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ABSTRACT. The localization of a single tryptophan to the N-terminal domain and six tyrosines to the
C-terminal domain of TBP allows intrinsic fluorescence to separately report on the structures and dynamics
of the full-length TATA binding protein (TBP) oBaccharomyces cerisiae and its C-terminal DNA
binding domain (TBPc) as a function of self-association and DNA binding. TBPc is more compact than
the C-terminal domain within the full-length protein. Quenching of the intrinsic fluorescence by DNA
and external dynamic quenchers shows that the observed tyrosine fluorescence is due to the four residues
surrounding the “DNA binding saddle” of the C-terminal domain. TBP’s N-terminal domain unfolds and
changes its position relative to the C-terminal domain upon DNA binding. It partially shields the DNA
binding saddle in octameric TBP, shifting upon dissociation to monomers to expose the saddle to DNA.
Structure-energetic correlations were obtained by comparing the contribution that electrostatic interactions
make to DNA binding by TBP and TBPc; DNA binding by TBPc is more hydrophobic than that by TBP,
suggesting that the N-terminal domain either interacts with bound DNA directly or screens a part of the
C-terminal domain, diminishing its electronegativity. The competition between divalent cationan&

DNA is not straightforward. Divalent cations strengthen binding of TBP to DNA and do so more strongly
for TBPc. We suggest that divalent cations affect the structure of the bound DNA perhaps by stabilizing
its distorted conformation in complexes with TBPc and TBP and that the N-terminal domain mimics the
effects of divalent cations. These data support an autoinhibitory mechanism in which competition between
the N-terminal domain and DNA for the saddle diminishes the DNA binding affinity of the full-length
protein.

The initiation of gene transcription in eukaryotes requires 8, 9, 12). Only a small reorientation of the two subdomains
assembly of a multiprotein pre-initiation complex (Pi@)at relative to the 2-fold axis is observed in a manner indepen-
recruits RNA polymerase to a promoter. The binding of the dent of the sequence variations of the bound DIRAIQ).
TATA binding protein (TBP) to a TATA box sequence is a Studies of the intrinsic fluorescence of TBP showed that the
key step in PIC assembly at many promotels Crystal- C-terminal domain has the same compact and rigid structure
lographic and solution studies have established the formationin free monomers and octamers and monomers complexed
of a 1:1 complex of TBP and TATA box (e.g., re?s-5). with DNA (4). Left unresolved was reconciliation of the high
TBP consists of a 180-residue C-terminal domain (TBPc) average tyrosine anisotropy with the demonstration by
that is ~80% identical in sequence among all eukaryotes molecular dynamics of substantial mobility of two of the
and a N-terminal domain that varies in both length and six tyrosine residues within the C-terminal domad). (
sequence?). The shortest N-terminal domain consists of  Although cells are viable when TBPc replaces TBP, the
four residues inPyrococcus woes€elBP (6) with the 158  N-terminal domains of yeast and human TBP function in
residues of human TBP being the longeat (The crystal  autoinhibition of DNA binding, binding of other transcription
structures of yeast, humaAyabidopsis and archael TBP  factors (14—18), and mediating self-assembly of the protein.
molecules that have been determined either lack or haveHuman and yeast TBPc dimerize in solution with equilibrium
rudimentary N-terminal domain$,(8—10). association constants and dissociation rates that vary greatly

In contrast to the large DNA conformation changes with the experimental conditiond g, 20). In contrast, TBP
observed upon TBP or TBPc binding1), little change is  self-associates to tetramers and octamék 22). Self-
seen in the crystal structures of the C-terminal doméin ( association and DNA binding are linked processes; only
monomeric TBP-TATA box complexes are observed. While
T This work was supported by Grant GM39929 from the National octamers rapidly equilibrate during DNA bindin@3),

Institutes of Health. , _equilibration of dimers can be slowg, 20). The role of the
*To whom correspondence should be addressed. S.K.: e-mail, . . . L. .
khraps@aecom.yu.edu. M.B.: e-mail, brenowit@aecom.yu.edu. N-terminal domain in mediating TBP self-association is

