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ABSTRACT. The transcriptional factor TFIIS helps overcome elongation barriers and enhances proofreading
by RNA polymerase Il. These TFIIS functions may be modulated by the TFIIS zinc ribbon domain
through interactions with nucleic acids in the elongation complex. Within this zinc ribbon domain, the
dipeptide sequences Asp261-Glu262 and Arg276-Trp277 have been shown to be critical for its function
by mutant analysis. The sequence Asp261-Glu262 has been suggested to participate in metal binding
within the RNA polymerase |l active site. We now show that the sequence Arg276-Trp277 interacts
with nucleic acids through a combination of electrostatic and stacking interactions. The interaction of
the indole side chain of the tryptophan residue with nucleic acid bases is demonstrated by a characteristic
and reversible decrease in the zinc ribbon fluorescence intensity as a function of oligonucleotide
concentration. These interactions are salt sensitive (maximum interaction at 200 mM and no interaction
at 500 mM NacCl), suggesting that the tryptophan stacking with nucleic acid base accompanies electrostatic
contacts. The oligonucleotideinc ribbon interactions exhibit small but significant base preferences, as
shown by the dependence I§§; on base composition, with decreasitg, in the order U> T > A > C

> G. Within the variety of homopolymeric single- and double-stranded deoxy- and ribooligonucleotides,
the oligonucleotide rib—;5°dA, exhibited a 2-6-fold binding preference relative to other oligonucleotides.

This preferential binding of the zinc ribbon to sequences composeddfrbhse pairs, which are generally
associated with elongation blocks, may help in overcoming elongation barriers. Since the mRNA
proofreading and enhancement of elongation involve cleavage of ribonucleotide of the mismatched pair
and the weakly paired AdA nucleotides, but not the stably paired-dG nucleotides, we propose that

the Arg276-Trp277 sequence in the TFIIS zinc ribbon may serve as a scanner connected to the transcript
cleavage apparatus for weakly paired or mismatched nucleotides by employing indole ring stacking with
the bases as a criterion of determining their subsequent removal. The striking similarity in preference for
mismatched and weakly paired nucleotides for binding and for excision suggests a functional relationship
between binding and cleavage reactions.

Messenger RNA synthesis by RNA polymerase Il (pdi 1) ribbon motif, which is responsible for binding to nucleic
is regulated at all phases of transcription: RNA chain acids, and the middle domain of similar size, which binds
initiation, elongation, and termination. In the elongation to pol Il (4). Nucleic acid binding is not exhibited by the
process, pol Il can encounter barriers leading to trapped RNAintact TFIIS protein but is unmasked by deletion of the pol
polymerase-RNA—DNA ternary complexes which are able 1l binding region (N-terminal residues-1174 or central
to neither elongate nor dissociate and consequently preventesidues 165174). In the intact protein, several point
synthesis of full-length mRNA( 2). A number of factors  mutations in the zinc ribbon have been identified that reduce
have been identified which modify pol Il read through at stimulatory ribonuclease activity8. The fact that the
such impediments. These include TFIIF, P-TEFb, Elongin isolated nucleic acid binding zinc ribbon does not bind to
SIII, ELL, and TFIIS @). Of these factors, TFIIS is the best  pol 1l demonstrates that protein sequences individually
characterized elongation factor. It stimulates elongation by required for pol Il binding and nucleic acids are jointly
overriding barriers 3-5) and exhibits a novel ability to  required for activity 4). The zinc ribbon is folded in the
stimulate pol Il 3 — 5’ ribonuclease activity§—8). native protein to provide a cryptic nucleic acid binding

Two major structural domains specify TFIIS function: the surface which may be exposed on binding of TFIIS to an
C-terminal domain (residues 17#280), including the zinc  elongation complex4). A similarly masked architecture of
the nucleic acid binding domain has been found for the
Escherichia coliRNA polymerases’® subunit ). In each
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dsDNA, double-stranded DNA; ssDNA or -RNA, single-stranded DNA . . .
or RNA; eZR, extended zinc ribbon (residues ¥Z80); ZR, zinc elongation (TFIIS) complex. Such regulation would cir-

ribbon (residues 236280; 4). cumvent the problem of nonspecific nucleic acid binding.

