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ABSTRACT: Transcriptional elongation provides a key control point in the regulation of eukaryotic gene
expression. Here we describe homonuclear and !’N-heteronuclear 3D NMR studies of the nucleic acid
binding domain of human transcriptional elongation factor TFIIS. This domain contains a Cysq Zn?*-
binding site with no homology to previously characterized Cys,, Cyss, or Cys,-His; Zn fingers. Complete
'H and "N NMR resonance assignment of a 50-residue TFIIS peptide-Zn?* complex is obtained. Its
solution structure, as determined by distance geometry/simulated annealing (DG /SA) calculations, exhibits
a novel three-stranded antiparallel 3-sheet (designated the Zn ribbon). Analogous sequence motifs occur
in a wide class of proteins involved in RNA or DNA transactions, including human basal transcriptional
initiation factor TFIIE. A three-dimensional model of the TFIIE Cys, domain is obtained by DG-based
homology modeling. The role of the TFIIS Zn ribbon in the control of eukaryotic transcriptional elongation

is discussed.

Gene expression is regulated at several transcriptional and
translational control points. Recent interest has focused on
the role of sequence-specific DNA-binding proteins (specific
transcription factors) in eukaryotic transcriptional initiation.
These proteins define families of related structures (Pabo &
Sauer, 1992) and interact with a promoter-engaged assembly
of RNA polymerase and accessory initiation proteins (basal
transcription factors). Complementary mechanisms to reg-
ulate transcriptional elongation are well-described in prokary-
otic operons (Yanofsky, 1988). Because central features of
such models (e.g., polycistronic operons and coupled tran-
scription—translation) are specific to prokaryotes, analogous
mechanisms of transcriptional pausing and elongation in
eukaryotes are not well-understood and pose an outstanding
problem (Bentley & Groudine, 1986, 1988). Such mecha-
nisms are also of interest as potential targets for anti-neoplastic
(Wright & Bishop, 1989) and anti-viral drug design (Hay et
al,, 1982; Hay & Aloni, 1984; Kao et al., 1987).

Transcriptional pause sites in eukaryotic genes contain
specific sequence elements (Baek et al., 1986; Chinksy et al.,
1989; Resnekov & Aloni, 1989) whose use may be regulated
inresponse tosignaling pathways (Mather et al., 1984; Bentley
& Groudine, 1988). In the absence of an induction signal,
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for example, transcriptionally engaged RNA polymerase 11
can be blocked just downstream of a heat-shock promoter
with nascent RNA stably attached (Rougvie & Lis, 1988).
Although the proteins involved in such regulation irn vivo are
not known, a highly conserved elongation factor (designated
TFIIS! or S-II) has been purified from several sources (Natori
et al., 1973; Sawadogo et al., 1980; Natori, 1982; Horikoshi
etal., 1984; Rappaportet al., 1987; Reinberg & Roeder, 1987;
Sluder et al., 1989). TFIIS stimulates RNAP-II in the
elongation step in vitro, permitting read-through at specific
pause or termination sites (Reines et al., 1989; Siva-Raman
et al., 1990; Agarwal et al., 1991). Although the molecular
basis of this activity is not understood, TFIIS has recently
been shown to stimulate transcript shortening by template-
engaged RNA polymerase II. This reaction is Mg?*-
dependent and may provide an “antipausing” 3'—5’ ribonu-
clease activity in the elongation complex (Reines & Mote,
1993; Izban & Luse, 1992). An analogous ribonuclease
activity has been shown to be stimulated by bacterial elongation
factor GreA (Borukhov et al., 1992).

The sequence of TFIIS cDNA has been determined from
mouse (Hirashimaetal., 1988; Kanaietal., 1991), man (Yoon

! Abbreviations: Ar, aromatic residue; CD, circular dichroism; DG,
distance geometry; DQF-COSY, double-quantum filtered correlated
spectroscopy; EDTA, ethylenediaminetetraacetic acid; NMR, nuclear
magnetic resonance; NOE, nuclear Overhauser enhancement; NOESY,
NOE spectroscopy; NOESY-HMQC, three-dimensional 'H nuclear
Overhauser enhancement !SN-1H heteronuclear multiple-quantum co-
herence spectrum; RMS; root mean square; RMSD, RMS difference;
eukaryotic RNAP-II, RNA polymerase II; ROESY, rotating frame
Overhauser spectroscopy; rp-HPLC, reverse-phase high-performance
liquid chromatography; rpm, revolutions per minute; SA, simulated
annealing; SDS-PAGE, sodium dodecy! sulfate—polyacrylamide gel
electrophoresis; TF1IE, basal transcription factor E for RNAP-1I; TFIIS,
transcriptional elongation factor SII for RNAP-II; TOCSY, total
correlated spectroscopy; TOCSY-NOESY, three-dimensional homonu-
clear spectrum containing TOCSY transfer in #; and NOE transfer in
t2; UV, ultraviolet; 2D NMR, two-dimensional NMR; EXAFS, extended
X-ray absorption fine structure; 3D NMR, three-dimensional NMR.
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FIGURE 1: (A) Primary structure of TFIIS nucleic acid binding
domain (peptide residues 5-50; protein residues 235-280). Invariant
cysteines involved in tetrahedral Zn?* coordination are shown as
filled circles. (B) Ribbon model of TFIIS nucleicacid binding domain
based on DG/RMD calculations (Qian et al., 1993). The position
of Zn?* and end points of B-strands 1-3 are indicated.

etal., 1991), Drosophila melanogaster (Marshall et al., 199),
Saccharomyces cerevisiae (Nakanishi et al.,, 1992), and
vaccinia virus (Ahn et al., 1991). The sequences are highly
homologous. Human TFIIS contains 280 residues and invivo
is phosphorylated (Yoonet al., 1991). Partial proteolysis and
analysis of deletion mutants demonstrate three discrete
regions: a variable N-terminal domain (containing phospho-
rylationsites), a central domain (which binds RNAP-II), and
a C-terminal domain (which binds nucleic acids; Agarwal et
al,, 1991). The C-terminal domain contains a novel Cys,
motif in which a single Zn2?* is coordinated with tetrahedral
geometry (Figure 1A; Agarwal et al,, 1991).2 Site-directed
mutagenesis has demonstrated that the four conserved cys-
teines are involved in metal binding (C. J. Jeon, H.-S. Yoon,
and K. Agarwal, manuscript in preparation).

In this paper we describe the three-dimensional solution
structure of the C-terminal nucleic acid binding domain.
Complete 'H and SN NMR resonance assignment of a 50-
residue fragment is obtained by homonuclear TOCSY-
NOESY (Oschkinat et al., 1989a,b) and !SN-edited NOESY
3D NMR methods (Clore & Gronenborn, 1991). Distance
geometry /simulating annealing (DG /SA) calculations reveal
a novel three-stranded antiparallel 8-sheet (designated the
Znribbon; Figure 1B). An analogous Cys, motif is predicted
in eukaryotic basal transcriptional initiation factor TFIIE
(Petersonetal., 1991; Ohkumaetal., 1991), subunitsof RNA
polymerase II, and other proteins involved in DNA or RNA
transactions. A three-dimensional structure of the TFIIE
domain is proposed based on homology modeling (Havel,
1990). Implications of the structure of the TFIIS nucleic
acid binding domain for models of elongational control
(Kassavetis & Geiduschek, 1993) are discussed. A qualitative
description of the TFIIS structure will be presented elsewhere
(Qian et al., 1993),

MATERIALS AND METHODS

Buffers. Buffer A (bacterial lysis buffer SW) consists of
20 mM sodium phosphate (pH 7.8), 500 mM NaCl, 10 mM
B-mercaptoethanol, 5 mM benzamidine, 1 mM N-tosyl-L-
phenylalanine chloromethyl ketone (TPCK), 1 mM Ne-p-
tosyl-L-lysine chloromethyl ketone (TLCK), and 0.2 mM
phenylmethanesulfonyl fluoride (PMSF). Buffer B consists
of 50 mM sodium phosphate (pH 7.4), 100 mM (NH,),SOs,

2 Amino acids are designated in the text by their three-letter code and
in the figures and captions by their one-letter code.
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0.2mM Na-EDTA, 50 mM NaCl, 20 mM §-mercaptoethanol,
10 uM ZnSO4 1 mM TPCK, 1 mM TLCK, 5 mM
benzamidine, and 0.2 mM PMSF. Buffer C consists of 25
mM Tris-HCI (pH 7.4), 50 mM NaCl, 0.1 mM EDTA, 10
mM B-mercaptoethanol, and 10% glycerol. Buffer D consists
of 20 mM sodium phosphate (pH 6.0), 500 mM NaCl, and
10 mM B-mercaptoethanol. CD buffers consist of 50 mM
Tris-HCI (pH 7.4 at 25 °C) and 0.1% acetic acid (pH 3).
NMR buffer consists of 50 mM deuterated Tris-HCI (pH or
pD 5.8 at 25 °C, direct meter reading) and 10 mM deuterated
DTT. Deuterated solventsand chemicals were purchased from
Campbridge Isotopes, Inc. (Woburn, MA), and Merck Isotopes,
Inc. (St. Louis, MO). Buffers were deoxygenated with N;
prior to use.

Peptide Expression. TwoT7-based expression systems were
constructed in E. coli. (i) Residues 231-280 of human TFIIS
(Yoo et al., 1991) were subcloned into T7 expression vector.
This construction yielded a product (designated fragment A)
consisting of residues 231-280 preceded by N-terminal
nonnative residues Met-Ala-Arg-Ala-Pro. The level of ex-
pression was approximately 5% as judged by SDS-PAGE.
(ii) A similar region of TFIIS (residues 229-280) was recloned
into a Hiss-tagged T7 system to be described elsewhere. This
construction yielded a product (designated fragment B)
consisting of residues 229-280 preceded by N-terminal
nonnative residues Met-Arg-His-His-His-His-His-His-Pro.
The efficiency of expression was similar to that of the first
construction. Fidelity of each plasmid construction was
verified by DNA sequencing. The amino acid sequences of
fragments A and B are otherwise as given in Table I. A
schematic representation of the Zn-binding site (peptide
residues 5-50; TFIIS residues 235-380) is shown in Figure
1A. One-dimensional '"H NMR spectra of the two fragments
aresimilar (supplementary material). Nativeand His¢-tagged
peptide—Zn2* complexes exhibit identical nucleic acid binding
properties in gel retardation experiments (Qian et al., 1993)
under conditions described (Agarwal et al., 1991).

