-Lys59 are disordered in the calculated.eu39.
structures, consistent with their fast exchanging backbone amide Analysis of the¢ and angles in the 25 structures using the
protons, relatively few nonsequential NOEs, and the presence girogram PROCHECK-NMRLaskowski et al., 1996shows that
random coil chemical shifts for the assigned amide nitrogens an81.3% of these angles are in the most favorable region and 95.3%
H* protons(data not shown of these angles fall within the allowed regions. The residues with
The three-stranded antiparalzsheet formed by residues Leu23— unfavorable conformations fall in the disordered N- and C-terminal
Asp26, Asp31-Cys34, and Leu39-Val4l consists of mostly hy+egions of the structures. Thfeandys angles of the residues in the
drophobic residues with well-defined side-chain conformationswell-defined regions of the structur€¥hrl4—Asp26 and Asp31-
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Table 1. Structural statistics and rmsds for the NMR-derived “rubredoxin” turn, S of Cys34 forms the characteristic bifurcated
structures of the hTFIIB-NTD hydrogen bond with the backbone“sl of Glu36 and Cys37, and
the backbone M of Gly38 forms a hydrogen bond with the car-
sae bonyl oxygen of Pro35. These hydrogen bonds are usually ob-
Mean pairwise RMSP (A) (residues 14-26 and 31-42 :Sl_(;w?d n 6.‘ typical “rubredoxin” turiSchwabe & Klug, 199?4
Backbone(N, C', and C) 045+ 0.10 e ormalltlon of N—-H-O and N—H—S hydrogep bonds within the
All heavy atoms 0.97 0.13 “rubredoxin” and type | turns is consistent with the slowly ex-
changing amide protons determined by observation of remaining
amide cross peaks in a series'$f-15N HSQC experiments col-

PROCHECK-NMR

Res||du<2/s in allowed region of Ramachandran 95.3 lected after dissolution in fD (Fig. 1A). The slowly exchanging
plot (%) amide proton of Leu39 also suggests the presence of a N-H-S
RMSDs from experimental distance restraint8) hydrogen bond betweenHof Leu39 and $ of Cys37, which is
All (443 0.0106+ 0.0012  expected for a typical “rubredoxin” turn. The average H-S and
Intraresidue(156 0.0079+0.0035  \_g gistances between the backbone amide group of Leu39 and
:::2::22:33? ;eg;inmtllai: ‘T_l)j |(1552) 52 8:81;655 8:88% S” of Cys37 are 3.34- 0.13 and 3.8 0.10, respectively. These
Interresidue lond]i — j| = 5) (66) 00088+ 00016 distances indicate that the backbone amide group of Leu39 is not

Hydrogen bond12) 0.0132+ 0.004¢  Pointing toward 3 of Cys37 and N-H-S hydrogen bonding is
probably not present. The large deviation from linearity of the N,

RMSDs from idealized geometry H, and S atoms may also be an artifact caused by insufficient NOE

Bonds(A) 0.00144+ 0.0001 .
Angles (deg 04545+ 00150  Festraints for K of Leu309.
Impropers(deg 0.1170+ 0.0130

a(SA) is the ensemble of 25 NMR-derived solution structures for hTFIIB- Discussion

NTD (residues 2-50
bThe ensemble was superimposed on Ka@d C' atoms of residues in Comparison with other zinc ribbons
the well-defined region of hTFIIB-NTD, comprising residues 14-26 and
31-42. Sequence alignment of the(B/C)CC motifs of several eucaryal

°The PROCHECK-NMR program was used to assess the overall qUaIi%nd archaeal Tf" )B proteins indicates a h|gh degree of sequence

of the structures. L - . N o
9The number of each type of distance restraint is given in parenthe:sesh.omoIOgy within this family of proteingFig. 3A). A superposition

Two distance restraints were imposed per hydrogen bond with bounds dff the NMR structures of the zinc ribbons of hTFli@esidues

1.8-2.4 A(H-0) and 2.7-3.3 A(N-0O). There is no restraint violation ~Cys15-Val41; blue lines in Fig. 3Band Pf TFB (residues Cys7—

greater than 0.2 A for distance restraints. 1le33; red lines in Fig. 3B shows that these domains adopt a
similar fold, with local structural differences. Tlesheet and the
“rubredoxin” turn betweerg-strands 2 and 3 are very similar
between these structures. Hydrophobic residlmscine, isoleu-