S0006-2960(98)00924-6 CCC: $15.00 © 1998 American Chemical Society
Published on Web 08/08/1998



Zinc Ribbon-0Oligonucleotide Interactions Biochemistry, Vol. 37, No. 35, 19982105

TFIIS appears to enhance pol ll-catalyzed RNA cleavage EDTA, adjusted to pH 7.4. Fluorescence measurements were
activity by modifying its active sitel(0). A previous finding carried out at 25C, on a Photon Technology International
that the sequence Asp261-Glu262 in the disordered loop of LPS-220 Spectrofluorometer using a0 (3 mm x 3 mm)
the zinc ribbon is required for enhancement of pol Il microcuvette. The concentration of the protein was calcu-
ribonuclease activity suggested that a mechanism similar tolated on the basis of its monomer form in solutid®); The
that proposed for'3— 5" exonuclease activity for the Klenow  excitation wavelength was 278 nm, and the fluorescence
fragment of DNA polymerase | may operate here as well intensity was measured over the specified range. To reduce
(8,11). Indeed, the recent finding that three acidic residues the absorbance by the oligonucleotides and minimize inner
in the pol Il active site are critical for its function lends filter corrections, a mixture of mononucleotides with the
support to this proposal®). Moreover, several residues in same base composition and concentration was used along
the third3-strand of the zinc ribbon have also been identified with oligonucleotides 16). The concentrations of total
as critical residues for TFIIS function by systematic site- protein and oligonucleotides at each point in titration are
directed mutagenesis. These studies revealed that thedetermined after accounting for dilution.
sequence Arg276-Trp277 is required for TFIIS functi@, ( After a protein solution had been titrated with an oligo-
14). nucleotide to a maximum fluorescence quenching, a salt

Here we explore the mechanism by which the dipeptide back-titration was performed. Small aliquots of the high-
Arg276-Trp277 in TFIIS might enhance pol Il ribonuclease salt buffer were added to this preformed proteatigonucle-
activity. On the basis of the nature of the basazomatic otide complex until approximately 90% of the original
nature of the dipeptide, we reasoned that these residues mightiuorescence was achieved.
participate in proteirrnucleic acid interactions through a
combination of electrostatic and stacking interactions. To RESULTS
test this proposal, we have used fluorescence spectroscopy
to determine binding of these residues with single- and
double-stranded oligodeoxynucleotides, single- and double-
stranded oligoribonucleotides, and RNBNA hybrids. The
data show that the dipeptide Arg276-Trp277 interacts with
the single-stranded and double-stranded deoxy- and ribo-
homopolymers and RNADNA hybrids. Within these
homopolymers, a significant preference for the,dA,
homopolymer is exhibited. These results are discussed wit
respect to the specificity of interaction and their relationship
to both suppression of pause sites and enhancement o
proofreading activity.

Previously, we showed binding of the extended zinc ribbon
(residues 175280, herein abbreviated as eZR) to dsDNA,
ssDNA, RNA, and RNA-DNA oligonucleotides by employ-
ing gel mobility shift assays4j. While these and mutant
data suggested that binding involved the zinc ribbon motif
(residues 236280, herein abbreviated as ZR) within the
eZR, they did not directly demonstrate its involvement in
pbinding. Direct binding of the ZR to the same oligonucle-
otides that were bound by the eZR could not be reproducibly
pemonstrated by this methoti7). The lack of mobility shift
exhibited by the ZR could have been due to the ZR (50
residues) being only half the size of the eZR (111 residues).

EXPERIMENTAL PROCEDURES This relative_ly small size pep’gide may have a lowerZR
oligonucleotide complex stability that cannot be detected by
Homopolymeric OligonucleotidegOligonucleotides (dA), the gel mobility shift method. To demonstrate binding of

(dCho, (G, (rC)o, (dT)o-24, and (rA).-18 Were purchased  ZR to nucleic acids, an alternative, more sensitive, and direct
from P-L Biochemicals. The (ry)-1s was prepared by  method is needed.
partial hydrolysis of poly(U) (obtained from Pharmacia) by ~ The preferential binding of the eZR to pyrimidine-rich
0.5 M NaOH, followed by size purification by polyacryla- sequences suggested involvement of a motif that participated
mide/7 M urea gel electrophoresis. Homopolymers {§3), in discrimination between pyrimidines and purinds (On
(rA)12-18, and (rU).-15 contained greater than 80% @I the basis of earlier model studies which demonstrated that
rA1, and rUy, respectively, as estimated by gel electro- the tripeptide KWK interacted preferentially with pyrimidine-
phoresis. Oligonucleotides (did)(rU)ss, (dThs, and (dA)s rich sequences, we predicted that the highly conserved
were chemically synthesized according to the manufacturer'ssequence Arg276-Trp277-Lys278 in TFIIS might participate
protocol. The deprotected oligonucleotides were purified by in interactions with nucleic acid€8, 19). Indeed, mutant
gel electrophoresis. The oligonucleotide concentration was analysis of this segment convincingly demonstrated a critical
estimated spectrophotometrically using extinction coefficients role for the sequence Arg276-Trp277 in TFIIS functids,(
at their wavelength maxima. 14). Interestingly, residues Arg276 and Trp277 can only
Proteins The Hig-tagged extended zinc ribbon (residues be substituted by other basic and aromatic residues, respec-
175-280) and zinc ribbon (residues 23Q80) fusion tively, suggesting the possible involvement of chargkarge
proteins were expressed . coli and purified by Ni'- attraction and aromatic side chain intercalation with nucleic
affinity chromatography as previously describedt,(15). acid bases. If the indole side chain of Trp277 stacks between
The proteins were- 95% homogeneous as judged by SBPS  bases, as has been suggested for the KWK model peptide,
PAGE. Protein concentrations were determined from the such interactions can be quantitatively monitored by measur-