Peptide Purification. Overexpression strainsof E. coli were
grown in Luria broth (LB) for isolation of unlabeled protein
and in minimal medium (glucose, ['*N]-ammonium chloride,
thiamine, and M9 salts) for isolation of uniformly '*N-labeled
peptides. Overall yield from either expression system was 5
mg,/L (rich medium) and 2 mg/L (minimal medium). In
each case cells were grown to an optical density (ODsgg) of
1.2/cm and induced with 0.1 mM isopropyl §-D-thiogalac-
topyranoside (IPTG). The cells were grown for an additional
2 h postinduction, harvested by low-speed centrifugation,
washed in buffer A containing 0.5 mg/mL lysozyme (lysis
buffer SW; see above), and sonicated.

(i) Purificationof Fragment A. The extract was centrifuged
at 10 000 rpm for 30 min, and the supernatant was treated
with 0.35% polyethylenimine (PEI; pH 8.0). The PEI
precipitate was removed by centrifugation at 10 000 rpm for
30 min. Fragment A and other proteins were precipitated
from the PEI supernatant by addition of ammonium sulfate
to65% saturation. The (NH,4),SO4 precipitate was dissolved
in buffer B and gently heated as described (Agarwal et al,,
1991). The precipitate was removed by centrifugation (45
min at 10 000 rpm). The supernatant was dialyzed against
buffer C and loaded onto a phosphocellulose column (P-11,
2 cm X 4 cm per 10 g of initial cell pellet). TFIIS fragment
A was eluted with a linear NaCl gradient (50-500 mM) in
buffer C, exhaustively dialyzed against deoxygenated, deion-
ized, distilled H,O, and lyophilized. The powder was stored
under nitrogen at —70 °C. The peptide was of >98% purity,
as determined by SDS-PAGE. Its identity was confirmed by
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Table I: Chemical Shifts of Assigned 1N and 'H NMR Resonances at pH 6.0

chemicals shifts? (25 °C)

residue SN NH CeH CfH others

T2 95.3 8.12 4.36 4.22 C"H, 1.18

G3 91.6 8.40 3.97,3.97

G4 89.2 8.16 3.80, 4.01

TS5 97.5 8.29 4.35 3.44 CvH; 1.19

Q6 107.4 8.65 4.80 2.01,2.12 CvH 2.38, 2.38; N’H 6.90, 7.44

T7 98.6 8.93 4.75 4.20 CYH; 1.22

D8 105.3 8.12 5.04 2.67,3.02

L9 100.8 8.09 3.84 0.74,0.93 CYH 1.24; C*H;, 0.55; C"H; 0.55

F10% 97.3 8.19 491 3.37,2.98 C*H 7.1; C*H 6.78; C*'H 6.78

T11 97.8 8.42 4.50 3.80 C7H; 0.88

C12? 110.0 8.65 392 3.30, 2.96

Gl13 97.8 8.35 3.48,3.74

K14 103.1 8.85 4.37 1.68, 1.96 CYH 1.33, 1.33; C*H 1.56, 1.56; C*H 3.15, 3.15
C15 100.3 8.62 4.80 2.73,3.20

K16 96.8 7.82 4.12 1.97, 2.18 CvH 1.18, 1.32; C*H 1.60, 1.60; C*H 2.90, 2.90
K17 101.4 8.18 4.60 1.90, 2.28 CvH 1.51, 1.57; C*H 1.67, 1.67; C*H 3.05, 3.05
K18 102.4 8.55 5.32 1.64, 1.64 CvH 1.35, 1.35; C*H 1.44, 1.44; C<H 2.98, 2.98
N19® 93.6 9.33 5.06 3.07, 2.89 N7H 7.03, 8.53

C20% 99.7 8.16 545 2.70, 3.05

T21 97.9 9.16 5.04 3.86 C7H; 1.04

Y226 104.2 8.92 5.83 2.64,2.92 C?H 6.87; C*H 6.65

T23 96.6 8.99 4,51 3.94 C"H; 1.06

Q24 103.8 8.68 5.33 2.02 CvH 2.30, 2.41; N°H 6.92, 7.49

V25 103.9 8.93 432 2.02 C7H,; 0.90, 0.90

Q26 107.1 8.77 4,58 2.0,2.14 CvH 2.35, 2.35; N°H 6.85, 7.50

T27 98.4 8.46 4.45 4.32 CYH; 1.23

R28 102.5 8.55 4.42 1.65, .76 CvH 2.01, 2.01; C*H 3.21, 3.21; N‘H 7.29

S$29 96.0 8.08 4.50 3.84,3.96

A30 105.7 8.62 4.15 1.41

D31 95.9 8.16 4.57 2.72,2.58

E32 101.1 7.53 4.65 1.93,2.05 CYH 2.24,2.24

P33 445 2.04,2.31 CvH 2.23,2.23; C*H 3.64, 3.71

M34 101.3 8.40 4.54 1.92,1.92 C7H 2.38, 2.54; C<H 2.32

T35 102.0 8.51 4.45 3.85 C7H,; 0.65

T36 103.9 8.67 4.80 3.18 CYH; 0.88

F37 106.5 8.94 4.70 2.85,2.76 C*H 7.03; C*H 7.17; C’H 7.21

V38 104.5 8.84 4.20 -0.40 C7H; -0.10, 0.04

V39 105.2 8.45 4.67 1.75 CYH;0.78,0.78

C400 108.8 9.34 4.94 3.42,3.20

N41b 109.9 9.55 4.60 2.88, 2.55 N7H 6.65, 7.16

E42¢ 102.2 9.42 447 2.26,2.18 CH 2.37, 2.37

C438 101.0 9.35 5.14 2.65, 3.32

G44 93.1 7.66 3.87,4.30

N45b 103.0 8.86 4.65 3.23, 3.06 N*H 7.27, 7.37

R46 103.5 7.92 5.65 1.78, 1.88 CH 1.62, 1.62; C*H 3.08, 3.08; N°H 7.14
W476 103.9 9.05 5.05 3.46,3.30 CPH2 6.93; C¢H4 7.10; C*HS 6.98; C’H7, 7.09; C*H6, 7.09; N¢H1 9.85
K48 99.1 8.50 491 1.30, 1.54 C*H 1.02, 1.12; C*H 1.42, 1.52; C*H 2.85, 2.85
F49 101.0 8.63 485 2.96 C¥H 7.04; C:H 7.04; C’H 7.04

C50 104.3 8.06 4.40 2.85,2.85

a 15N chemical shifts were measured relative to 1¥NH,!NOj in D,O (376.25 ppm); 'H chemical shifts were measured relative to the H,O resonance,
presumed to be 4.78 ppm at pH 6.0 and 25 °C. ? 8 protons were stereospecifically assigned and listed in the order of 82 and 83.

amino acid composition and N-terminal sequencing; the
presence of equimolar Zn was verified by atomic absorption
spectroscopy.

(ii) Purification of Fragment B. The extract was centri-
fuged at 10000 rpm for 30 min. The supernatant was
recentrifuged at 40000 rpm for 30 min. The second
supernatant was loaded (with a flow rate of 5 column vol/h)
onto a Ni?*~-IDA column (0.2 mL/mg of fragment B;
Invitrogen, Inc.), which had been preequilibrated with buffer
A. The column was successively washed with 10 column vol
each of (i) 20 mM imidazole hydrochloride (pH 7.8) in buffer
A, (ii) 40 mM imidazole hydrochloride (pH 7.8) in buffer A,
and (iii) 120 mM imidazole hydrochloride (pH 6.0) in buffer
D. TFIIS fragment B was eluted with 300 mM imidazole
hydrochloride (pH 6.0) in buffer D. Fractions containing
fragment B were dialyzed against H,O, lyophilized, and
characterized as above. Purity was >98% as determined by
SDS-PAGE.

Circular Dichroism. CD spectra were obtained with an
Avivspectropolarimeter at a peptide concentration of 0.1 mM

using a 1-mm path-length cuvette as described (Weiss et al.,
1990). Buffers were deoxygenated with N prior todissolution
of the peptide.

NMR Sample Preparation. The peptide-Zn?* powder was
dissolved in 0.7 mL of NMR buffer, and the pH (or pD) was
adjusted with small aliquots of 0.1 N DCI. Peptide concen-
trations were 2-3 mM for 15N 3D NMR studies and 8 mM
for homonuclear 3D NMR studies. Care was required to
avoid acid denaturation (which leads to irreversible precip-
itation at high protein concentrations) and addition of excess
Zn?* (which mediates partial self-association and broadening
of NMR resonances).

Homonuclear 2D NMR. The following 2D experiments
were performed at 10, 25, and 40 °C with Varian Unity and
VXR 500-MHz spectrometers: NOESY (mixing times 100
and 200 ms), DQF-COSY, and TOCSY (mixing time 55
ms). Spectra were obtained in both D,O and H,O. Quadra-
ture in both dimensions was achieved by the method of States
et al. (1983) with experimental parameters: spectral width
6000 Hz, data size 2K, complex points in z; with 300
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hypercomplex ¢, increments. Water suppression was achieved
by solvent presaturation. Data were processed with a
combination of exponential and shifted sine-bell window
functions in each dimension. The observed 300 X 2K complex
data matrices were zero-filled to 2K X 2K (NOESY and
TOCSY) or 1K X 4K (DQF-COSY). 3/, coupling constants
were measured using DQF-COSY in H;O; distortions in
apparent multiplet separation arising from finite line widths
were corrected by spectral simulation as described (Redfield
& Dobson, 1990; Smith et al., 1991). Chemical shifts are
measured in parts per million (ppm) relative to H»O (presumed
to be 4.78 ppm at 25 °C).

Homonuclear 3D NMR. 3D TOCSY-NOESY experi-
ments (Oschkinat et al., 1989a,b; Clore & Gronenborn, 1991)
were performed in H,O and D,O with the MLEV17 TOCSY
mixing scheme. Quadrature detection in w; and w; was
obtained by a combination of the methods of time-proportional
phaseincrementation (TPPI; Marion & Wuthrich, 1983) and
Statesetal. (1983) asdescribed by Bax and co-workers (TPPI-
States; Marion et al., 1989). Experimental data consist of 64
X 128 X 512 complex data points; this matrix was extended
bylinear prediction to 256 X 256 X 512 using software supplied
by the vendor. A spectral width of 12 ppm was used in each
dimension. Eight scans were collected for each (¢, t;)
increment with relaxation delay of 1 s. Separate spectra were
obtained in D,O and H,O; in the latter the solvent resonance
was suppressed by presaturation. In each case NOESY and
TOCSY mixing times were 200 and 30 ms, respectively.
Exponential apodization and shifted sine-bell window functions
were applied in each dimension.