Gly42) have lower circular variances and hageand s angles  cine, and valingdominate the composition of thgestrands of both

characteristic of the secondary structures predicted by the experinc ribbons(Fig. 3A). However, aromatic residues, which are not

mental NOE cross peaks. For example, Pro16 and Asnl7 in thtound in theg-sheet of hTFIIB-NTD, are present in tigesheet of

predicted type | turn hav@, /) angles of approximately-60, —30) PfTFB-NTD (Fig. 3A). The third3-strand of hTFIIB-NTD also

and(—90, O (Richardson, 1981 respectively. The andy angle  does not contain thg-bulge observed irPfTFB-NTD and is

values of the residues in the “rubredoxin” turn are close to¢the

and ¢ angle values in the crystal structure of rubredoiéee

Discussion (Adman et al., 1975; Watenpaugh et al., 198the ¢

andy angles of the residues in the predict@estrands are also  Table 2. N-H-S* and N-H-C hydrogen bonds (A)

located in the beta region of the Ramachandran plot. The type ah the type | and “rubredoxin” turns

turn in residues His18—Ala21 is not determined due to the variable

¢ andy angles of residue Asp20. Donor Acceptor D-A H-A

Hydrogen-bonding restraints were implemented in the structuré
calculations to define thg-sheet, but hydrogen bonds were not N-H Asnl7 S Cys15 3.54-0.08 2.68+ 0.06

. . : -H His18 S Cysl15 3.2% 0.05 2.66= 0.09
used for defining other regions of the protein, such as the type H Glu36 S Cys34 359 0.09 276+ 0.20
and “rubredoxin” turns. However, N-H-S and N-H-O hydrogeny_; cys37 S Cys34 3.82+ 0.09 295+ 0.12
bonds were identified within the type (fesidues Cys15-His18 \.4 Gly3s O Pro35 273 0.21 211+ 0.23

and “rubredoxin”(residues Cys34—Leu3@urns in the final struc-

;ures(TaEledZ (Flg.bZB;jC). '\:\f/:t?r:n tge Eg)e lé,tllérans ](_J; Cs);slf5 aFor N-H-S hydrogen bond, N-S and H-S distances are 3.25-3.55 and
orms a hydrogen bond wi e backbone' ldf Asnl7. S' o 2.3-2.8 A(Adman et al., 197p

Cys15 also forms a second hydrogen bond with the backbdhe H  °For N—H-0O hydrogen bond, N-O and H-O distances are 2.64-3.04
of His18. The latter N-H-S hydrogen bofidetween H' of res- and 1.75-2.15 ABaker & Hubbard, 1984

iduei + 3 and the side-chain’Sf residuei ) is different from the andANreﬁreSer:‘;zrﬁsgg t?o r?jsthg rhey;rré’sgeenr;'sb&’;dg‘;csggﬁgt&rsat'gn':‘—"'—s
hydrogen-bondlng pattern in a typical type | turn, which usually 4The N-S and H-S distances are slightly larger than the distances for
contains a N-H-O hydrogen bond between the backbdheH N_H-s hydrogen bonds. This can be considered as an “incipient” hydrogen
residuei + 3 and the carbonyl oxygen of residileWithin the bond (Adman et al., 197
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Fig. 2. NMR solution structures of human TFIIB-NTDPDB ID code 1dI6 and hydrogen bonds and NOE connectivities in the
metal-binding turnsA: Best-fit superposition of the backboiil,C*,C’; blue) atoms of the well-defined region of the 25 simulated
annealing structure@esidues 14—41 Hydrophobic side chains are shown in black and gray. Zinc atoms are shown i: rétle

hydrogen bonds and NOE connectivities in the “rubredoxin” fuesidues 34—-39C: The hydrogen bonds and NOE connectivities

in the type | turnresidues 15-1)7 In B andC, thick red arrows indicate strong NOEs. Thin red arrows indicate medium or weak NOEs.
N-H-S and N-H-O hydrogen bonds are denoted by blue and red dashed lines, respectively. Zinc atom is represented by the gray
sphere. Color schemes for atomsHrand C: carbon, gray; nitrogen, blue; oxygen, red; sulfur, yellow; hydrogen, light gray.