absorbance at 280 nm (extinction coefficies = 7.19 x ing changes in tryptophan fluorescence emissidg).(
10° M~ cm ! for ZR andeggo = 7.27 x 10° Mt cm™* for Therefore, to test this hypothesis, we determined the tryp-
eZR). tophan fluorescence emission of eZR and ZR in the presence

Fluorescence Measurement$he binding buffer used for ~ of various oligonucleotides.
fluorescence measurements consisted of 10 mM sodium Fluorescence Emission Spectra of TFIIS, the Extended
phosphate, 100 mM NaCl, 0.1 mM DTT, and 0.02 mM Zinc Ribbon (eZR), and the Zinc Ribbon (ZRhe excitation
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<12 relative level of quenching should depend on the avidity of

the zinc ribbon tryptophan for a particular base and its

accessibility in a given structural environment. To determine

whether the zinc ribbon exhibits base-specific interactions,

fluorescence emission spectra of eZR were measured for
single-stranded homopolymers as a function of oligonucle-

otide concentration. The small homopolymers are ideal

ligands for base specificity determinations because of their
structural simplicity.

Analysis of single-stranded homopolymers (g AJdG o,
(dCho, (dT)1g-24, (dU)ys, (rCe, and (rA)o-15 and the eZR
protein showed consistently an oligonucleotide concentration-
dependent decrease in fluorescence intensity at all wave-
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0 L L L L lengths. The homopolymer (rg)posed solubility problems
310 330 350 370 390 410 and therefore could not be analyzed. A few selected
Wavelength (nm) fluorescence emission spectra of eZR with homopolymers

FiGURE 1: Fluorescence emission spectra of TFIIS, mutant W52F, (dA)20, (dThe-24, and (rU).-15 are presented in Figure 2A
the truncated extended zinc ribbon (eZR), and the zinc ribbon (ZR) as examples. As shown in Figure 2A, the fluorescence
relative to that of tryptophan. The excitation wavelength was 278 quantum vyield of 2.uM eZR is dependent on the oligo-
nm, and the emission spectra were recorded from 310 to 400 nm. ; ; ; . .
The concentration of each of the proteins wagh2, and that of nuilelmlsd;/co?fﬁmra“on’ r?}a((:jhm? a "T"”'mSS[);‘ of appr:.OXI
L-Trp was 1uM. mately 50% of the unquenched value (i.e., 50% quenching).
At higher oligonucleotide concentrations (280 uM), for
wavelength selected for the spectra was 278 nm. At this most oligonucleotides, the quenching reached a maximum
wavelength, both tryptophan and tyrosine can exhibit fluo- of 80%, but with oligonucleotides (d@)and (rC}, it reached
rescence emission. However, the fluorescence emission Ofonly 60% (data not shown). Similar levels of quenching

most native proteins is dominated by the tryptophan fluo- were observed with ZR under comparable concentrations of
rescence, and tyrosine fluorescence is relatively small andprotein and oligonucleotide (data not shown).

frequently undetectabl(). The single tyrosine 252 in eZR Double-stranded homopolymers (G&YdT)ze_ss (ACho

and ZR does not significantly contribute to the tryptophan . . )
fluorescence emission and to the TFIIS function because thisggi));g’. ((r(lch);l);Ol(grcz:i)I: O(ds-rh)(l)il_vzé‘d(r':) lng{az;‘l’(géuélg c(:je?slg ?r?deZR
:ﬁgI2;2ciﬁjnmbgn?ju'?litllltgtzgtik\)/)i/t y!&l;mne without a change Inﬂu.orescence intensity at 335 nm with increasing oligonucle-
The TEIIS contains two tryptop.han residues. W52 and otide concentration. Selected fluorescence spectra of eZR
. . K L. ! with (dA)go'(dT)]_%m, (dA)20~(rU)12718, and (dC)o'(dG)]_o, as
W277. Residue W277 is required for activity, whereas the examples, are presented in Figure 2B. Similar fluorescence

amino-terminal W52 is notld). To determine the local : : :
. . ._quenching of ZR by oligonucleotides (dAXdT)us, (dA)is*
environment of the tryptophan residues, fluorescence emis ('U)1s, and (dA)s(dU).s was observed, as shown in Figure

sion spectra of TFIIS, eZR, ZR, and the W52F mutant were 5~""\\ '« olcoted A T. and U base-containing oligonucle-

recorded. The 20 nm blue shift relative to tryptophan .
- - . otides for ZR studies because these homopolymers showed
exhibited by TFIIS indicates that both residues W52 and an increased level of ZR fluorescence quenching relative to