Heteronuclear >’N NMR. Experiments were performed
with TFIIS fragment B containing uniform !N enrichment.
A 2D HSQC spectrum was obtained with spectral widths of
2000 (w;) and 7000 Hz (w>) (supplementary material). Water
suppression was achieved by using a combination of resonance
presaturation and long-pulse methods (Messerle et al., 1989).
Experimental data consisted of 512 X 128 complex points and
were zero-filled to 2048 X 1024 complex points. 3D NOESY-
HMQC spectra (Clore & Gronenborn, 1991) were collected
with spectral widths of 7000 Hz in both w; and w3 and with
1500 Hz in w;. A total of 32 X 128 X 512 data points were
obtained. The data were extended by linear prediction to 128
X 256 X 512. Ineach case the NOESY mixing time was 200
ms. Quadrature detection in w; and w; was obtained using
the TPPI-States method.

Structure Calculation. NOE and J-coupling (dihedral
angle) restraints were used for molecular modeling as described
(Kochoyan et al, 1991). Distance geometry/simulated
annealing (DG/SA) calculations were performed with the
program DGII (Havel, 1991). Possible hydrogen bonds in
DG structures were inferred from preliminary DG/SA models
using the analysis facility of X-PLOR (A. T. Brunger, Yale
University). Only those peptide and amide-sulfur hydrogen
bonds consistent with slowly exchanging amide resonances in
D,0 were incorporated as additional distance restraints in
refined DG/SA calculations as described (Qian & Weiss,
1992). Other hydrogen bonds are considered as stereochem-
ically permitted but speculative. To avoid systematic errors
in DG /SA calculations due to use of hard-sphere atoms, lower
bounds between amide protons and possible hydrogen-bond
acceptors were reduced as described (Akke et al., 1992; Qian
& Weiss, 1992).

Database Search. Analogous Cys,sequences were obtained
with a template and homology matching protocol. The
template Cys-X;,-Cys-Xg9-h-X,4-Cys-X5-Cys-X3-h (in which
h designates a hydrophobic residue) was created based on
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inspection of TF1IS-related sequences. Matching sequences
were obtained from the SWISS-PROT (version 24.0), PIR
(version 35.0), and GenBank (release 74.0 with cumulative
daily updates) databases. The initial set was reduced by
elimination of (i) classical (TFIIIA-like) Zn finger sequences,
(ii) Cys4 sequences containing multiple prolines within the
putative 8-strands, and (iii) sequences of proteins whose
functions are unrelated to nucleic acid transactions. The
remaining sequences were then used as the basis for a
generalized homology search (BLASTP program; Altschul
et al., 1990) of the same three databases. The second search
enabled identification of sequences that deviate from the
original template (e.g., sequences containing Cys-X4-Cys
elements). Multiple alignment of the final set of sequences
was obtained using the CLUSTAL program (Higgins &
Sharp, 1988, 1989).

Homology Modeling. A structure of an analogous Cys,
domain in human TFIIE was built using the homology-
modeling method of Havel (1990). The Cys4 sequences of
TFIIS and TFIIE were aligned as described (Higgins & Sharp,
1988, 1989). Optimal alignment predicted that the TFIIE
domain contains a three-residue deletion between the second
cysteine and first 8-strand (TFIIS peptide residues 11-13;
see Figure 15). DG/SA models of the TFIIE domain were
obtained based on 296 distance and 52 dihedral restraints as
described under Results. Analogous Zn coordination, 8-sheet,
and amide-sulfur hydrogen bonds were assumed. The struc-
tures were refined by restrained molecular dynamics and
energy minimization using the same protocol as employed for
NMR structures (Clore et al., 1985; Kochoyan et al., 1991).

RESULTS

Ourresults are presented in four sections. Section 1 contains
an overview of TFIIS Zn coordination and metal-dependent
protein folding. 3D NMR studies are presented in section II.
Distance geometry/simulated annealing calculations and
molecular modeling of the TFIIS nucleic acid binding domain
are presented in section III. A database search for analogous
Zn-binding motifs is described in section IV. The three-
dimensional structure of one analogue, a putative Zn-binding
site in basal transcriptional initiation factor TFIIE, is predicted
based on homology modeling (Havel, 1990).

(I) Zn Coordination and Overall Folding Properties

Zn Coordination. The primary structure of the C-terminal
domain of human TFIIS contains six cysteines (Cys12, Cys15,
Cys20, Cys40, Cys43, and Cys50; using the peptide numbering
scheme given in Figure 1); there are no histidines in the native
sequence (Yoo et al.,, 1991). The stoichiometry of Zn2*
binding, as determined by atomic absorption spectroscopy, is
one Zn per polypeptide. XAFS experiments demonstrate that
Zn?* coordination is accomplished only by cysteines (Agarwal
et al., 1991). Which cysteines coordinate Zn2* is suggested
by inspection of TFIIS homologues: Cys12, Cysl5, Cys40,
and Cys43 are invariant among species whereas C20 and C50
arenot. A homologue in S. cerevisiae, for example, contains
the substitutions Cys20Val and Cys50Ser (Clark et al., 1991;
Nakanishi et al., 1992). Introduction of these substitutions
into human TFIIS does not affect its proteolytic stability in
E. coli nor its ability to stimulate RNAP-II transcriptional
elongation (C. J. Jeon, H.-S. Yoon, and K. Agarwal,
manuscript in preparation). In contrast, substitution of an
invariant cysteine (Cysl2Ser, Cysl15Ser, Cys40Ser, or
Cys43Ser) leads to undetectable levels of bacterial expression,
presumably due to efficient proteolysis of an unfolded or
misfolded polypeptide (Agarwal et al., 1991). We adopt as
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FIGURE 2: (A) CD spectra of folded (®; pH 7.4) and acid-denatured
(O; pH 3.0) TFIIS-derived peptide (fragment A) at 0 °C in the
presence of equimolar ZnCl,. The peptide concéntration was 100
uM. (B) One-dimensional 'H NMR spectrum of peptide-Zn2*
complex (fragment A) at 25 °C in 50 mM deuterated Tris-HCI (pH
6.0) in 90% H,0/10% H,0. The peptide concentration was S mM.
The asterisk indicates residual solvent resonance following presat-
uration.

a working hypothesis a model in which invariant cysteines
Cys12, Cysl5, Cys40,and Cys43 coordinate Zn2* (as depicted
in Figure 1A). “This hypothesis is directly tested in section III
by distance-geometry calculations.

Circular Dichroism. Thefar-UV CD spectrum of the TFIIS
fragment A-Zn2* complex at pH 7.4 is shown in Figure 2A
(filled circles). The spectrum indicates the presence of
nonrandom structure but is not readily decomposed into
subspectra assigned to elements of secondary structure. There
is no similarity between the TFIIS spectrum and those of
classical Zn fingers, which exhibit partial a-helical character
(Parraga et al., 1988; Weiss et al., 1990). Absence of the
a-helix in the TFIIS domain would be in accord with neural-
net prediction of secondary structure (Hulley & Karplus,
1989): such calculations predict a predominance of 8-sheet.
Extended structure is predicted between residues 8-11, 21—
28, and 3540 (neural-net score 0.2-0.8).

Corresponding CD spectra of the apopeptide could not be
obtained at pH 5-8 due to macroscopic precipitation, thus
precluding investigation of Zn-dependent structural changes.
However, a pH-dependent unfolding transition is observed
under acidic conditions that is analogous to those of classical
Zn fingers (Weiss et al., 1990). The CD spectrum of TFIIS
fragment A at pH 3.0 (open circlesin Figure 2A) is as expected
for a random coil and is not affected by the addition of Zn2*.
Presumably, destabilization of Zn2* coordination occurs under
acidic conditions due to protonation of Cys thiolate. These
data suggest but do not establish that the folded structure of
the fragment is Zn-dependent at neutral pH.

1D NMR Studies. The 'H NMR spectrum of the TFIIS
fragment A-Zn2* complex in H,O is shown in Figure 2B.
Marked dispersion of chemical shifts provides evidence of a
stably folded structure. Resonance liné widths are consistent
with the presence of a monomer as previously inferred from
gel filtration chromatography (Agarwal et al., 1991). Inthe
absence of a reducing agent, however, progressive line
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FIGURE 3: Fingerprint region of homonuclear two-dimensional
NOESY spectrum of peptide—Zn?* complex (fragment B); sequential
assignmentisasindicated. Conditions were asdescribedinthelegend
to Figure 2B. The mixing time was 200 ms.

broadening is observed over 48 h, presumably due to the
formation of intermolecular disulfide bonds between cysteines
not coordinated to Zn2+ (Cys20 and/or Cys50; Figure 1A).
Such oligomerization is readily reversed by the addition of 10
mM deuterated DTT and storage of samples under anaerobic
conditions (see Materials and Methods).

Identical oxidation-dependent oligomerization is observed
with TFIIS fragment B. Its 1D 'H NMR spectrum is similar
to that of fragment A in resonance dispersion and detailed
pattern of upfield-shifted aliphatic resonances (supplementary
material). The line widths of such resonances are increased
in the larger fragment; as expected, random-coil resonances
assigned to the additional N-terminal residues are observed,
including degenerate H, and H; aromatic resonances from
the N-terminal His¢ “tag”. The detailed NMR analysis
presented below will focus on fragment B because it can be
isotopically labeled and purified in greater yield than can
fragment A. The additional nonnative N-terminal residues
are disordered and will riot be considered further.

(II) 3D NMR Studies and Resonance Assignment

Sequential Resonance Assignment. The “fingerprint”
region of the conventional 2D NOESY spectrum (Wuthrich,
1986) of fragment B is shown in Figure 3. Partial sequential
d,~ connectivities are outlined. Resolution is limited in this
region, however, rendering ambiguous assignment of key
NOEs. Such limitations are readily circumvented by the
application of homonuclear and heteronuclear 1N 3D NMR
methods. In Figure 4A is shown, for example, a crowded
subsection of the NOESY fingerprint region. In panels B-F
are shown successive NOESY w,~w3 planes of a 3D TOCSY-
NOESY spectrum obtained in HO. Assignment of sequential
NOE:s is simplified by filtering via the w; TOCSY frequency
(Oschkinat et al., 1989a,b). In this example, NOEs are
observed between amide resonances (ws;) and those H,
resonances (w;) which belong to a spin system labeled by
TOCSY frequency w;.