shorter(Leu39-Val4} than that ofPf TFB-NTD (Tyr31-Glu35. hydrogen bond between™of the sixth residue and”Sof the
Gly42 of hTFIIB-NTD (conserved in higher eucaryal TFIIB se- second cysteinéAdman et al., 1976 The second metal-binding
quences, Fig. 3Acan adopt a flexible conformation and may sequences of both hTFIIB-NTD arRf TFB-NTD adopt this con-
disrupt theg-strand formation in hTFIIB-NTD. served conformation. The first metal-binding turnRIfTFB-NTD
Cys34-Leu39 of hTFIIB-NTD and Cys26-Tyr31 &f TFB- (Fig. 3A) also consists of a CXXCXX modulgys7-Cys1Dand
NTD form “rubredoxin” turns, which consist of the CXXCXX forms a “rubredoxin” turn(Figs. 2B, 3B (Zhu et al., 1998 In
metal-binding sequendd=igs. 2B, 3B. The “rubredoxin” turn is  contrast, the first metal-binding tuf@ys15-His18; a CXXH mod-
stabilized by several M-S’ hydrogen bonds within the turn, es- ule) of hTFIIB-NTD forms a type | turn(Figs. 2C, 3B. It is
pecially the hydrogen bond between each X(H+ 2) and S(i) interesting to note that this type | turn is stabilized by the bifur-
(Schwabe & Klug, 1994 The CXXCXX “rubredoxin” turnsinthe  cated N-H-S hydrogen bond betweeh & Cys15 and s of
X-ray crystal structures of rubredoxin and several zinc-finger pro-Asnl17 and His18Fig. 2C), which is unusual for a type | turn and
teins adopt a unique conformatigAdman et al., 1975; Waten- more commonly found in “rubredoxin” turns.
paugh et al., 1980 in which the ¢ and ¢ angles of the first Unlike the well-definegB-turn (Pro19—-Gly22 between the first
cysteine are located in the beta region of the Ramachandran pldiyo 8-strands oPf TFB-NTD, the homologous residues of hTFIIB-
those of the next three residues are located in the alpha regiotNTD (Tyr27—Gly30Q do not adopt a defined conformatigiig. 3B).
and the¢ angle of the fifth residuéafter the second cysteines Several strong backbone NOE connectivities are present between
positive (approximately 99. The positive¢ angle of the fifth  the residues in thg-turn of PFTFB-NTD, while the backbone
residue, which is usually a sterically nonrestricted glycine in manyNOE connectivities for the corresponding residues in hTFIIB-
CXXCXX sequences, appears to be essential to stabilize the N-H-STD are mostly weak. The rigid-ring structure of Pro16fT FB-
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Fig. 3. Sequence alignment of zinc-ribbon motifs and comparison of zinc ribbon strucdur€amparison of the sequences of the N-terminal domain of
TF(Il)B (Tf2bN), the C-terminal domain of RNAPII subunit(8ubunit M in archaga Rpb9C or Rpom(;, and the C-terminal domain of TFIIFf2sC).

Cysteines and histidines proposed to coordinate zinc are aligned in vertical boxes. Blue solid circles on the left indicate sequences for whtahe3D str
have been determined. Testrands of the zinc ribbons are highlighted with gray bars. Conservation is indicated as follows: red text, completely conserved;
green text, conserved in half or more than half of the amino acid sequences; blue text, similar to the conserved amino acid residues. Abbrelations: xe
Xenopus laevisdrome,Drosophila melanogasteryeast,Saccharomyces cerivisiapyrfu, Pyrococcus furiosyametja, Methanococcus jannaschsulsh,
Sulfolobus shibatgethece, Thermococcus celeB: Comparison of the solution structures of hTFIIB-NTblue) and PfTFB-NTD (red). Only the
backbone G C*, and N atoms in the well-defined regions of the two proté@®gs15-Val41 of hTFIIB-NTD and Cys7-Glu35 Bf TFB-NTD) are shown