W277 lie in a similar hydrophobic environment (Figure 1). ~ i - . ;
Similar analysis of the mutant W52F showed no change in C- and G-containing oligonucleotides (data not shown).

fluorescence maxima and thus supported the above conclu- The decrease in protein fluorescence intensity at 335 nm
sion. Since W277 may be involved in nucleic acid binding, (emission maxima) as a function of oligonucleotide concen-
its environment was determined by analysis of the fluores- tration has been attributed to the-z stacking interactions
cence emission of eZR and ZR. In both proteins, residue betwe_en the indole side chain of tryptophan residue and the
W277 lies in a comparable hydrophobic environment as hucleic acid basel6, 21, 22). Therefore, we suggest that
evidenced by the same 20 nm blue shift (Figure 1). Thesebinding of eZR and ZR to single- and double-stranded
findings are further supported by the NMR studies with ZR 0I|gonucleot|(jes involves |r_1teraqt|0n of the |r_1dole side qham
which showed the indole side chain of the tryptophan is Of Trp277 with the nucleic acid base. Since the single
internally located 15). From these data, we conclude that tryptophan residue at position 277 in eZR and ZR is located
the structure of the zinc ribbon in ZR and eZR is similar. in the third f-strand of the zinc ribbonlf), we conclude
Quenching of eZR and ZR Fluorescence by Homopoly- thgt b|.nd|ng of eZR qnd ZR to ollgonucleotldes occurs
meric Oligonucleotides To determine base-specific binding Primarily through the zinc ribbon motif.
of eZR, we employed deoxy- and ribooligonucleotide ho-  Reversibility of eZR and the (dAg(rU)i.-15 Complex
mopolymers representing each of the nucleic acid bases asSince most nucleic aciéprotein interactions have a signifi-
single- and double-stranded DNAs, single-stranded RNAs, cant electrostatic component, a salt back-titration is a useful
and RNA-DNA hybrids averaging 1520 nucleotides in criterion for measuring equilibrium binding affinity and
length. If zinc ribbon W277, which is required for TFIIS specificity at a constant temperature and pH. Intrinsic
function, as has been suggested by analysis of Arg276-fluorescence measurements of eZR over a pH range ef 4.0
Trp277-Lys278 region mutants, interacts with nucleic acid 9.0 revealed that, between pH 6.5 and 8.0, tryptophan
bases through intercalation, then tryptophan fluorescencefluorescence neither significantly shifted nor was quenched.
should be quenched by the bound nucleic acid base. TheTherefore, a near-neutral pH of 7.4 was chosen for assays
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Ficure 2: Fluorescence emission spectra of eZR and ZR g&40monomer) titrated with single- and double-stranded homopolymeric
oligonucleotides. The oligonucleotide concentration is indicated in each panel. The excitation wavelength was 278 nm. The emission maximum
was at 335 nm: (A) titration of eZR with single-stranded homopolymers, (B) titration of eZR with double-stranded homopolymers, and (C)
titration of ZR with double-stranded homopolymers.

(14). Oligonucleotide (dAyr(rU)1-15 Was chosen over the - ' "ogel T T T 4]

others because it showed a relatively higher level of 3 Eo_a = .

fluorescence quenching at comparable concentrations (Figure 210 07| I

2B). Since 2uM eZR bound with sufficient affinity to 0.4 2 - —

uM (dA) 20+ (rU)12-18 at 100 mM NacCl (Figure 2B), a complex 2 8 = -

formed at this concentration was titrated with increasing NaCl & < \04 - ]
. . . . = . | l | | I

concentrations. Interestingly, the optimal binding of eZR = gL «'/“‘K . 01 02 0.3 0.4 0.5

required 200 mM NacCl (Figure 3). A similar salt optimum 8 M - L (M)

was estimated by the gel mobility shift assad).( The g 4_\ nd ~ \ N

preformed complex gradually dissociates with a further § :i—_w;z"m“ NaCl :\

increase in salt concentration; at 500 mM NacCl, the quenched g —~ ©- -200 mM NaCl

fluorescence is approximately 90% regenerated as intrinsic 2 2[ - -X - - 300 mM Neci 7]

fluorescence (Figure 3). The salt-dependent dissociation of 500 i M

the eZR-oligonucleotide complex suggests that interaction 0 L . L L 1

of the tryptophan side chain may involve electrostatic 310 330 350 370 390 410

interactions in addition to stacking interactions. Wavelength (nm)

eZR and ZR Proteins Exhibit Nucleic Acid Base-Specific
Binding Titration of 2.0uM eZR and ZR with different Ficure 3: Fluorescence emission spectra of the €@R), (rU)12-18
oligonucleotides exhibits varying levels of fluorescence complex titrated with NaCl. The complex of 24M eZR with 0.4
quenching at a given oligonucleotide concentration. For #M (dA)20'('U)12-15in 100 mM NaCl was titrated with increasing

. . . NaCl concentrations as indicated. The optimal concentration of
instance, 2.:M (dA)20'(dT)o-24 resulted in 50% quenching NaCl for maximal fluorescence quenchinpg is 200 mM (inset).