A complementary method to resolve sequential NOEs is
provided by 15N-editing. For this purpose, fragment B was
uniformly labeled by expression in !*N-enriched minimal
medium (labeling efficiency >98%; see Materials and Meth-
ods). An HSQC spectrum of the labeled protein is provided
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FiGURE4: (A) Portion of 2D-NOESY fingerprint region with severe
resonance overlapping (see Figure 3). (B-F) Corresponding NOESY
cross-planes of homonuclear 3D TOCSY-NOESY spectrum at w,
= 1.76 ppm (B), w; = 1.94 (C), w; = 2.08 (D), w; = 2.27 (E), and
w; = 3.91 (F). Assignmentsof 3D cross-peaksin panel B: (a) R28H,-
S29Hy, (b) K1H,-T2Hy, (¢) K1HN-K1H,, and (d) R28Hn-R28H,,.
Assignments of 3D cross-peaks in panel C: (e) M2H,-AlHN, (f)
P33H,-M34Hy, (g) Q26H,-T27HN, (k) M34H,-T35HN, (i) K14H,-
C15Hy, (j) V25H,-Q26Hy, and (k) K14Hn-K14H,. Assignments
of 3D cross-peaksin panel D: (1) M_,H,-A_Hy, (m) Q26H,.-T»Hy,
(n) S29H,-A30Hy, (o) Q26HN-Q26H,, (p) V25H,-Q26Hy, and
(q) Y25HN-V25H,. Assignments of 3D cross-peaks in panel E: (r)
K17HN-K17H,, (s) P33H,-M34Hy, (t) K17H,-K18Hy, and (u)
M_,Hx-M_H,. Assignments of 3D cross-peaks in panel F: (v)
S29HN-S29H,, (w) S29H,-A30HN, (x) T23H,.-Q24Hy, and (y)
G44H,-N45Hy. For spectrum A, horizontal and vertical axes are
wi and w;, respectively; for spectra B-F horizontal and vertical axes
are w; and ws, respectively.

as supplementary material. As observed in other systems,
there is noapparent correlation between Hy and *N chemical
shifts, facilitating resolution of individual NOEs in a 3D
NOESY-HMQC experiment. Representative w;—w; strips
arranged in order of the amino acid sequence are shown in
Figure 5A;sequential NOEs are outlined. Such relationships
are extracted from individual 1*N-edited w;—w3; NOESY plane;
one such plane is shown in Figure 5B. Complete resonance
assignment was obtained by integrated analysis of homonuclear
and heteronuclear 3D NMR data. 'Hand !N chemical shifts
are given in Table I. Figure 6 summarizes sequential and
medium-range NOEs, 3Jyn coupling constants, selected x;
angles based on stereospecific assignment of § protons
(asterisks in TableI), and location of slowly exchanging amide
resonances at pD 6.0 and 25 °C (data not shown).
Analysis of Secondary Structure. Figure7showsa diagonal
plot of interresidue NOEs; main-chain contacts are summa-
rized at the lower right. Formation of a three-stranded
antiparallel 8-sheet (residues 20-25, 35-40, and 45-48) is
implied by two strings of cross-peaks perpendicular to the
diagonal. Observed interstrand contacts in the §-sheet are
indicated by arrows in Figure 8. Three 8-turns are also seen
(14-16, 30-32, and 42-44), which include the Zn-bound
cysteates (see below). Medium- and long-range NOEs occur
between segments 5-11 and 15-20. Although the N-terminal
region is essentially extended, it cannot be assigned to a regular
secondary structure. Unlike the classical Zn finger (Parraga
etal., 1988;Leeectal., 1989; Omichinskietal., 1990; Pavletich
& Pabo, 1991), glucocorticoid-related Cysy domains (Schwabe
et al., 1990; Luisi et al., 1991), and the Gal4 Cys¢ domain
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FIGURE 5: Heteronuclear 3D *D—'H NOESY-HMQC spectrum of
uniformly !*N-labeled peptide~Zn2* complex at 25 °C. (A) Align-
ment of selected SN planes in sequence order to illustrate- the
sequential assignment of !N-edited fingerprint region. (B) Rep-
resentative NOESY plane of 3D spectrum. The NOESY mixing
time was 200 ms, and the protein concentration was 2 mM.

(Marmorstein et al., 1992; Baleja et al., 1992; Kraulis et al.,
1992), no a-helix is observed.

Tertiary Structure. In addition to main-chain NOEs,
medium- and long-range interactions are observed that define
the structure of the Zn-binding site and side-chain packing
interactions.

(i) Zn-Binding Site. NOEs are observed from Cys12 to
Cys15 and Cys40, which reflect tetrahedral Zn?* coordination
(Cys12-Hg,/Cys15-Hnand Cys12-H,/Cys40-Hg, 2). Short-
and medium-range contacts indicate that the two Cys-X,-
Cysregions form 8-turns. Additional contactsinclude Cys12-
Hﬁz/LyS 1 6-HN, Cys40-HN/Asn45-HN, and Cys40-HN/
Argd6-Hg ;. NOEsand dihedral restraints in the Zn-binding
site also predict two sets of bifurcating amide-sulfur hydrogen
bonds as described below (section III).

(#1) Side-Chain Contacts. Particularly prominent are long-
range NOE:s involving the aromatic rings of Phel0, Tyr22,
Phe37, and Trp47. Contacts are observed from Phel0 in the
N-terminal regionto 8-strand 1 (Tyr22) and 8-strand 2 (Thr36
and Val38). The aromatic ring of Tyr22 contacts side chains
of three additional N-terminal residues (Thr5, Thr7,and Leu9)
and two residues in 8-strand 2 (Thr36 and Val38). The
aromatic ring of Phe37 in B-strand 2 contacts side chains in
B-strands 1 (Val25) and 3 (Lys48). The aromatic ring of
Trp47 contacts side chains in the Zn-binding site (Cys12 and
Cys40), in 8-strand 2 (Val38 and Val39), and within 8-strand
3 (Asn45) as described below.

Resolution of aromatic-methyl NOEs is facilitated by the
analysis of the homonuclear TOCSY-NOESY 3D spectrum
recorded in D,O. An example is provided in Figure 9.
Although the two methyl resonances of ThrS and Thr7 have
nearly identical chemical shifts (Table I), their distinct NOEs
to ortho resonance of Tyr22 are resolved in different wy—w;
planes of the 3D spectrum. . Superimposed cross-peaks in the
2D NOESY spectrum (cross-peak a in Figure 9A) are edited
by the resolved Hj frequencies of Thr5 and Thr7 in w; (3.44
and 4.19 ppm, respectively). These are shown as cross-peaks
a’ and a” in panels B and C. A table of NOE contacts is
provided as supplementary material.
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(III) Solution Structure

The program DG-II (Havel, 1991) was used to generate
the DG/SA models of the TFIIS nucleic acid binding domain
{peptide residues 5-50). Twenty structures were obtained
based on 934 restraints as summarized in Table II. Tetra-
hedral coordination of Zn?* by Cys12, Cys15, Cys40, and
Cys43 was explicitly imposed: the four S,—Zn bond distances
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FIGURE 8: Three—stranded antlparallel B-sheet is defined in the
peptide-Zn?* complex by interstrand backbone NOEs: solid arrows
designate d,,(i,j) contacts; dashed and dotted arrows designate dun-
(i) and dnn(i,j) contacts, respectively.

were constrained to be 2.2-2.4 A, and six S,-S, distances
were constrained to be 3.6-4.0 A In reﬁned structures
hydrogen-bond restraints were introduced based on slowly
exchanging amide resonances (see below). Of the 20 struc-
tures, 14 had a residual error function of less than 1.1 kcal/
mol and were subjected to restrained molecular dynamics
without explicit charges (Clore et al., 1985; Kochoyan et al.,
1991). In this set there were no NOE violations >0.4 A.
Main-Chain Conformation. An ensemble of backbone
structures (residues 5-50) is shown in Figure 10A; a corre-
sponding ribbon model is shown in Figure 1B. The structure
is most precisely defined between residues 5-26 and 35-48;
in these regions the main-chain RMS deviation (relative to
mean coordinate positions) is 0.40 A and side-chain RMS
deviation is 0.89 A (Table II). The structure is elongated:
the central 8-sheet contains an internal Zn-binding site at one
end and an exposed disordered loop at the other. The Zn-
binding site consists of well-defined 8-turns whose configu-
ration is stabilized by contacts with side chains in the 8-sheet;
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FIGURE 9: Homonuciear 3D TOCSY-NOESY spectrum in D,0.
(A) Baseline 2D NOESY spectrum (aliphatic-aromatic region) in
D;0. Resonance overlap occurs in the aliphatic dimension (w;). (B
and C) NOESY wy—w; cross-planes at w; = 3.44 ppm (B) and w; =
4.19 ppm (C). Assignment of cross-peaks: (a’) T5(y-CH;)-Y22-
(ortho), (a”) T7(y-CH;)-Y22(ortho), (b) T7(y-CH;)-F10(para),
(¢) T7(y-CHs)-Y22(para), (d) F37(ortho)-T23(y-CH3), (e) T7(v-
CHa,)-F10(ortho), (f) F37(para)-T27(y-CH,), and (g) F37(para)-
T27(y-CHj3).

the Sy atoms of Cys20 and Cys50 are too distant from Zn2+
to act as ligands (6 and 20 A, respectively). The loop occurs
between the first and second §-strands and contains the
fingertip (Figure 1). One representative DG/RMD model is
shown in stereo in Figure 10B with selected side chains. The
precision of the DG/RMD ensemble is shown by residue in
Figure 11A as RMS deviations among main-chain and side-
chain atoms (open and closed circles, respectively). Although
the side chain of Phe49 (8-strand 3) exhibits prominent long-
range NOEs, its position is not well-defined due to degeneracy
of ring resonances (Table I). The distribution of main-chain
¢ and ¢ dihedral angles in the ensembles (Ramachandran
plot) is as expected in the ordered regions as shown in Figure
12. The 3D profile score, defined by Bowie et al. (1991) as
a measure of the fit between sequence and structure, is 16.1
= 1.4 (residues 1-50); this value is in accord with a compatible
model.
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Table II: NMR Restraints and Statistical Parameters

A. Summary of Restraints
NOE upper bonds 637 NOE lower bonds® 236

intrareside 162 dihedral angle ¢ 20

sequential 216 dihedral angle x,; 15

long-range 211 Zn coordination® 10

medium-range 48 hydrogen bonds® 16
B. RMS Deviations (Excluding Disordered Regions9)

main chain (A) 0.40 side chains (A) 0.89

C. Average Restraint Violations®
upper-bound NOE (A)  0.028  dihedral angles (deg) 1.2
D. Deviations from Ideal Covalent Geometry

bond lengths (A) 0.01 bond angles (deg) 2.92
E. Empirical Energy Function (kcal/mol)
NOE residual violation/ 21.2 dihedral angles 160.4
dihedral restraint violation/ 0.1 improper dihedral angles 3.9
bonds 13.1 vander Waals -224.1
hydrogen bonds —47.8 electrostatic 31
angles : 171.1 total 98.6

a A lower bound of 3.0 A was imposed for weak NOEs (restraint range
3.0-4.3 A). ® Tetrahedral Zn?* coordination was imposed as follows:
Zn-S~ and Sy-Sv distances were restrained to be 2.2-2.4 and 3.64.0
A, respectively. ¢ Two distance restraints were imposed per hydrogen
bond; in the case of peptide hydrogen bonds these were HeO=C (1.8-
2.4 A) and NH«O=C (2.7-3.3 A); in the case of amide-sulfur hydrogen
bonds these were HN-Sy (2.2-2.8 A) and HN«Sv (3.1-3.7 A). 4 The
ensemble was aligned according to the C= positions of residues 5-25 and
35-48; RMS values shown correspond to these regions as calculated
against average coordinates. ¢ NOE restraint violations represent RMS
upper-bound violations; lower-bound violations were 0.017 A. / The NOE-
and dihedral-related force constants were set to be 40 kcal/A? and 40
kcal/rad?, respectively.