in the superposition of 25 structures from each protein. The superposition was obtained by the least-squares fit of the backbone atoms of ithe residues
the B-sheet and the “rubredoxin” turn, including Cys15-Prol6, lle22—-Asp26, and Asp31-Val4l of hTFIIB-NTD and Cys7-Pro8, Glul4—-Aspl18, and
Glu23-11e33 ofPf TFB-NTD. The mean pairwise backbone RMSD of the superimposed residues is 1.0 A. Approximate positions of the zinc atoms in the
structures are displayed in red sphere for the zinc atoms in hTFIIB-NTD and in white sphere for tli§e&=B-NTD. C: Comparison of zinc ribbon
structures, obtained by best-fit superposition of the backbdrn@*Cand N atoms of the thre@strandgS1, S2, and S3and the “rubredoxin” turn between

strand 2 and strand 3. Each zinc ribbon is displayed by the backbone(lise® for coils and turns and planar arrows f@sstrandg from the first
metal-binding cysteine to the last residue in the tiirstrand. The zinc atom in each structure is shown as a solid sphere with the same color as the backbone
trace. Sequences used for the superposition are: Leu23-Asp26 and Asp31-Val4l of hTFIBIMNGDLeul5-Aspl8 and Glu23-l11e33 Bf TFB-NTD

(red), Cys271-Thr274 and Phe288—Trp298 of hTFIIS-Q¥Bllow-green, and Ala79-Trp82 and Phe96—Trp106TaRNAP subunit M-CTD(green. The

mean pairwise backbone RMSD of the superimposed residues is 1.0 A. The stfociifer each zinc ribborwith the lowest backbone RMSD from

the mean coordinates of each structural ensemble was selected for the comparison. The PDB ID codes for the zinc ribbons are: 1dI6, hTFIIB-NTD; 1pft,
PfTFB-NTD; 1tfi, hTFIIS-CTD; 1qyp,TcRNAP subunit M-CTD.
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NTD (Fig. 3B) may contribute to the stability of the-turn, as may  deletion of the first metal-binding loofCys15-His18 in hTFIIB

the global stability of the8-sheet. did not completely eliminate but reduced transcriptional activity,
A superposition of the zinc ribbons of hTFIIB-NTI®f TFB- we suggest that an intact metal binding site stabilizegBtisbeet,

NTD (Zhu et al., 1998 hTFIIS-CTD(Qian et al., 1998 and the  which may form the essential element for interaction with other

C-terminal domain offhermococcus celédRNA polymerase sub- components of the PIC.

unit M (TCRNAP subunit M-CTD, RPB9 in eucaryéWang et al.,

1998 is shown in Figure 3C. Except for an additiongistrand

(not shown in Fig. 3¢ N-terminal to the first metal-binding cys- Conclusions

teine in the zinc ribbon 6TcRNAP subunit M-CTD, the secondary  rq ¢jose relationship between Archaea and Eucarya is reflected
structure elements of each zinc ribbon comprise two metal-bindingy, strongly in information-processing geri@silt et al., 1996.

trns and three antiparallg-strands. The best-fit SUPErpOSItion |, the transcriptional apparatus, sequence homology is mirrored by
along_tr‘l‘eﬁ-strands ant_j th? secon_d metal b'“d'“‘? t(_the rub- — siryctural similarity in the TATA-binding protei(iTBP) and in the
redoxin” turn of gach zinc ribbon gives a mean palrW|§e RMSD of C-terminal core domain of transcription facarF) 11B (Thomm,

1.0 A for superimposed backbone atoms, suggesting that thesﬁ)Q@. The N-terminal domain of TFIIB, recognized for linking
elements are essential for formation of a “zinc ribbon.” Sequenceg, promoter-recognition machine(JATA box-TBP) to the cat-
homologous to these (€/C)CC metal-binding motifs are also ,tic machinery RNA polymerase Il (Ha et al., 1998 was struc-
present in other transcription-related factors such as subunits 2 arfffr/ally characterized first from an archaeal source and exhibited a
12 of RNApol Il (Wang ?t al., 199Band TFIE(Qian et a!., 19_9)3 zinc ribbon structure featuring a Zoys), metal-binding site. Higher
They have been found in bacteriophage T4 and T7 prim@ges eucaryal versions of this domain involve a replacement of the