(Figure 2C), whereas 2.0M (dC)i(dGho caused 30%  Approximately 90% of the quenched fluorescence is regenerated
quenching (Figure 2B). To compare the fluorescence as intrinsic fluorescence at 500 mM NaCl.
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Ficure 4: Binding isotherms of eZR and ZR with single- and double-stranded homopolymeric oligonucleotides. The data of fluorescence
maxima (335 nm) from Figure 2 and from red were taken, and the valuesBf, were plotted against the oligonucleotide concentration.

F andF, are fluorescence emission intensity maxima in the presence and absence of oligonucleotide, respectively. The inset shows the
oligonucleotides that were examined. (A) Binding isotherms of eZRM2 with low and higher oligonucleotide concentrations. (B1 and

B2) Binding isotherms of eZR (2M) with low oligonucleotide concentrations. (C) Binding isotherms of ZRN® with low oligonucleotide
concentrations.

quenching of eZR and ZR by oligonucleotides comprised dC- and rC-based homopolymers suggests that eZR prefers
of different bases, a plot of/F, (a fraction of the deoxypyrimidines over ribopyrimidines. Within the pyrim-
fluorescence remaining after the protein bound to the nucleicidines, U is preferred over T or C.

acid) versus an oligonucleotide concentration was con- This preference for U-based single-stranded homopolymers
structed. The data presented in panel A of Figure 4, for with the exception of rU-based oligonucleotide is extended
selected oligonucleotides, demonstrate that the fluorescenceo U-based double-stranded homopolymers. The eZR shows
quenching is linearly related to the fraction of the protein a preference for double-stranded homopolymersdA rA-
bound to the nucleic acids at low concentrations of oligo- dU-, and dAdU-based nucleotides over the-dG-based
nucleotides. Therefore, subsequent plots show binding tonucleotides (panels B1 and B2 of Figure 4). A similar
eZR (panels B1 and B2 of Figure 4) and ZR (panel C of preference is exhibited by the ZR (panel C of Figure 4),
Figure 4) up to an oligonucleotide concentration of AN. indicating that both eZR and ZR may interact through the
From such a plot, a pattern of fluorescence decrease specificcommon zinc ribbon Trp277 residue.

for a homopolymeric base begins to emerge (panels B1 and For quantitative analysis, the equilibrium constgfwas

B2 of Figure 4). Among the single-stranded homopolymers, calculated by using a nonlinear least-squares fit (NLLSF)
(dThe-—24 and (dU)s showed the highest level of fluorescence applied to plots of, — F/F, versus molar concentration of
quenching while (rGand (dG)o showed the least amount. the oligonucleotide. Examination of th&q of eZR binding
The most preferred homopolymers were composed of dU, to single-stranded homopolymers (Table 1), which range
dT, dA, and rA, whereas the least preferred were composedfrom 0.64uM for dU to 5.7uM for dG, reveals a pattern of

of rU, dC, rC, and dG. While the influence of ribose versus base specificity with the following hierarchy: dd dT >
deoxyribose is very small with A-based homopolymers, the dA ~ rA > rU ~ dC > rC > dG. While we have not
significant difference between dU- and rU-based and betweenexamined in detail the ZRsingle-stranded homopolymer
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Table 1: Equilibrium Constants¢y) for Peptide-Oligonucleotide
Binding

eZRKed (uM) ZR Ked? (uM)
oligonucleotide (extended Zn ribbon) (Zn ribbon)
(dA)20 1.83 0.16)
(dCho 2.67 0.35)
(dGho 5.70 @0.81)
(dT)o-24 1.46 @0.10)
(dU)1s 0.64 0.15) 0.63 £0.14)
(rA)12-18 1.75 @0.13)
(rCe 4.59 €0.50)
(rU)12-18 2.37 £0.40)
(dA)15:(rU)1s 0.63 0.10)
(dA)20*(TU)12-18 0.65 (+0.04)
(dG)o*(rC)s 3.49 (40.68)
(dTho-24'(rA) 12-18 1.94 +0.38)
(dU)s(rA) 19-24 0.68 @0.15) 0.55 £0.10)
(dA)15+(dU)1s 0.61 0.13) 0.55 £0.07)
(dA)15(dT)ss 1.86 (-0.16)
(dA)20*(dT)10-24 1.88 0.39)
(dCho (dGho 3.73 (£0.76)

aValues ofKeq Were obtained by using a nonlinear least-squares fit
(NLLSF) program applied to plots ofg — F)/Fg vs oligonucleotide
concentration.F and Fo, are fluorescence intensity maxima in the

Biochemistry, Vol. 37, No. 35, 19982109
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FiIcure 5: Binding isotherms of eZR mutants with (d#(rU)12-1s.