1 Abbreviations: PIC, transcription pre-initiation complex; TBP, highlighted by the ability of the isolated domain to itself
TATA binding protein; TBPc, DNA-binding domain of the TATA self-associate2d).
binding protein; N-TyrN-acetyl+-tyrosine ethyl ester; N-Trpy-acetyl- - . . .
L-tryptophan ethyl ester; AMLP, adenovirus major late promoter;  Limited information about the structure of the N-terminal

FRET, fluorescence resonance energy transfer. domain of TBP and its relationship to the C-terminal core is
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available. Fluorescence spectroscopy was used to show thathe high GC content of the duplex ends minimizes fraying.
the structure of the N-terminal domain is different in the The stability of this oligonucleotide probe in binding studies
TBP—DNA complex, TBP monomers, and TBP octamers is further confirmed by the equilibrium and kinetic studies
(4, 22, 25). This conclusion is consistent with hydroxyl conducted using these oligonucleotide duplexes and restric-
radical protein footprinting of TBP and its complex with tion fragments hundreds of nucleotides in lengih, (30,
DNA, indicating that the N-terminal domain binds to the 31).

saddle of the core domain and is displaced upon DNA  Flyorescence and Absorption Spectroscoplf experi-
binding (). The work presented here continues our explora- ments were performed in buffer containing 25 mM Tris-
tion of the interdomain interactions by extending the HC|, 100 mM KCI, 5 mM MgCh, 1 mM CaC}h, and 2 mM
fluorescence analysis of TBP structure and by directly pTT at pH 7.5 and 22°C except for the salt-induced
comparing solution structural properties of TBP and TBPc. dissociation experiments, where the concentration of KCI
This Study shows that the N-terminal domain undergoeS and Mgck is Specified_ Absorption measurements were
structural changes and is an active participant in binding of taken with a Beckman Coulter (Fullerton, CA) DU 7400
the TATA box by the conserved C-terminal core domain. spectrophotometer. Fluorescence measurements were taken
Properties of the C-terminal domain affected by the attachedith a Jobin Yvon (Edison, NJ) Fluoromax-3 spectrofluo-
N-terminal domain include its DNA binding affinity and  rometer. The intensity of the Raman scattering band of

structural dynamics. An unexpected result is that binding of water was used as the internal standard of fluorometer
both TBPc and TBP is stabilized by divalent cations, albeit sensitivity.

by different degrees. In general, the binding of TBPc to the
TATA box sequence is more hydrophobic than that of TBP.
We explore the hypothesis that the N-terminal domain of
TBP functions as a TAF by undergoing structural and
functional transformations necessary for formation of the
promoter pre-initiation complex.

Acrylamide (neutral) and iodide (negatively charged) as
a potassium salt were used as dynamic fluorescence quench-
ers. The quencher was added to the solutions containing the
protein or proteirr-DNA complex and the fluorescence
measured 34 min later. Control experiments were con-
ducted to verify that the proteirDNA complexes did not

dissociate upon addition of the quenchers (data not shown).
EXPERIMENTAL PROCEDURES Acrylamide quenching was analyzed with the Stevtolmer

Protein, DNA, and Other ReagentBull-length Saccha- equation
romyces cergsiae TBP and the C-terminal core domain
(TBPc) were expressed iascherichia coliand purified as Fo
described elsewhefeExtinction coefficientsdy,qa) of 15 180 - 1+ KalQ] (1)
and 9540 M! cm™! determined for TBP and TBPc,

respectively, were used to determine the protein concentra-ywhereF, andF are the protein’s fluorescence intensities in
tions from the absorbance at 278 nm as described iBGef  the absence and presence of the quencher (Q), respectively,

N-Acetyl-L-tyrosine (N-Tyr) andN-acetyli-tryptophan (N-  angKs, is the dynamic collision quenching constant since
Trp) ethyl esters (Sigma) were used as the spectral referenceg| the protein’s chromophores are accessible to the quencher
for these measurements. (32). The modified SteraVolmer equation was used to

Labeled and unlabeled DNA oligonucleotides were pur- gnalyze iodide quenching
chased from TriLink Biotechnologies, Inc., and their con-

centration was optically determined using extinction coef- Fo 1 1
ficients calculated from sequence with correction for aF = 2 + A K10l (2
fluorescein or TAMRA absorption at 260 nm. The oligo- 1 ake[Ql

nucleotide bearing the adenovirus major late promoter )