etal, ;9.93’ which are both involved in DN,A replication. Cur- second Cys with His, raising the question of whether this Cys-His-
rently, it is not known what direct role the zinc ribbon structural ~y s cys sequence motif would also fold to a zinc ribbon structure.
m_otlf plays in t_rans_crlptlon. B_lochemlcal studies c_)f TF”S_ an_d The work described herein confirms that this occurs, identifying
primases have implicated the involvement of protein domains inyig zinc riphon structural motif as a highly conserved structure

cluding the zinc ribbon motif in protein-nucleic acid interactions ,,ghoyt the evolution of transcription in the Archaea-Eucarya
(Agarwal et al., 1991; Kusakabe et al., 199%he zinc ribbon branch.

motif in TFIIB may also be involved in protein—nucleic acid in-

teractions in the PIC, although the low content of aromatic and

basic residues indicates otherwiggg. 3A). Another possible role  paterials and methods
of the THII)B zinc ribbon involves protein—protein interactions
with other transcription factors in the PIC. Indeed, as discusse(ig
below, other work has suggested the involvement of the TFIIB
zinc ribbon in interactions with the GTFs, RNA pol Il, and other Plasmid containing the gene for full-length hTFIIB was gener-
transcription-related proteins. ously provided by D. Reinberg. DNA coding for the first 59 res-
idues of hTFIIB was subcloned into bacterial expression vector
pT7-7. The plasmid was transformed irEscherichia coliBL-21

DE3 cells. The transformeH. coli cells were grown at 37 in

M9 media with glucosé4 g/L) and ammonium chloridél g/L)

The N-terminal domain of TFIIB has been implicated in both basalas the sole carbon and nitrogen sources, respectively. Cells were
and regulated transcription initiation. The molecular mechanism ofyrown to an optical densit§ODgqo) of about 0.9 and subsequently
TFIIB-NTD’s involvement in PIC formation is possibly through induced with 0.1 mM (final concentration isopropyl B-p-
contacts between the zinc ribbon and the RNA pgTHFIIF com-  thiogalactopyranosidélPTG). Along with the addition of IPTG,

plex (Tschochner et al., 1992; Barberis et al., 1993; Buratowski &zinc sulfate and ferrous ammonium sulfate were added to final
Zhou, 1993; Ha et al., 1993; Hisatake et al., 1993; Malik et al.,metal concentrations of 0.087 mM zinc and 0.013 mM iron. The
1993; Bushnell et al., 1996; Fang & Burton, 1996; Bangur et al.,culture was grown an additional 4(®Dggo ~ 2.0) and harvested
1997; Lin et al., 199Y. With the structure of hTFIIB-NTD in hand, by low-speed centrifugation. Cell pellets were frozen and stored at
we can map the results of mutagenesis experiments onto the zine80°C until they were used'>N-labeled hTFIIB-NTD was ex-
ribbon structural elements. In vitro transcription assays usingoressed from media containingN-labeled ammonium chloride.
N-terminal deletion mutants of TFIIB showed that the residues Cell paste10-12 g from a 4 Lgrowth was thawed by suspen-
before Cys15 are not required for full transcriptional activiti- sion in 60 mL lysis buffef50 mM potassium phosphate pH 7.0,
satake et al., 1993; Yamashita et al., 1p%urther deletion of the 10 mM 2-mercaptoethanol, 1 mM phenylmethanesulfonyl fluoride
N-terminus before the firg#-strand(through Ala2} and mutations  (PMSPF), 1 ug/mL leupeptin, and Jug/mL DNase ). The cells

of the metal-binding residues conferred a reduced level of tranwere lysed by sonication and the supernatant was clarified by
scriptional activity(Buratowski & Zhou, 1998 Deletions involv-  centrifugation at 30,00 g for 50 min at £C. The supernatant