The fluorescence emission maxima from tdfwere used to plot
F/F, against the oligonucleotide concentration. The inset shows the
eZR mutants that were examined.

occur because of the restricted rotation of the Watsorick
paired pyrimidine base. This discrimination at the single-

presence and absence of oligonucleotide at 335 nm, respectively. Thestranded level may reflect upon the mechanism by which

values ofF andF, are taken from Figure 2 and ré#.

interactions, the virtually identicé{cq of ZR (0.63uM) and
eZR (0.64uM) for (dU)1s suggests that the order of base
and sugar specificity would be similar for these proteins.
Base specificity is also exhibited by the eZR in binding
to double-stranded homopolymers. Specificity for-d@,
dA-rU, and dAT base pairs over G base pairs can be seen
in Figures 2B and 4. The dAU homopolymer shows an
approximately 6-fold higher affinity relative to-G double-
stranded homopolymers (compdgg, for 0.61uM for dA-
dU to 3.73 uM for dC-dG; Figure 4 and Table 1).
Interestingly, dAdU, dA-rU, and rAdU homopolymers have
a similar affinity for eZR Keq ranging from 0.61 to 0.68
uM). However, this affinity is 3-fold higher than those of
the dAdT and rAdT homopolymers (compare 0.aM for
dA-dU with 1.88uM for dA-dT and 1.94uM for rA-dT).
The virtually identical affinity of eZR for deoxyribose- and

the zinc ribbon may function in the elongation complex, i.e.,
whether it acts on the single-stranded nucleotide or on the
double-stranded nucleotide.

While we have not examined binding of ZR to as many
homopolymers as we did with eZR, the binding affinity for
selected homopolymers was similar to that of eZR. Both
ZR and eZR exhibited specificity for A- and U-based double-
stranded homopolymers (Figure 4 and Table 1). The
strikingly similar binding affinities of ZR and eZR for these
homopolymers further support the hypothesis that the zinc
ribbon interacts with nucleic acids through intercalation of
the tryptophan residue.

Residue R276 in R276W277 Is Critical for Adly. The
importance of the basic residue at position 276, preceding
W277, has previously been demonstrated by substitution,
deletion, and insertion mutants3). To evaluate the binding
relationship to activity, three inactive mutants, R276E,
AR276, and N275-P276-R277, were examined for fluores-

ribose-based A or U nucleotide suggests that eZR does notcence quenching by (dAg(rU)i2-1s. In the mutants R276E
discriminate between deoxy- and ribo-based double-strandedand AR276, the hydrophobic environment was unchanged

homopolymers. At the single-stranded homopolymeric level

as evidenced by the fluorescence maximum (335 nm) that

however, discrimination between ribo- and deoxynucleotide is identical to that of the wild type eZR (data not shown;

is significant [comparéeq for dU (0.64 uM) with that of
rU (2.37 uM)].
It is possible that the '20H group in single-stranded

14). However, a red shift to 345 nm indicated modification
of the tryptophan environment in proline insertion mutant
N275-P276-R277. These data suggest that substitution and

homopolymers reduces stacking of the eZR tryptophan deletion of R276 retains the hydrophobic environment of the
residue, whereas in the double-stranded homopolymers, thisndole side chain, presumably by maintaining fhstrand

influence is minimized. To explain this, we speculate that
the 2-OH group could potentially form a hydrogen bond

with the 2-keto of pyrimidines in a single-stranded ho-
mopolymer, generating a distinct structure from that of a
deoxynucleotide homopolymer. The vastly different elec-
trophoretic mobility of dUs and rUs suggests that these

oligonucleotides form different structures (data not shown).

structure, whereas insertion of a proline residue exposes
indole to a relatively hydrophilic environment, perhaps by
loss of 5-strand structure. The structural change caused by
the P276 insertion is important for nucleic acid binding
because this proline insertion mutant showed-&%old
reduction in fluorescence quenching relative to eZR (Figure
5). A similar reduction in fluorescence quenching occurred

In purines, such hydrogen bonding cannot occur because thdor the mutant R276E, where thstrand structure would