(AAMLP), tetramethylrhodamine-§GGGCTATAAAAG GG-  Where & =Fo — F, Fo, F, [Q], andKsy are as in eq 1, and
)duplex.g’-ﬂuorescein, was used to monitor TBP and TBPc a Is a pOI’_tlon of the ChromOphOI’e_ that is accessible to
binding via fluorescence resonance energy transfer (FRET)duencher since only the surface portion of the chromophores
(11, 27). An unlabeled oligonucleotide with the same is accessible33).

sequence was used in the intrinsic fluorescence studies of Fluorescence anisotropy was analyzed by the Perrin

the TBP- and TBPe-DNA complexes. equation

Duplexes of comparable length have been used in crystal-
lographic studies of TBPc complexed with DNA3) and i_1, ¢ 3)
solution studies analyzed by FRET1]; consistent results A Ay AP

were obtained for proteihDNA complexes in these two

venues. The duplex used in our studies has a stability of whereA is the anisotropyA, is the limiting anisotropy in

—17.2 kcal/mol under the eXperImentaI ionic conditions at the absence of molecular motionis the |ifetime, and is

37°C (28, 29), resulting in<0.1% single-strand oligonucle-  the rotational correlation time34). The limiting aniso-

otides at the 10 nM concentration used in the binding assay.tropy A, is obtained by plotting B versusF/F, since the

relative change in the lifetime is as follows= 7, =
2Gupta, S., Cheng, H. Y., Mollah, A. K., Jamison, E., Morris, S., /1o = FlFo.

Chance, M. R., Khrapunov, S., and Brenowitz, M. (2007) DNA and

protein footprinting analysis of the modulation of DNA binding by the fli:]uogesckjn(ieleeSé)n?nce Er;er%.)é Tl’c;:lnSfQL(FdREbRET

N-terminal domain of theSaccharomyces cerisiae TATA Binding or the doubly labeled oligonucleotide described above was

Protein (manuscript in preparation). used to follow TBP and TBPc binding and dissociation
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(11, 35). The efficiency of the energy transfeg)(depends nature of DNA and polyampholyte nature of proteins. Since
on the distance between a donor and an acceptor accordinghe influence of water is negligible at high salt concentrations,

to SK typically reflects the net cation release or uptake upon
formation of proteir-DNA complexes.
1_ 1+ (B)G (4a) SK can be conveniently obtained from salt displacement
E R, isotherms in which a proteinDNA complex is dissociated

) ] ] _ by titration with increasing concentrations of s&@8). In
whereRis the donor-acceptor distance ari} is the Faster these experiments

radius [the distance between the donor and acceptor at which

E = 0.5 32)]. E is measured by A— /Az — (40P)
tt

_ Y= (8)
Fo—F
E—.D - DA (4b) 20,
P where
whereFp andFpa are the fluorescence of the donor in the )
absence and presence of the acceptor, respectively. Com- A=0.50g>"™ ~hm) 4 o + p, 9)

bining eqgs 4a and 4b yields
where Kg)o can be transformed into mp, the salt concentra-
Fo 1= (5)6 (4c) tion at which half of the initial proteirDNA complex is
Fo — Fpa R, dissociated. Equimolar concentrations of TBP or TBPc and
unlabeled duplex (250 nM) along with the doubly labeled
from which the donoracceptor distance is calculated. The oligonucleotide at 10 nM were mixed and incubated for
14 bp length of the oligonucleotide (47.6 A) and the chosen 1 h. KCI was then added at the specified concentration and
donor-acceptor pair for whichR, = 59.6 A under the  the solution incubated fol h prior to measurement of the
experimental conditions3g) permit the measurement of the  solution fluorescence. Dissociation of TBP and TBPc from
change in FRET efficiency since TBP induces a significant DNA was followed by measurement of the extent of FRET
bend in the DNA upon bindingl(l). Fluorescence emission as described above. Nonlinear least-squares fitting of salt
at 520 (donor) and 580 nm (acceptor) following excitation titration isotherms to eqs 8 and 9 yields values of mp and
at 490 nm was measured via FRET experiments. EquationSK at any concentration of the macromolecul&s)(
4a was also used to analyze the quenching of tyrosineinclusion of divalent cations in an analysis of the monovalent
fluorescence by DNA. cation dependence of a binding assumes that the two are
Equilibrium Binding and Salt-Induced Dissociation Ti- competitive 88). Since divalent cations stabilize the TBP
trations. TBP and TBPc binding isotherms were obtained DNA complex (Figure 7 and Table 2), they cannot be
as described previously27). Equilibrium titrations were  considered as competitors for the DNA phosphates. There-