ing any residues in th@-strands of the zinc ribbon resulted in was loaded onto a 2.% 10 cm QAE-sephadex G-25 column
complete loss of transcriptional activiiHisatake et al., 1993  (Pharmacia, Uppsala, Swedemd washed extensively with 50 mM
Point mutations of the last two cysteines and residues in the thirghotassium phosphate buffer, pH 7.0. The hTFIIB-NTD protein was
B-strand of the zinc ribbon also impair stable RNA pol 1l binding eluted between 200 and 300 mM potassium chloride in 50 mM
and cause a reduced level of transcriptional actitBgngur et al.,  potassium phosphate pH 7.0. The eluate was desalted and concen-
1997; Pardee et al., 1998; Wu & Hampsey, 1998 summary, trated using an Amicon ultrafiltration unitAmicon, Beverly,
these studies indicate that an intBesheet structure is essential for Massachusettditted with a YM3 membrane. The resulting sample
transcriptional activity and binding to RNA polATFIIF. Because  was~90% hTFIIB-NTD by SDS-PAGE. Further purification by

rotein expression and purification

Involvement of the N-terminal domain
of TFIIB in PIC formation
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Mono-Q (HR 10/10; Pharmaciachromatography was performed 1°N-labeled protein was lyophilized and redissolved gODand a

on an FPLC systerfPharmaciausing a 60 mL linear gradient from  series of'H-'>N HSQC spectrd50 ms int;, 64 ms int,) were

100 to 400 mM potassium chloride in 25 mM potassium phos-obtained every 15 min fo3 h after dissolution in BO.

phate, pH 7.0. Pooled fractions containing hTFIIB-NTéuted at

about 300 mM potassium chlorifi@ere desalted and concentrated ) ]

to ~1 mM using an Amicon ultrafiltration unit with a YM3 mem-  Structure calculation and molecular modeling

brane. The sample was then transferred to a Centricon3 ultrafirpree-dimensional structures were calculated with a distance

tration cell and concentrated to about 15 mM hTFIIB-NTD in geometrysimulated annealingDG/SA) protocol using the CNS
25 mM potassium phosphate pH 7.0. The concentrated proteigrogram(Briinger et al., 1998 Approximate interproton distance
sample was stored at80°C until it was used for NMR studies. restraints were derived from the multidimensional NOESY spectra.
The concentration of hTFIIB-NTD was determined either by quan-NOEs were grouped into four distance ranges, 1.8-27.&-2.9 A
titative protein assayCoomassie Plus; Pierce, Rockford, Illinpis  for NOES involving NH protons 1.8-3.3 A(1.8-3.5 A for NOEs
or using an extinction coefficient at 280 nm of 7,150 L mbtm™1 involving NH protons, 1.8-5.0 A, and 1.8-6.0 A, corresponding
calculated on the basis of the amino acid compositRace etal., g strong, medium, weak, and very weak NOE intensities, respec-
1995. The resulting hTFIIB-NTD sample was95% pure by  tjvely. An additional 0.5 A was applied to the upper distance limits
SDS-PAGE. Typically, the yield was about 40 mg of pure hTFIIB- for NOEs involving methyl protons. Stereospecific assignments for
NTD per liter of minimal medium. methylenes were not obtained, and pseudo-atoms located at the mid-
Electrospray ionization mass spectrometry of the resulting sampoints between pairs of nuclei were used for assignments of dis-
ple revealed a single molecular ion series with a deconvolutedance restraints. Hydrogen bonds were included as distance restraints
mass of 6361 amu, corresponding to hTFIIB-NTD without the gpq given bounds of 1.8—-2.4(k&i—0) and 2.7-3.3 AN—O) for each
N-terminal methioningcalculated mass 6,362 amurhe metal hydrogen bond. Determination of hydrogen bonds ingteheet re-
content of the resulting sample was measured by inductively couplegion was based on the long-range NG&se Resultsand the slow-
plasma atomic emission spectrosc¢p@P-AES in the Chemical  exchanging amide protons. The structure calculation employed 431
Analysis Laboratory at the University of Georgia. The stoichiom- protoryproton distance restraints from NOE data and 12 hydrogen-
etry of zinc with respect to polypeptide chain was determined to beyonding restraints. In the first stage of the calculation an initial

0.98+ 0.02 zinc atom per hTFIIB-NTD polypeptide chain. ensemble of 200 structures was generated from a single covalent
structure with randomized backbone dihedral angles and extended
NMR spectroscopy side chains using a DG protocol followed by restrained SA. Only