2'-OH group cannot hydrogen bond with a purine base. In be expected to be maintained but the acidic residue,
single-stranded ribo-homopolymer, such a hydrogen bond preceding W277, might interfere in the binding to the nucleic
may restrict pyrimidine base movement which may be acid backbone. This is supported by the mutaR276 in
needed for proper stacking of the tryptophan. In double- which the preceding neutral residue, N275, weakens binding
stranded homopolymers, such hydrogen bonding would notbut does not prevent it. As a consequence,-&-2old
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mobility shift with nucleic acids 14). Normally, the lack
of a gel mobility shift by a mutant protein relative to the
C245 C273 wild-type protein would be assumed to imply a deficiency
in binding. However, it is possible that the weak intrinsic
binding affinity (~2 M) may have fallen below the range
of measurement by the gel mobility shift assay, while
retaining nucleic acid binding at a level sufficient for activity.
This and other mutant studies demonstrated a need for a
method for measuring nucleic acid binding which is more
6 sensitive and reproducible than the gel mobility shift assay.
e Moreover, our intention was to determine if binding to
nucleic acids could be quantitatively measured to reveal
specificity in binding to a certain type(s) of nucleic acid base
over others. By taking advantage of the single tryptophan
residue (Trp277) of the critical dipeptide Arg-Trp in the zinc
ribbon, we have been able to conduct a quantitative fluori-
metric analysis of eZR and ZR binding with a variety of
nucleic acids (Table 1).
The important role aromatic amino acids can play in
binding of proteins to nucleic acids has been demonstrated
(18, 19, 23, 24). This investigation of the importance of
the eZR sequence Arg276-Trp277 for interaction with nucleic
acids of different structures and base composition sheds light
on the nature of the interactions and reveals their direct
relationship to TFIIS function. For example, the sensitivity
of fluorescence quenching and TFIIS activity to increasing
salt concentration is consistent with participation of arginine
and tryptophan side chains in electrostatic and stacking
interactions with nucleic acid phosphate and bases, respec-
Ficure 6: Structure of the TFIIS zinc ribbon (ZR) showing the tively. Mutants R2.7E.SE anm\_R276, which should eXhlplt .
explicit location of R276-W277 and D261-E262. The structure was "educed electrostatic interactions, showed decreased binding,
determined by NMR 15). The four cysteines involved in zinc ~as measured by a decrease in fluorescence quenching, and
binding are orange. therefore are inactive. Thus, the interaction of ZR with
o ] polynucleotides is primarily through oppositely charged
reduction in fluorescence quenching occurs. From theseqroups and stacking of an aromatic side chain with a base.
resglts, we conclude .that |lnt97ract|on of the tryptophan s!de The binding of eZR with several single-stranded deoxy-
chain with the nucleic acid is dependent on a preceding gnq ribo-homopolynucleotides revealed base specificity in
positively charged residue infastrand structure (Figure 6).  the following order of decreasing affinity: dd dT > dA
~T1A > rU > dC> dG> rC (panels B1 and B2 of Figure
DISCUSSION 4 and Table 1). A similar hierarchy has been observed for
Since the discovery that TFIIS enhances pol Il read E. coli SSB and T4 gene 32 protein (both of which contain
through at elongation barrier8<5), the major goal of our ~ Trp) and mono-Trp oligolysines26—27). For double-
research has been to uncover the mechanism of TFlISstranded oligonucleotides, a unique base specificity hierarchy
function. In our early analysis of TFIIS, we demonstrated of decreasing affinity is observed: eédU ~ dA-rU ~ rA-
that the extended zinc ribbon protein interacted with a variety dU > dA-dT > rA-dT > rC-dG > dC-dG (panels B1 and
of single- and double-stranded nucleic acids which led us to B2 of Figure 4 and Table 1). Surprisingly, this double-
propose that the interaction of the zinc ribbon with the nucleic stranded specificity is similar to the order of duplex stability
acid framework in a stalled elongation complex mitigated studied by a variety of method2&—30). This 4-5-fold
the transcriptional impedimentd). Subsequent studies binding preference for a weakly paired-dA oligonucleotide
identified two zinc ribbon dipeptides, Asp-Glu and Arg-Trp, over the stably paired r@G oligonucleotide correlates
which were required for both read through and transcript remarkably well with TFIIS function. The TFIIS-stimulated
cleavage activitiesg( 13, 14; Figure 6). The proposed role  pol Il ribonuclease activity rapidly hydrolyzes weakly paired
of the acidic residues of the dipeptide Asp-Glu was to rU-dA nucleotides, whereas it is relatively less active for
participate in the phosphoryl transfer reaction via a two-metal stably paired r@G nucleotides in a stalled elongation
ion mechanism&, 11). The dipeptide Arg-Trp was proposed complex @1).
to influence nucleic acid binding. However, the influences  The transcriptional elongation is a dynamic process
of substitution of these residues on the cleavage and nucleidnvolving rapid association and dissociation of interacting
acid binding (as measured by a gel retardation assay) in somanolecules. Stimulation of pol Il elongation by TFIIS could
cases were difficult to reconcile because of the qualitative potentially involve enhancement by the zinc ribbon of the
nature of the nucleic acid binding data. For instance, the intrinsic rate of association and/or dissociation of pol Il with
wild-type elongation stimulation activity of the R258K nucleic acids in the elongation zone. The micromolar
mutant could not be reconciled with the absence of a gel binding affinity of the zinc ribbon for nucleic acids could