Control Calculations. Tetrahedral Zn2* coordination by
Cys12, Cysl15, Cys40, and Cys43 was explicitly imposed in
the above model. Although this assumption is supported by

FIGURE 10: (A) Ensemble of 12 DG/SA models, aligned with respect to the main-chain atoms of well-defined residues (see Table II). (B)
Stereo pair of one DG/RMD model showing positions of well-ordered side chains (C12, C15, C20, Y22, F37, V38, C40, C43, N45, and W47);
disordered side chains D31 and E32 are also shown. Local environments of well-ordered side chains are shown in Figures 13 and 14. Figure

is adapted from Qian et al. (1993).
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FIGURE 11: (A) RMSD about mean coordinate position shown by
residue for main-chain (@) and side-chain atoms (0). (B) Relative
solvent accessibilities of side chains as calculated using the Lee and
Richards algorithm implemented in XPLOR (probe radius 1.6 A).
Percent values are defined relative to the accessibility of a given side
chain (X) imbedded in Gly-Gly-X-Gly-Gly pentapeptide, assumed
to be in an extended conformation. 100% indicates fully exposed,
and 0% indicates fully buried. Values (@) represent an ensemble
average; error bars represent £1 RMSD.
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FIGURE 12: Ramachandran plot depicting ensemble distribution of
¢—y backbone angles (residues 4—48). ¢—y angles of non-glycine
residues in the ordered region (residues 4—25 and 35—48) are indicated
by “+”; those of glycine residues are indicated by “-”. ¢—y angles
in the disordered loop (residues 26—34) are not well-defined (O).
inspection of homologous sequences and by site-directed
mutagenesis (section I), there are in fact 15 combinations of
four ligands that may be selected from a set of six cysteines.
To test the consistency between the assumed coordination
and observed NOEs, two control calculations were performed.

Qian et al.

Table I1I: Geometry of Possible Zn-Binding Sites in Control
DG/RMD Models®

residue residue

distance (A) distance ()
Control A
Cl12  Sy-Zn 1.9£0.6 C40  Sy-Zn 2.5+£0.2
Cl15 Sv-Zn 2.8%0.3 C43  Sy-Zn 26+09
C20 Sy-Zn 6.0+0.4 C50  Sy-Zn 200% 2.1
Control B
Cl12  Sv-Zn 20%0.2 C40  Sy-Zn 22£0.2
Cl5 Sv-Zn 34%04 C43  Sy-Zn 45%£1.2
C20 Sv-Zn 41%£0.2 C50 Sy-Zn 188%£2.0
Control C
Cl12  Sy-Zn 1.6 £ 0.6 C40 Sy-Zn 22%£04
Cl5 Sv-Zn 3.1+0.7 C43  Sy-Zn 3.7%0.9
C20 Sy-Zn 48%05 C50 Sy-Zn 19.1£2.0
Control D
Ci2  Sy-Zn 22£05 C40  Sy-Zn 1.5+0.1
Cl5 Sy-Zn 41£0.5 C43  Sv-Zn 3.7+£09
C20 Sy-Zn 44%04 C50 Sv-Zn 18.6 £ 2.0
Control E
Ci12  Sv-Zn 22%06 C40  S4-Zn 1.5%0.2
Cl15 Sy-Zn 34+£04 C43  Sy-Zn 3.6%0.8
C20 Svy-Zn 47+£04 C50 Sy-Zn 19.3£20

¢ Control DG/RMD models were calculated in the absence of explicit
Zn-related restraints. Values shown represent the average (:RMSD)
of 10 DG/RMD structures. Five separate control calculations were
performed. In calculation A, the Zn position was assumed to be at the
center of mass of the sulfur atoms of residue 12, 15, 40, and 43 (the native
Zn-binding site; indicated by boldface). In calculations B-E, alternative
binding sites involving Cys20 were systematically evaluated. The Zn
was placed at the center of mass of the following sulfurs (boldface): (B)
residues 12, 15, 20, and 40; (C) residues 12, 15, 20, and 43; (D) residues
12, 20, 40, and 43; and (E) residues 15, 20, 40, and 43.

Table IV: Sv-Zn-Sv/ Bond Angles

angle restrainted ensemble®

control ensemble®

Sv(12)-Zn-Sy(15) 107.6 £ 1.7 88.9 & 14.4
Sv(12)-Zn-Sy(40) 96.8 + 3.2 1042 6.7
Sv(12)-Zn-Sy(43) 105.6 & 4.5 114.1 £ 18.3
Sv(15)-Zn-Sy(40) 116.4 £ 5.3 1269+ 7.7
Sv(15)-Zn-Sv(43) 113.2 £ 4.0 1218 1.4
Sv(40)-Zn-Sv(43) 114.1 £ 4.3 98.6 + 6.4

@ Tetrahedral Zn2* coordination was imposed as follows: Zn-Sy and
Sv-S+ distances were restrained to be 2.2-2.4 and 3.6-4.0 A, respectively;
S+-Zn-S+’ bond angles were not restrained (see Materials and Methods).
b In the control ensemble, no Zn-related restraints were employed. The
center of mass of Sy(12), Sy(15), S¥(40), and Sv(43) was used as the
presumed Zn position (see footnote to Table III).

(i) DG/SA structures were calculated without imposition of
explicit Zn coordination. Such structures are similar to the
original model. In particular, the S+ atoms of Cys12, Cys15,
Cys40, and Cys43 are near the presumed position of Zn2*
(control A in Table III) with geometry compatible with
tetrahedral coordination (Table IV). Incontrast,the S+ atoms
of Cys20 and Cys50 cannot readily be fit into a Zn-binding
site (e.g., controls B-E in Table III). Asexpected, the control
ensemble is less precise than the original model in the
neighborhood of the Zn2*-binding site (data not shown). (ii)
Imposition of alternative Zn2?* coordination (e.g., Cys12,
Cysl5, Cys40, and Cys50) leads to large NOE restraint
violations. Taken together, these control calculations dem-
onstrate that the NMR data are sufficient in themselves to
identify which cysteines coordinate Zn2*. Ananalogous DG-
based procedure to establish disulfide pairing has recently
been described (Adler et al., 1993).

Assignment of Hydrogen Bonds. Putative hydrogen bonds
were identified in DG/RMD structures using the analysis
facility of X-PLOR (Tables V and VI). Some (but not all)
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Table V: Hydrogen Bonds Predicted by RMD Refinement?

no. of
structures energy angle
donor acceptor involved (kcal/mol) distance (&) [A(deg))® class
5 NH 0G,; 21 8 -2.6 31 18 side chain
6 NH oG, 21 8 -1.2 2.9 41 side chain
7 NH 0=C 20 9 -2.2 31 16 tertiary
12 NH 0=C 17 14 -2.2 3.2 20 tertiary
16 NH 0=C 12 13 -0.3 33 49 tertiary
19 NH OE; 42 7 -0.5 3.3 32 side chain
21 NH 0=C 39 14 -2.7 2.9 17 B-sheet (81-52)
23 NH 0=C 37 14 -2.7 3.0 10 B-sheet (81-52)
24¢ NH; oG, 36 10 -2.2 33 22 side chain
25 NH 0=C 35 11 -1.4 34 30 B-sheet (81-82)
35 NH 0=C 25 11 -1.3 3.1 30 B-sheet (81-52)
37 NH 0=C 23 14 =23 3.1 18 B-sheet (81-82)
38 NH* 0=C 47 14 -29 2.9 14 B-sheet (82-83)
39 NH* 0=C 21 14 -3.2 3.0 9 B-sheet (81-52)
40 NH* O0=C 45 14 -2.3 2.8 14 B-sheet (82-83)
4] N;H, oG, 21 10 -1.5 3.0 36 side chain
41 NH 0=C 19 12 -0.7 3.5 35 B-sheet (82-83)
45 NH o=C 40 9 -0.0 3.8 43 B-sheet (82-83)
47 NH* o=C 38 14 -3.0 3.0 10 B-sheet (82-83)

a Presumptive hydrogen bonds are listed only if present in at least 50% of the 14 DG/RMD models. Carbonyl oxygen acceptors are designated O=C.
Asterisks designate slowly exchanging amide proton resonances in D;0. ¢ A(deg) is defined as deviation from linearity. ¢ The side chain C=0 of GIn24
is also positioned to receive a hydrogen bond from the phenolic OH of Tyr22; this hydrogen bond was not predicted by XPLOR because the orientation

of the para OH is random in the DG/RMD ensemble.
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FiGURE 13; Ineach Cys-X,-Cys element, the N-terminal cysteate participates in bifurcating sulfur-amide hydrogen bonds as shown for Cys40
(dotted lines). The C-terminal cysteate (Cys43) does not participate in hydrogen bonding. One representative model is labeled at the left;
the corresponding DG/RMD ensemble is shown in stereo at the right. The two sulfur atoms are shown as filled circles; oxygen, carbon, nitrogen,
and hydrogen positions are indicated by open circles (radii O>C=N>H). The side chains of Asn41, Glu42, and Asn45 are also shown.

such hydrogen bonds correspond to slowly exchanging amide
resonances in D,O: (i) Val38, Val39, Cys40, and Trp47
(asterisks in Table V), and (ii) Lys14, Cysl5, Glu42, and
Cys43 (asterisks in Table VI, set A). The former occur in the
B-sheet (see Figure 8). The latter correspond to bifurcating
sulfur-amide hydrogen bonds in the Zn-binding site (Sv (i) ~
Hn(i+2) and S+y(i) — Hn(i+3)); only the N-terminal Cys S,
in each Cys-X,-Cys element is involved (Cys12 and Cys40).
Figure 13 shows the structure of the Cys40-X,-Cys43 element
and Cys40 sulfur-amide hydrogen bonds (dotted lines). The
S, atoms of Cys15 and Cys43 are, in contrast, more distant
from possible hydrogen-bond donors. The nearest amide
protons (of Lys17 and Asnd45, respectively) are ~4 A away
(Table VI, set B and Figure 13). In refined DG/RMD
calculations, peptide and amide-sulfur hydrogen bonds cor-
responding to slowly exchanging amide resonances were
explicitly restrained (Qian & Weiss, 1992). Additional
hydrogen bonds involving side-chain functionalities (e.g., Thr
B-OH and amide groups of Asn and Gln; see below) may be
inferred from the refined ensemble but do not correspond to
slowly exchanging resonances in D,0O.