analyzed by fore, egs 6-9 provide a relative assessment of TBPNA
complex stability under the different experimental conditions
V= Pobs ~ Prin (5) that were analyzed.
s~ Prin RESULTS

WherePoss Prin, aNdPrmay are the observed, minimum, and TBP and TBPc DNA Binding Isothern¥he specific DNA
maximum values, respectively, of the measured ﬂuorescencebinding activity of the TBP and TBPc preparation used in
intensity or ani_sotropy. Th? specific DNA binding aptivity these studies was80%. The reported protein concentrations
of each protein preparation L.jseq in these stpdles WaShave been corrected for activity. TBPc and TBP bind to the
determined by stoichiometric titrations as described else- ., .« TATA box sequence embedded with the 14 bp duplex
where 6).2 For equilibrium binding titrationsy is determined with different affinities: Ky = 12.1 + 0.3 and 29.4+
for the K + O < PO reaction as 0.8 nM, respectively (Figure 1). The higher affinity of TBPc
N2 C n n n observed with the FRET assay is consistent with the results
() Ot = YI(Ky)™ + Oy + (P "1 + (Pio) ™ = 0(6) obtained via DNase | footprinting for binding to a longer
length of DNA except for the reduced magnitude of the
whereKg is the equilibrium dissociation constam, and observed difference All of the isotherms reported in this
Ot are the total protein and DNA concentrations, respec- Study are best fit with am of 1.0 & 0.1, consistent with
tively, andny is the Hill coefficient 7). Equation 6 reduces ~ binding of a single TBP or TBPc molecule to the single
to the single-site (Langmuir) binding model when = 1. TATA box. The difference in the shape of the TBPc curves
The electrostatic contribution to formation of TBRand in Figure 1 is due the DNA concentration of 10 nM being
TBPc—DNA complexes was ascertained from the net number comparable to the measurég of TBPc.

of ions (n* for cations andc for anions) and waters released ~ Fluorescence Quenchinghe structural differences un-
derlying the DNA binding affinities of TBP and TBPc have

In(Ky) = In(Ky), + SK In(m") @ been probed by fluorescence spectroscopy, taking advantage
of tyrosine and tryptophan as unique reporters of the C- and
whereKjy is the equilibrium dissociation constanKg, is N-terminal domains, respectivelg)( Fluorescence quench-

the value oKy extrapolatedd 1 M salt, andn™ is the cation ing is an effective probe of small, local changes in the
concentration37). Usually,m" > x~ due to the polyanionic  molecular environment of aromatic amino acids due to
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Ficure 1: Isotherms for the binding of TBP@®] and TBP () to

the 14 bp duplex bearing the TATAAAAG TATA box (AdMLP)
obtained by FRET as described in Experimental Procedures. The
solid lines represent the best fit to eq 6 wih values of 12.1+

0.8 and 29.4+ 0.3 nM, respectively.
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Ficure 3: Stern-Volmer plots for the quenching by acrylamide
of TBP (A) and TBPc (B) tyrosine fluorescence monitored at
306 nm following excitation at 275 nm. The analyzed solutions
are the free proteins at &f or 1 uM (A) or the protein at G:M
complexed with DNA @) or N-acetyl+-tyrosine ethyl esterx).
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DNA is present (data not shown). lodide differently quenches
. the fluorescence of TBP and the TBBNA complex;
tryptophan is accessible to iodide quenching, while tyrosine
] is not in the TBP-DNA complex (Figure 2, dotted lines).
That the tyrosine fluorescence of the TBBNA complex

] is unchanged in the presence of iodide confirms that the
guencher does not induce complex dissociation.