Region

Mucleic Acid Binding
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represent a critical level at which association and dissociation The participation of the ZR tryptophan in mitigation of
of these molecules occur at a maximum efficiency. The an elongation block and in RNA cleavage was demonstrated
lower binding affinity maintains high rates of association by the site-directed mutagenesis studi?).( Substitution
and dissociation of pol ll-bound TFIIS with nucleic acids. of tryptophan by phenylalanine generated a mutant protein
Therefore, weak eZR binding with nucleic acids is mecha- with virtually identical activity. However, substitution by
nistically significant. tyrosine resulted in reduction of read through activit)(

The function of TFIIS is to mitigate blocks to elongation 1he reduced read through activity of the tyrosine mutant
and enhance proofreading, 31). Both of these functions ~ could result from the relatively altered stacking of the
involve the weak rldA pairs (generally associated with the  ©Yrosine with respect to the tryptopha_m in its interaction with
elongation blocks) and mismatched nucleotides. In the the TUdA pairs. This can be explained by a “bookmark”
elongation zone, the TFIIS zinc ribbon may serve as a hypothe_5|s which states that SpeCIfI_CI'[y for weakly stacked
scanner connected to the transcript cleavage apparatus foPaS€ pairs (such as rtlA) decreases in the order tryptophan

weakly paired or mismatched nucleotides by employing >~ Phenylalanine> tyrosine> leucine (8). This marked
indole ring stacking with the bases as a criterion of functional variance exhibited by different aromatic side

measurement. An increased ability to stack at a given site Nains supports the contention that the TFIIS zinc ribbon
would identify site-specific duplex disruption because stack- ¢an directly act on the nucleic acid framework and influence
ing of the indole ring at such sites would be energetically "¢ad through and proofreading activities.

favored. At these sites, stacking may involve one of the Two regions of the zinc ribbon which are critical for TFIIS
two strands of the duplex because of the similar sizes of the function have now been identified, the sequences Asp-Glu
indole ring and the purine base. Such stacking may induce&nd Arg-Trp (Figure 6). Earlier, we proposed that Asp-Glu,
a site-specific conformational change causing bending, tegether with the RNA polymerase active site, participated
kinking, or twisting of the duplex, leading to a favorable N the e_nhancement of ribonuclease activity. _ Th|s proposal
alignment of the phosphodiester moiety for metal-dependenth@s gained some support from the recent finding that the
hydrolysis. A similar mechanism has been proposed for the RNA polymerase active site includes a nonvariant sequence
T4 UV endonuclease V arfél coliendonuclease Ill activiies ~DFPGD which binds catalytic metal ior g). This scenario

by employing the KWK peptide as a model. The specific 1S reminiscent of the mechanism proposed&oicoli DNA
binding of the KWK peptide at an apurinic site through polymerase in which three acidic residues form its active
indole ring stacking leads to formation of a Schiffs base Sit¢ (L1). Since pol Il ribonuclease activity is extremely
between the lysine side chain amino group and the sugarSlOW' it is conceivable that the spatial arrangement of the

aldehyde which promotes phosphodiester hydrolysis by active site acidic residues (i.e., DFDGD) is not optimal and
p-elimination 32—34). that the zinc ribbon DE residues of TFIIS create an optimal

arrangement by substitution or addition of acidic residues,
leading to enhanced ribonuclease activity. The role of the
Arg-Trp side chains in ribonuclease activity enhancement
may be to localize the TFIIS-modified active center to the
disrupted site in the duplex (such as weakly paired and

The zinc ribbon displayed specificity for A-, U-, and
T-based double-stranded homopolymers with the following
hierarchy: dAdU ~ dA-rU ~ rA-dU > dA-dT (Table 1).
Since nucleic acid architecture in the elongation complex
involves elongating RNA hybridized to the transcribed DNA mispaired nucleotides) and modify the site by altering the

strand, the interaction of the zinc ribbon .With ah- ar_1d stereochemistry of the phosphoryl moiety to facilitate rapid
rA-dU-based homopolymers can be considered functionally ,y qro1ysis. Several lines of investigation are being used to
irrelevant. The binding to dAU paired sequences is test these proposals.

functionally significant because such sequences are generally
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