Side-Chain Environments. Refined DG/RMD models
demonstrate that the TFIIS domain, like the classical Zn
finger (Lee et al., 1989), folds as a globular minidomain with
an inside and an outside. The positions of several side chains
are well-defined (side-chain RMSD <1 A; Figure 11A); these

include residues 7, 9-13, 15, 19-23, 38—41, 43-45, and 47.
Local environments of representative such side chains, shown
as a stereo ensemble in Figure 14, are discussed in turn below.

An overview of side-chain relationships is provided by
analysis of calculated solvent exposure, defined in Figure 11B
as percent solvent accessibility. Predominantly exposed side
chains (percent solvent accessibility greater than 60%) are
either charged (Asp8, Lys14, Lys16, Lys17, Lys18, Arg28,
Asp31, Glu32, Argd6, and Lys48) or near the chain termini
(Thr5 and Cys50). Predominantly internal side chains
(defined as percent accessibility less than 25%) include three
of the coordinating cysteines (Cysl2, Cysl$5, and Cys40),
nonpolar and aromatic side chains (Phel0, Cys20, Tyr22,
Phe37, Val38, and Trp47), selected polar side chains (Thr7,
Thr21, Thr35, Thr36, Asnd41, and Asn45), and one charged
residue (Glu42). The Glu-42 carboxylate is solvent-exposed
on one face and near the e-NH;* of Lys17; its methylene
chain is engaged in long-range van der Waal contacts (see
below). Similarly, the Thr y-CHj groups contribute to
nonpolar packing whereas their 8-OH functions are either
solvent-accessible or well-positioned to participate in hydrogen
bonds (e.g., the 8-OH of Thr21 is near the Hy protons of
residues 5 and 6 and insome structures alsonear Asn41 6-NH,;
see Table V). The overall pattern of buried nonpolar groups
and exposed polar or charged groups leads to a favorable
empirical solvation free energy (-29 £ 1 kcal/mol) as
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FIGURE 14: Local environments of well-ordered side chains. In each panel, one representative model is labeled at the left; the corresponding
DG/RMD ensemble is shown in stereo at the right. (A) Zn coordination site. Thiolate-Zn bonds are shown as dotted lines. (B) Packing
of N45 and W47 in 8-strand 3 near V38 in S-strand 2. W47 also participates in an aromatic-aromatic interaction with F10 (not shown).
(C) Contact between 8-strands 1 and 2. Putative long-range hydrogen bond between the E42 carboxylate and main chain Hy of N19 is shown

in the dotted line.

Table VI: Amide-Sulfur Hydrogen Bonds®

donor acceptor distance (A)®*  angle [A(deg)]¢
Set A
14  HN* 12 S« 25+£0.2 47x7
15 HN* 12 Sy 2502 134
42  HN* 40 Sy 24£0.2 465
43  HN* 40 Sy 23%0.1 193
Set B4
(i)17 HN 15 Sy 43£08 52+9
45 HN 43 Sy 4003 957
(ii))17 HN 15 Sy 4408 518
45 HN 43 Sy 3903 934

2In set A are given predicted amide-sulfur hydrogen bonds that
correspond to slowly exchanging amide resonances in D,O (asterisks).
In set B are given additional amide-sulfur relationships which (although
stereochemically permitted) do not correspond to slowly exchanging amide
resonances. Two ensembles were calculated. In the first ensemble,
minimum (Svy, HN) internuclear distances in set A were set to be 2.2
A; in the second ensemble, minimum (Sv, HN) distances were set to be
2.2 A for both set A and set B. The default minimum would otherwise
be set to be the sum of hard-sphere radii (2.75 A).  The values shown
represent ensemble averages (RMSD). ¢ A(deg) is defined as deviation
from linearity (£RMSD). 4 Subset B(i) was calculated from the first
ensemble; subset B(ii) was calculated from the second ensemble. In both
ensembles, neighboring Lys e-NH;* groups provide alternative electro-
static stabilization of the C15 and C43 Sy atoms (see text).

calculated by the method of Eisenberg and McLachlan
(1986).

The ensemble positions of side chains in or near the Zn-
binding site are illustrated in Figure 14. The two Cys-X,-Cys
elements are shown in panel A. Although primarily internal,
one cysteate side chain (Cys43) is partially exposed (mean
solvent accessibility 35% £ 5). The geometry of Zn2+
coordination is only approximately tetrahedral. The six S,-
Zn-S., bond angles fall into three groups (Table IV): ~115°
(Cys15-Zn-Cys40, Cys15-Zn-Cys43,and Cys40-Zn-Cys43),
=~107° (Cys12-Zn-Cysl5 and Cys12-Zn-Cys43), and ~97°
(Cys12-Zn-Cys40). Such distortion from ideal tetrahedral
geometry has previously been observed in Zn-binding sites
both in solution (Omichinski et al., 1991) and in crystal
structures (Eklund & Branden, 1983). The Cys12and Cys40
thiolates each participate in bifurcating amide hydrogen bonds
(Table VIand Figure 13;seeabove). Although not positioned
to form hydrogen bonds, the S, atoms of Cys15 and Cys43
are near the eeNH;* groups of Lys17 and Lys14, respectively,
presumably leading to favorable electrostatic interactions.

Adjacent to the Zn-binding site, the side chain of Asn45
is well-ordered and relates the Zn-binding site to the tertiary
structure of the 8-sheet. The Asnd5 §-NH; protons exhibit
NOE:s to Glyl13-Hy, Lys14-Hy, and Lys14-Hg, 1 (Figure
14A) and also the aromatic ring of Trp47 (Figure 14B). The
aromatic ring of Trp47 in turn contacts the Zn-binding site
(the « proton of Cys12 and 8 protons of Cys40) and the side
chain of Val38 in §-strand 2. The aromatic-methyl NOEs
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Protein Sequence Reference’
_ bbbbbb bbbbb b __ bbbb
RTFIIS TGGTQTDLEFT| C GK-ETKKKNCTYTQVQTRSADEPMTTFVV C|NE| C|GNRWKFC 1
MTFIIS TGGTTTDLLR| C | SK| C |[KKKNCTYNQVQTRSADEPMTTFVL} C|NE| C[GNRWKEFC 2
yTFIIS IERSVTDRFT| C|GK| C |KEKKVSYYQLQTRSADEPLTTFCT| C|EA| C[GNRWKFS 3
viTFIIS VAEKTSQLYK| C |PN} C |[KQRMCTYREVQTRALDEPSTIFCT| C|KK| C|GHEF-IG 4
v2TFIIS NVLDEKYNTP| C |PN| C [KSRNTTPMMIQTRAADEPPLVRHA] C|RD| C|KQHFKPP 5
pMTFIIS VOGTKTDLLK| C |2K| C |KKRNCTYNQLQTRSADEPMTTFVM C|NE[ C|GNRWKFC 6
HTFIIE RDSTNRASFK| C|PV]|C [---SSTFTDLEANQLFDPMTGTFR| C|TF| C|HTEVEED 7
xTFIIE RDSTNRASFK| C |PN]| C |---CSTFTDLEANQLFDPMTGMFR| C|TF| C|QTEVEED 8
Insulinoma GAARPLGEFI| CiQL| C |[KEEYADPFALAQHKCSRIVRVEYR| C|PE| C|AKVFSCP 9
YDNAPalpha FXDTVTLELS| C|PS| C [DKRFPFGGIVSSNYY-RVSYNGLQ| C|KH| C|EQLFTPL 10
YRNAPII DPTLPRSDRE| C [PK| C [HSRENVFFQSQQRRKDTSMVLFFV] C|LS| C|SHIFTSD 11
pMRNAPII DPTLPR%?HA C|PK{ C |SHREAVFFKAQTRRAEEEMRLYYV| C| TN\ C | THRWT-E 12
anN
T4 NSSTFKLRFR| C |PV| C |GDSKTDQNKARGWYYGDNNEGNIH| C|YN| C|NYAHAPI 13
T7 SDSVFLYHIP|C|DN|C [===== GSSDG--NSLFS--DGHTF| C|YV|] C|-EKWTAG 14
T3 DDSIFLFHAP|C|ENjC |====~ GSSDG--NSVYS--DGHEN| CIFC| C|EHRVPAN 15
MMTVenv REQAREIVKL| C[PN| C |[PDWGSAPQLGVNPRGLKPSSMANG| C}{YS| C|LRIWKIK 16
MMTVzev REQAREIVKL q’PE\C PDWGHAPQLGVNPRGLKPRVLWQ%\H YY\H VIVDTYS 17
o Y DVT | VEGHGKLK
UVRAE.Coli EELLFSANFA|C|PI|C |---GYSMRELE-PRLFSFNNPAGA| C[PT[ C|DGLGVQQ 18
UVRAM. Luteus RYRSFSEKLS| C PN\H ---EQTVDEIE-PRSFSFNNPFGA} CIPEl C|TGIGSRL 19
by
CoMC HLSIIAPRSS|C PFJC -—--RRTLTPAELIPILSFLFQKGK| C|KS| C|GHRISFM 20
TCPJ FYDIDSNRSM| C{PK| C |---GNKISWYDNVPLLSYLLLHGK| C|REf C{DEKISLS 21
XCPA TYNLVLPNSA| C PRLE_-—-GHEIRPWENIPLVSYLALGGK C|SS| C|KAAIGKR 22
— —