Quantitation of tyrosine fluorescence quenching by acry-
lamide is visualized in SternVolmer plots (Figure 3).
Acrylamide quenching is linear for both TBPc and TBP,
indicating that all the emitting tyrosines in the C domain of
300 320 340 360 380 400 420 440 TBP are fully accessible to solvent. Comparable low values

Wavelength (nm) of the Sterr-Volmer constant relative to the fully accessible
Ficure 2: Normalized fluorescence emission spectra of TBP (A) contr(_)l N-Tyr are measured for bOt.h the free and_ DNA-bound
and TBPc (B) obtained following excitation at 275 nm in the Protein. Identical results are obtained at protein concentra-
absence-) or presence of 100 mM Kl (- - -). The thick lines depict  tions of 1 and 6uM, where free TBP is predominantly
data for the TBP-DNA and TBPc-DNA complexes. monomeric and octameric, respective®i(22), and TBPc

protein conformational changes. Negatively charged iodide iS dimeric? These data show that the accessibility of the
will quench the fluorescence of only the residues that are €Mitting tyrosines of the C-terminal domain to acrylamide
located in hydrophilic environments of proteins, particularly 1S the same whether the N-terminal domain is present or
on the surface. Neutral acrylamide readily penetrates into absent or whether the proteins are monomeric or oligomeric.
the hydrophobic interior and thus quenches fluorescence less In contrast to the results obtained with the neutral quencher
discriminately 83, 39). acrylamide, the emitting tyrosines of both TBP and TBPc
Both the quantum yield and fluorescence spectrum of TBP are inaccessible to negatively charged iodide when com-
change upon DNA binding. The tyrosine component of the plexed to DNA (data not shown). SteriWolmer plots
spectra (the~310 nm shoulder) decreases, while the tryp- (eq 1) of the free protein’s tyrosine fluorescence quenching
tophan component (the~350 nm shoulder) increases by iodide curve downward with increasing concentrations
(Figure 2, solid lines). Quenching of the tyrosine fluorescence of iodide, indicative of the residues residing in a solvent
is due to the migration of energy from the DNA. The inaccessible hydrophobic environment (data not shown).
increased tryptophan fluorescence quantum vyield is due toTherefore, the modified SterfVolmer formalism (eq 2) was
changes in the structure of the N-terminal domain The used to quantitate the tyrosine’s fractional accessibility to
spectrum of the free protein returns after dissociation of the iodide (Figure 4 and Table 1). The different quenching
TBP—DNA complex at high salt concentrations even though behaviors of acrylamide and iodide can be ascribed to the

Relative Fluorescence
o
o
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the solvent 21, 22). In contrast, TBPc is dimeric at both
protein concentrations under the conditions of our studly.
caveat to these data is the unequal contribution of each of
the six tyrosines to the total fluorescence; the fractional
accessibility refers to only the residues that contribute to the
total fluorescence quantum yield (see below and Discussion).

The N-Terminal Domain Alters the Core Domain’'s
Structure The anisotropy of TBP’s tyrosine fluorescence is
high and minimally dependent on DNA binding or self-
association, and the tyrosine side chains are firmly anchored
in the C-terminal domain4). The studies of TBP are herein
extended to TBPc. The effect of quenching on the fluores-
cence anisotropy was also analyzed to distinguish the
mobility of the buried and surface tyrosine side chains
(eq 3 and reB4) since more than half of the emitting residues
accessible to acrylamide are also accessible to iodide
(Figure 4 and Table 1).

The limiting values of the tyrosine anisotroppg are
listed in Table 1.A is higher for TBPc than for TBP for
both quenchers (Figure 5). DNA binding has no effect on
Ao for either TBP or TBPc (Figure 5A and Table 1). While
the large decrease in the quantum yield upon DNA binding
makes comparison of the correlation times difficult, the
invariance ofA; upon DNA binding argues for the tyrosine

1/ [K|] (M'1) residues within the C-terminal domain being firmly anchored.
FIGURE 4: Modified Stern-Volmer plots for the quenching by ~ For free TBP and TBPcA, is close to that obtained for
iodide of TBP (A) and TBPc (B) tyrosine fluorescence monitored acrylamide when iodide is the quencher (Figure 5B and
at 306 nm following excitation at 275 nm. The analyzed solutions Table 1). A similar measurement was not made for the DNA-