28 structures generated from PSA had no restraint violation
NMR samples of hTFIIB-NTD contained protein concentrations greater than 0.5 A and were selected for further SA refinement.
of 2-3 mM in the following buffer: 25 mM potassium phosphate, Hydrogen-bonding restraints and appropriate covalent restraints for
pH 7.0, with 10%(v/v) D>0. All NMR data were obtained at 28 the tetrahedralCys;His) zinc centexOmichinski et al., 1990were
with a Varian “"%INOVA 600 MHz spectromete(Varian, Palo  introduced during the second stage of refinement using a torsion-
Alto, California) equipped with an actively shielded z gradient angle molecular dynamics protoc@Rice & Briinger, 1994; Stein
HCN triple resonance probe and a pulse field gradiBfG driver. et al., 1997. Covalent restraints for th€ys;His) zinc center were
NMR data were processed using the Varian software or NMRPipgptained from the mean values of the bond lengths and bond angles
(Delaglio et al., 199band analyzed with NMRDrawversion 1.7. measured in two inorganic compounds with tetrahe(®a\) zinc
The following *H homonuclear 2D experiments were performed: center§Cambridge Structure Database, CSD codes: ZAZQUM and
DQF-COSY (Rance et al.,, 1983 TOCSY (mixing time 50 m$  SEJZOW). The covalent restraints for ti€ys;His) zinc center con-
(Bax & Davis, 1985, and NOESY(mixing times 100, 150, and  sjsted of bond lengths of 2.3 and 2.0 A for the CysZ and His
200 msg (Jeener et al., 1979In each of these cases, water sup- N31-zn bonds, respectively, and bond angles of 108 and 26
pression was achieved by solvent presaturation. Acquisition timegys f-Cys §-zn and His C-His N°1-Zn, respectively. In addi-
(57.3 ms int; for 512 complex points and 147 msinfor 1,024 tjon, an improper angle of@vas employed for Zn-His GHis C<1-
complex pointgwere the same for each homonuclear experimentyjs N°1 to ensure that the zinc is in the same plane as the His ring.
Heteronuclear spectra were collected on a uniforfiN-labeled  ggng angles of 113.8 and 104f@r Cys §-Zn-Cys & and Cys 3-
protein sample. PFGs were employed to suppress spectral artifactsn_His N°1, respectively, were also applied for maintaining the tet-
to minimize the water signal, and for coherence transfer selectiongnedral geometry of the zinc center. The weights for the Cys S
A *H-*N heteronuclear single-quantum coherefid€QC) (Kay  zn-Cys S and Cys $-Zn-His N°1 energy terms were one-fifth that
et al., 1992 spectrum was obtained withtaacquisition time of  of the regular bond angles. An ensemble of 25 lowest energy struc-
116 ms(256 complex poinsand at, acquisition time of 128 ms  yres with no restraint violations greater than 0.2 A was selected for
(1,024 complex poinis A *H-*N HSQC-TOCSY(mixing time  siryctural visualization and analyzed using InsighfiSI, San Di-
50 m9 (Marion et al., 198D spectrum was acquired witha  ego, California, Molmol (Koradi et al., 1995 MOLSCRIPT(Krau-
acquisition time of 116 m$256 complex pointsand at, acqui- lis, 1990, and PROCHECK-NMR(Laskowski et al., 1996
sition time of 147 mg(1,024 complex poinys A 3D **N edited  programs. The structure with the lowest RMS derivation from the

NOESY-HSQC(Zhang et al., 1994spectrum was collected at a mean coordinates of the 25 structures was selected for structural com-
mixing time of 150 ms. The spectral parameters includéda@-  parison with other zinc ribbon motifs.

quisition time of 16 ms for the indire¢H dimension128 complex
points, at, acquisition time of 14.6 ms for th&®N dimension
(32 complex points and at; acquisition of 128 ms for the directly

observed'H dimension(1,024 complex poinjs To characterize e thank Dr. L.E. Kay for NMR pulse sequences. H.-T. Chen thanks
backbone amide protons that exchange slowly with the solvent, ther. Q. Teng for assistance with NMR measurements and processing,
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