FIGURE 15: Alignment of putative Zn ribbon sequences obtained from databases. B-Sheet residues in TFIIS are designated by “b” at the
top. Cysteines proposed to coordinate Zn?* are aligned and boxed. Insertions are indicated by “* ”, and deletions are indicated by “-". (a)
Sequence identification, reference, and database accession numbers are given below; superscripts identify source database (SP'SWISS-PROT
version 24.0 and ®GenBank release 74.0). (1) HTFIIS (human TFIIS): Yoo et al. (1991); TFS2_HUMANSP, (2) MTFIIS (mouse TFIIS):
Kanai et al. (1991); TFSM—MOUSESP, (3) YTFIIS (yeast TFIIS): Hubert et al. (1983); Davies et al. (1990); TFS2—YEASTSS?, (4)
viTFIIS (African swine fever virus TFIIS): Rodriguez et al. (1992); TFS2_ASFBSP. (5) v2TFIIS (stable subunit of vaccinia virus RNAP):
Ahn et al. (1990); RPO5_VACCCSP, (6) DMTFIIS (Drosophilia TFIIS): Marshall et al, {1990); TFS2—DROMES?, (7) HTFIIE «-subunit
of human TFIIE): Peterson et al. (1991); HUMTFIIEA_198, (8) XTFIIE (e-subunit of Xenopus laevis TFIIE): Ohkuma et al. (1992). (9)
Insulinoma (putative neuroendocrine cell transformation protein, IA-T gene product, Homo sapiens): Goto et al. (1992); HUMIA1X_168,
(10) YDNAPa (Saccharomyces cerevisiae DNA polymerase a-subunit): Pizzagalli et al. (1988); DPOA_YEASTSP, (11) yRNAPII
(Saccharomyces cerevisiae RNA polymerase II subunit): Woychik et al. (1991); RPB9_YEASTSP, (12) pMRNAPII (Drosophilia
melanogaster RNA polymerase II 15-kDa subunit): Harrison et al. (1992); S88139_1GB, (13) T4 (bacteriophage T4 DNA primase):
Nakanishi and Alberts (1985); Macdonald and Mosig (1984); DNAP_BPT4SP, (14) T7 (bacteriophage T7 DNA primase): Dunn and Studier
(1983); Dunn and Studier (1981); PRIM_BPT75P. (15) T3 (bacteriophage T3 DNA primase): Beck et al. (1989); PRIM_BPT3SP, (16)
MMTVenyv (mouse mammary tumor virus proviral envelop region): Moore et al. (1987); MMTENVGR_168, (17) MMTVrev (mouse
mammary tumor virus reverse transcriptase): Moore et al. (1987); POL_MMTVBSP, (18) UVRAE.Coli (DNA-binding subunit of E. coli
DNA-repair protein): Husain et al. (1986); UVRA_ECOLISP, (19) UVRAM.Luteus (DNA-binding subunit of Micrococcus luteus DNA-
repair protein): Shiota and Nakayama (1984); UVRA_MICLUSP, ate competence protein in Bacillus subtilis); Mohan et
al. (1989); COMC_BACSUS?. (21) TCPJ (TCP pilin leader protease in Vibrio cholerae); Kaufman et al. (1991): TCPJ_VIBCHSP, (22)
XCPA (secretion protein in Pseudomonas aeruginosa); Nunn et al. (1990); Bally et al. (1991); XCPA_PSEAESP,

are stereospecific. Edge-to-face packing is observed between
the aromatic rings of Trp47 and PhelO (Burley & Petsko,
1988). Such packing orients the N H indole proton of Trp47
toward the center of the Phel0 = orbital, providing a weakly
polar interaction whose strength is estimated to be similar to
that of an internal hydrogen bond (Burley & Petsko, 1988).
Analogous edge-to-face packing is possible between Phel0
and Phe49 but presently is less well-defined due to degeneracy
of the F49 aromatic !H resonances (Table I); in the future
thislimitation may be overcome using 3D !3C-edited NOESY
experiments (Clore & Gronenborn, 1991). Aromatic—aro-
matic interactions are also observed in the classical Zn finger
(Jasanoff et al., 1992).

Thesside chains of Asn41 and Glu42 (central residues in the
C-terminal Cys-X,-Cys element) are well-ordered near Asn19
(Figure 14C). Inthe NOESY spectrum, contacts are observed
between Asnl9 6-NH; and Glu42-H,;s, between Asnl9
6-NH; and one Asn41-Hjg, between Asnl9 8-NH; and Glu42-
H,;,2, and between one Asn19-Hg and Glud2-H,;,. The 8
protons of Asnl9, Asn4l, and Glu42 are stereospecifically
assigned whereas the Glu42 v protons are degenerate (Table
I). Inthe DG/RMD ensemble, the Glu42 e-COO-is near the
e-NH;3* of Lys17 at the protein surface and may, in addition,
accept a hydrogen bond from Asnl19-Hy (Figure 14C). In
the majority of structures, Asn41 §-NH; donates a hydrogen
bond to the 3-OH of Thr21 (not shown in Figure 14;see Table

V). In addition, an amide N.H of GIn24 is well-positioned
todonate a hydrogen bond to Thr36-80H (across the 8-sheet)
whereas the GIn24 amide oxygen is positioned to receive a
hydrogen bond from Tyr22 p-OH (within B-strand 1).
Although the latter hydrogen bonds are speculative, their
formation is suggested by the presence of multiple NOEs
among the sidechains of Tyr22, Gln24, and Thr36.

(IV) Database Search and Homology Modeling

TFIIS homologues have been cloned and sequenced from
several organisms, including mouse, Drosophila melanogaster,
and Saccharomyces cerevisiae; in addition, a TFIIS-like
sequence occurs in vaccinia virus as a subunit of the viral
RNAP (Figure 15; references are provided in the figure
caption). Thesesequences exhibit striking conservation, which
may reflect either the specific function of TFIIS in RNAPII
elongation or general requirements of Zn-dependent folding.
Asa first step toward defining a Zn ribbon sequence template,
we undertook a more general search for analogous sequences
in other genes. Our search protocol had two parts. First, the
available databases (GenBank, SWISS-PROT, and PIR; see
Materials and Methods) were searched for strict matches to
the degenerate template Cys-X,-Cys-Xg_9-h-X4-Cys-X,- Cys-
X3-h (in which h designates a hydrophobic residue in accord
with the sequence homologues). Matching sequences were
then used to select more broadly related sequences from the
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same databases. In the second search, departures from the
initial template in ligand identity (Cys or His) or spacing
(Cys-X;-Cys or Cys-X4-Cys) were tolerated as described
(Higgins & Sharp, 1988, 1989). As shown in Figure 15,
analogous sequences are found in a variety of genes involved
in RNA or DNA transactions. These include basal initiation
factor TFIIE, subunits of RN APII, DNA primases of bacterial
phages T3, T4, and T7, and bacterial DNA-repair proteins.
The latter are of interest in light of a recently discovered
coupling between transcription and DNA repair [for review,
see Hanawalt and Mellon (1993)]. The classification of the
above sequences as Zn-binding sites is only presumptive. The
Cys4 domain of T7 DNA primase (encoded by gene 5; Dunn
& Studier, 1981, 1983) has recently been shown to bind a
single Zn?*; its CD spectrum is essentially identical to that
of the TFIIS domain (L. Mendelman and C. A. Richardson,
manuscript in preparation).

Formation of analogous (-sheet domains by the above
sequences would imply that the Zn ribbon motif can accom-
modate a variety of substitutions, insertions, and deletions as
required for divergent functions. To test the reasonableness
of this proposal, a three-dimensional model of the TFIIE Cysg4
site was built using DG-based homology modeling (Havel,
1990). Its ligand spacing (Cys-X;-Cys-X;;-Cys-X,-Cys)
differs from that of TFIIS (Cys-X;-Cys-X34-Cys-X,-Cys).
Optimal sequence alignment by the procedure of Higgins &
Sharp (1988, 1989) suggested that a three-residue gap may
be placed C-terminal to the second cysteine (Cys-X,-Cys-
gap-X;,,-Cys-X»-Cys; Figure 15). Following such alignment,
the TFIIE and TFIIS sequences share 24% sequence identity
and 39% sequence similarity, The proposed location of the
gap has a plausible structural basis: the additional three
residues in TFIIS (Lys16-Lys17-Lys18) form a loop between
the N-terminal B-turn and the first 8-strand (Figures 1B and
15). Neural-net analysis of the secondary structure (Hulley
& Karplus, 1989) is compatible with g-sheet formation but
also predicts a high probability of helix in the center of the
sequence as previously noted (Peterson et al., 1991).

Distance-geometry models of the TFIIE domain were
calculated based on 296 distance restraints and 52 dihedral
restraints imposed by analogy to the TFIIS structure.
Restraints include 42 (i,i+2) distances between a carbons
and 215 long-range intercarbon distances (£15% of mean
distancesin the TFIIS ensemble). Long-range restraints were
restricted tosites of amino acid identity (TFIIE residues Phe10,
Cysl12, CyslS5, Thr21, Thr23, Pro32, Met33, Thr34, Cys40,
and Cys43; using an analogous peptide numbering scheme)
or chemical similarity (TFIIE residues Phe22, Leu235, GIn26,
and Val47). The following additional restraints were im-
posed: peptide hydrogen-bond restraints in the 8-sheet (11),
amide-sulfur hydrogen bonds in the metal-binding site (4),
and distance restraints related to tetrahedral Zn>* coordi-
nation. Of 30 DG/SA calculations initiated, four convergent
models were obtained. These exhibited an a-carbon RMSD
of 2.0 A (excluding the central loop and N-terminal residues)
with negligible restraint violations. The models were subjected
to restrained molecular dynamics and energy minimization
(Clore et al., 1985). The individual components of the
empirical energy function were similar in each case to those
of the TFIIS ensemble (Table II).

A ribbon model of the TFIIE domain is shown in Figure
16 (model A). Alignment of the gap C-terminal to Cys15 is
well-tolerated: foreshortening of the TFIIS loop (“gap”
residues 16-19) enables formation of an analogous S-sheet
and metal-binding site. The twist of 8-strain 1 differs, however,
from that of TFIIS as required to accommodate the deletion.