14

[ A: TBP

12
10

F,/ dF

3[1%;23619; E“l)__tei“sFatF‘.gr?éFlgr'\g t(k%) parrc‘)‘t’ei'\r‘ljSTS]flrljgéslgﬁce bound complexes since the emitting tyrosines are not
-_ 0 - y O, . . . - . . -

intensities in the absence or presence of the quencher KI; see eq 2Ccessible to iodide in the complexes (Figure 2). The identical
(Experimental Procedures). values of Ay measured for the total and surface tyrosine

residues (panels A and B of Figure 5, respectively) show

greater penetration of a neutral molecule into hydrophobic that all the emitting residues are well-anchored in the
regions of the proteins. C-terminal domain. The higher valuesAyffor TBPc relative

N-Tyr provides a reference for full exposure in Figure 4, to those of TBP show that the C-terminal domain is more
extrapolating to 1.0 on thgaxis. The tyrosines of TBP and compact when the N-terminal domain is not present. The
TBPc have almost equal (5@0%) accessibility to iodide  surprising conclusion is that the N-terminal domain is not
at 1 uM protein, evidenced by their extrapolation to £.9  simply an appendage to the DNA-binding core domain but
2.0 on they-axis of the modified SternVolmer plots (Figure modulates its structure and thereby presumably its function.
4). The accessibility to iodide decreases to 30% for TBP  That the single tryptophan of yeast TBP resides within
when the protein concentration is increased to\g; this the N-terminal domain provides a sensitive local reporter of
result contrasts with an absence of an effect for TBPc (Figure its structure. We extended a previous study of this tryptophan
4). Thus, the self-association of TBP from monomers to fluorescence4, 22, 25) to acrylamide and iodide quenching
octamers changes the environment of the tyrosine residuego further explore this domain’s structure. Both probes
of the C-terminal domain, making them less accessible to quench the tryptophan fluorescence. Quenching is weaker

Table 1: Global Analysis of Intrinsic Fluorescence Quenching Reveals Structural Differences between TBP and TBPc upon DNA Binding
Q-rr 1uMTBP 6uM TBP TBP with DNA 1uM TBPc 6uMTBPc TBPcwith DNA  N-Tyf N-Trp®

Tyrosine
Ksv? (M™1) acryl 10.6+1.0 9.7+1.0 9.8+ 1.0 7.2+ 0.3 79+ 04 7.0+ 04 36.1+-04 -
fractional acryl 100% 100% 100% 100% 100% 100% 100% —
accessibility Kl ~60% ~30% NAf ~50% ~50% NAf 100% -
AL acryl — 0.191+ 0.004 0.1940.004 — 0.234+ 0.008 0.254-0.008 — -
Kl - 0.191+ 0.009 NA - 0.258+ 0.015 NA - -
Tryptophan
Ksv? (M71) acryl 7.4+06 7.2+0.6 13.9+ 0.6 - - - - 19.9+ 0.5
Kl 3.6+£03 33+03 7.9+0.3 - - - - 8.5+ 0.6
fractional acryl 100% 100% 100% - - - - 100%
accessibility KI 100% 100% 100% - - - - 100%
AP acryl — 0.237+0.036 0.135-0.012 — - - - -
Kl - 0.221+0.058 0.14A 0.014 -— - - - -

a Stern-Volmer constant (eq 1f Limiting value of anisotropy (see eq 3)Q-r, fluorescence quenchers: acryl, acrylamide; Kl, potassium
iodide. 4 N-Acetyl-L-tyrosine ethyl estel N-Acetyl-L-tryptophan ethyl estefNot accessible.
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Ficure 5: Perrin plots for the quenching-resolved emission

anisotropy of tyrosine fluorescence of TBP and TBPc (excitation
at 275 nm and emission at 306 nm) by acrylamide (A) and iodide
(B): free protein at M (M) and TBP-DNA complex at 6uM

(O). The data for the TBPDNA complex are not shown in panel

B since its tyrosine fluorescence is inaccessible to iodide. The
parameterA is the fluorescence anisotropy (eq 3, Experimental

Procedures)F, andF are defined in the legend of Figure 4.