Qian et al.
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Model B

FIGURE 16: Ribbon models A (upper panel) and B (lower panel) of
TFIIE Cys, domain as predicted by homology modeling. Strands
1-83 are labeled in the upper left-hand panel. Model A, based
strictly on constraints analogous to TFIIS, contains a disordered
loop between strands 81 and 2. In model B, additional 3,¢-helix
related constraints were introduced in this region in accord with
secondary structure predictions (Peterson et al., 1991). The position
of Zn is indicated in the two models by an “X”.

Detailed inspection of side-chain environments reveals no
obvious biophysical violations (e.g., internal polar or charged
residues). In fact, the empirical solvation free energy of the
TFIIE models (—28 % 1 kcal /mol; Eisenberg & McLachlan,
1986) is similar to that of the TFIIS ensemble, suggesting
comparable desolvation of nonpolar surfaces. Inmodel A the
connection between the first and second 8-strands is disordered
asin TFIIS. Inmodel B a short 3;¢-helix has been introduced
in accord with secondary-structure predictions (Peterson et
al., 1991) and is well-tolerated. (Inclusion of a-helical
hydrogen bonds are less readily accommodated; this distinction
is likely to reflect the limitations of homology modeling and
isnot meant as a structural prediction.) Althoughsuch model
building is plausible, extension of the Zn ribbon motif to TFIIE
and analogous Cys, sites will require direct experimental
demonstration.

DISCUSSION

Transcription requires an intricate choreography of protein—
protein and protein—nucleic acid interactions, which are not
understood in detail. Overall stepsinclude promoter location,
formation of a multiprotein initiation complex, “melting in”,
abortive initiation, elongation, and termination (Yager & von
Hippel, 1991). A conceptual framework for analysis of
elongation is provided by the “transcription bubble” para-
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FIGURE 17: (A) Domain model of TFIIS based on biochemical studies
of deletion mutants (Agarwal et al., 1991). Theisolated N-terminal
region (residues 1-229) binds to RNAP-II in an elongation complex
whereas the isolated C-terminal domain (residues 230-280; the Zn
ribbon) binds nucleicacids. The intact protein does not exhibit nucleic
acid binding activity, motivating the hypothesis that the nucleic acid
binding surface of the Zn ribbon is inaccessible (cryptic) in the
structure of the intact protein (as illustrated in upper left). A
conformational change is proposed on binding toan arrested elongation
complex (upper right), permitting interaction between Zn ribbon
and nucleic acid as schematically indicated in panel B (the
transcription bubble paradigm).

digm: a complex of a template and nontemplate single-
stranded DNA, the nascent RNA transcript, RNA poly-
merase, and associated factors (Figure 17B). This assembly
moves processively along a gene in step with nascent RNA
synthesis. Elongation must involve dynamic interactions
among proteins and a variety of nucleic acids, including double-
stranded DNA (upstream and downstream of the elongation
bubble), single-stranded DNA (melted template and non-
template strands), DNA-RNA heteroduplex (the RNAP
catalytic site), and single-stranded RNA (the nascent mes-
sage).

Elongationserves as a transcriptional control point in nuclear
proto-oncogenes (Wright & Bishop, 1989) and viral genes,
including HIV-1 (Hay et al., 1982; Hay & Aloni, 1984; Kao
et al., 1987). Two eukaryotic elongation factors have been
identified, TFIIS (also designated S-II; Natori, 1982) and
TFIIF (alsodesignated RAP30/74; Burtonetal., 1988). These
proteins are not homologous in sequence and have distin-
guishable activities. TFIIS, the object of the present structural
study, binds to the largest subunit of RNAP-II in a paused
elongation complex (Rappaport et al., 1988; Archambault et
al., 1992). Such binding facilitates elongation through intrinsic
DNA pause and termination sites (Reines et al., 1989; Siva-
Raman et al.,, 1990; Agarwal et al., 1991) and past blocks
imposed by sequence-specific DN A-binding proteins (Reines
& Mote, 1993). Unlike TFIIS, TFIIF increases the overall
rate of RNAPII elongation without specific effect at tran-
scriptional pause sites (Bengal et al., 1991). Whereas TFIIS
selectively interacts with the paused elongation complex, TFIIF
can interact with RNAP-II in a preinitiation complex and is
required for initiation of transcription (Burton et al., 1988;
Fores et al., 1988).

Binding of TFIIS to a paused elongation complex activates
a Mg?*-dependent ribonuclease activity, resulting in cleavage
of the nascent transcript (Reines & Mote, 1993; Izban &
Luse, 1992). Purified TFIIS is not itself a ribonuclease.
Analogous stimulation of a Mg2*-dependent 3’5’ ribonu-
clease is observed on binding of E. coli elongation factors
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(GreA and B) to cognate elongation complexes (Borukhov et
al., 1992). Factor-stimulated RNA cleavage is distinct from
pyrophosphorolysis (the back-reaction of RNAP-catalyzed
formation of a 3-5” phosphodiester RN A linkage). Although
otherwise unrelated in mechanism, both the TFIIS-stimulated
ribonuclease activity and pyrophosphorolysis exhibit coupling
between strand cleavage and retrograde movement of RNAP-
ITalong the DNA template. Such coupling maintains correct
alignment-of the ternary complex (DNA template, foreshort-
ened RNA strand, and RNAP-II active site), thus permitting
the forward reaction to be resumed in register. TFIIS-coupled
retrograde movement of RNAP-1I is proposed as a necessary
step in transcriptional read-through (Reines & Mote, 1993;
Izban & Luse, 1992; Kassavetis & Geiduschek, 1993). TFIIF
binding is not associated with nascent transcript cleavage.

How and where does TFIIS bind in an arrested elongation
complex? Insight has been obtained from biochemical studies
of mutants containing N-terminal, C-terminal, or central
deletions (Agarwal et al., 1991). Such studies demonstrated
the presence of at least two functional domains (Figure 17A).

(i) RNAP-II-Binding Domain. Interaction between TFIIS
and RNAP-II, as assayed by the glycerol gradient technique
of Reinberg and Roeder (1987), requires the presence of
residues 100-229 (Agarwal et al., 1991). Deletion of this
region leads to loss of activity in transcriptional elongation
assays. Conversely, in the absence of the nucleic acid binding
domain (below), residues 1-229 inhibit elongation. The
sequence boundaries of the putative RN AP-11-binding domain
andits three-dimensional structure have not been determined.

(ii) Nucleic Acid Binding Domain. Whereas intact TFIIS
exhibits no detectable nucleic acid binding, such activity is
readily observed by gel retardation assay on deletion of
N-terminal sequences 1-174 or central sequences 103-171
(Agarwal et al., 1991). Nucleic acid binding is observed at
high ionic strength ([NaCl] 250 mM) to ssDNA, dsDNA,
ssRNA, and RNA-DNA heteroduplex; i.e., the range of
nucleic acids found in the transcription bubble (Figure 17B).
Such nucleic acid binding is retained by a C-terminal fragment
containing a novel Cys, sequence (Figure 1A; residues 231-
250). Its sequence specificity and mechanism of nucleic acid
binding are not understood. In the intact protein, point
mutations in the Zn ribbon have been identified that reduce
antitermination activity (C.-J. Jeon and K. Agarwal, manu-
script in preparation). The isolated nucleic acid binding
domain does not bind to RNAP-II.

The above experiments demonstrate that protein sequences
individually required for binding RNAP-II or nucleic acids
are jointly required for biological activity (Agarwal et al.,
1991). Because intact TFIIS exhibits stoichiometric Zn?*
binding, we propose that the Zn ribbon is folded in the native
protein to provide a cryptic nucleic acid binding surface (Figure
17A). Thissurfaceis presumably exposed on binding of TFIIS
toan elongation complex (Figure 17B) as previously proposed
(Agarwal et al., 1991). We speculate that the Zn ribbon
binds at or near the region of the RNA-DNA heteroduplex
asshown; i.e., near thesite of TFIIS-stimulated RNA cleavage.
Analogous unmasking of a cryptic nucleic acid binding domain
by deletion of occluding N-terminal sequences has recently
been described in the ¢’ subunit of E. coli RNA polymerase
(Dombroski et al., 1992). In each case assembly-dependent
exposure of functional surfaces may provide an allosteric
mechanism to restrict sites of protein—nucleic acid interaction
to the appropriate initiation (¢7°) or elongation (TFIIS)
complex. Such regulation would circumvent the problem of
nonspecific nucleic acid binding.
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CONCLUSIONS

The solution structure of the TFIIS nucleic acid binding
domain has been determined using homonuclear and heter-
onuclear 3D NMR methods. The structure consists of a novel
three-stranded antiparallel S-sheet, which we designate the
Znribbon (Qianetal., 1993). Thereisnorelationship between
the structure of the Zn ribbon and previously characterized
Zn modules, such as the classical Cys,-His; Zn finger (Miller
et al., 1985; Brown et al., 1985; Klug & Rhodes, 1987; Berg,
1988; Gibson et al., 1988; Paragga et al., 1988; Lee et al.,
1989; Pavletich & Pabo, 1991), retroviral CC/HC nucleo-
capsid domain (Summers et al., 1990; South et al., 1991),
glucocorticoid-related Cysy-Cyss “Zn twist” (Hare et al., 1990;
Schwabe et al., 1990; Luisi et al., 1991; Vallee et al., 1991),
or Gal4 Cysg¢ binuclear cluster (Marmorstein et al., 1992;
Kraulis et al., 1992; Baleja et al., 1992). Putative Cys4 Zn-
binding sites analogous to that of TFIIS are predicted in a
variety of proteins involved in nucleic acid transactions,
including subunits of RN AP-II and eukaryotic transcriptional
initiation factor TFIIE. The present study of the TFIIS Zn
ribbon thus defines a new structural motif and provides a
foundation for future investigations of TFIIS—nucleic acid
interactions. Such interactions are of interest in relation to
its novel mechanism of antitermination by stimulation of
nascent RNA cleavage.

ADDED IN PROOF

An analogy may be drawn between the TFIIS Zn ribbon
and the structure of the B. subtilis major cold-shock protein
(Schindelin et al., 1993; Schnuchel et al., 1993). The latter
contains five 8-strands, which form two subdomains (81-83
and B4-85); this motif is designated a “universal nucleic acid
binding domain” due to its homology to eukaryotic Y-box
transcription factors. Although the cold-shock protein does
not contain Zn and is unrelated to TFIIS in sequence, the
putative nucleic acid binding surface of its $1-83 subdomain
contains multiple aromatic and basic amino acids. TFIIS
strands 81-83 define an analogous surface. The TFIIS
structure is unrelated to the recently described structure of
the GATA Cyss DNA-binding motif (Omichinski etal., 1993).
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