0.0

for free TBP than for the proteinDNA complex. Ksy
doubles compared with that of the free protein. lodide
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N-Trp; acrylamide quenching progresses approximately half
as far (Figure 6A,B and Table 1).

A change in the solvent exposure of a protein residue is
often accompanied by a change in its mobility. Insight into
the mobility of the N-terminal domain’s tryptophan was
obtained from Perrin plots comparable to those shown for
tyrosine in Figure 5; equivalent results were obtained for
neutral and negatively charged quenchers (panels C and D
of Figure 6, respectively). Tha, value of~0.23 measured
for the free protein decreasest®.14 for the TBP-DNA
complex. SinceA, depends on the global motion of the
protein molecule as well as the internal rotation of the
chromophore, the decreased valuefgimust be due to an
increased level of segmental motions of the tryptophan
residue. These results show that the N-terminal domain’s
tryptophan is partly buried in free TBP and becomes solvent-
exposed following DNA binding. This conclusion is con-
sistent with the observed red shift of the fluorescence
spectrum (Figure 2 and ref 22, and25).

By separately monitoring the structures of the C-terminal
and N-terminal domains of TBP, we have shown that the
presence of the structure of the core domain is different in
the presence and absence of the N-terminal polypeptide and
that the N-terminal domain partly unfolds upon DNA
binding. Below we explore the thermodynamic consequences
of the structural differences between TBP and TBPc that
reveal unexpected differences in the electrostatic contribu-
tions to DNA binding by the two proteins.

Electrostatics Contribute Differently to TBPand TBPe-
DNA Binding. The electrostatic contribution to TBP and
TBPc binding was quantitated from salt displacement
isotherms (Figure 7, Table 2, and egs9). In the absence
of divalent cations, the midpoints (mp) of the dissociation

quenching of the complex approaches that of fully exposed isotherms are 104 2 and 162+ 8 mM, respectively, for

40 : : 16 : : : : :
35 14r C. 1gp.oNa
12
3.0
10

E 25 8
c
§ 20 6F
~ 15 g 47
[} C
Q [t9) 2t
& 10 9 . . . . .
[6]
I T w 16 r r
o 22f B < ul D
S . = *  TBP-DNA
0= 20' - -
[0]
2 18} ] ]
B TBP-DNA
[0) - J J
© 16

50 100 150
A: Acrylamide (mM)
B: lodide (mM)

0j2 0i4 0:6 0r8 1t0
C: F/F, (Acrylamide)
D: F / Fo (lodide)

0.0

Ficure 6: Stern-Volmer plots (A and B) and Perrin plots (C and D) for the quenching of tryptophan fluorescence (excitation at 275 nm

and emission at 365 nm) of TBP by acrylamide (A and C) and iodide (B and D). The straight lines represent the best fit to eqs 1 and 3.

Conditions: TBP at 10) and 6uM (a) and TBP at 6:M complexed with a 1.2-fold molar excess of DNA bearing the sequence TATAAAAG
(®) or N-acetyl+-tryptophan ethyl esterw). The parameters, Fo, andF are the same as in Figures 4 and 5.
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Ficure 7: Salt-induced dissociation isotherms for TBP (A) and
TBPc (B) bound to 14 bp oligonucleotides at equimolar protein
and DNA concentrations (0.26M) in buffer containing 25 mM
Tris at pH 7.6 and, initially, 50 mM KCI. The added KCI is
indicated by thex-axis. The squares depict isotherms determined
in the absence of Ca or Mg?*. The circles depict isotherms
determined in the presence of 1 mM Ca@hd 5 mM MgC}.
Dissociation of TBP and TBPc from DNA was followed by
measurement of the level of FRET as described in Experimental
Procedures.

0.0 0.8

the TBP- and TBPe-DNA complexes, reflecting the higher
stability of the TBPe-DNA complex. The relative stability
increases when Mg and C&" are present (mg= 1324+ 7
and 228+ 11 mM, respectively), experimental conditions
typical for TBP studies conducted by our laboratory. An
identical trend is observed when either Mgor C&" is
present (Table 2). Facilitation of DNA binding by monova-
lent or divalent cations is atypicaB®, 40). Thus, divalent
cations are not simple competitors with respect to the
formation of TBP- and TBPe-DNA complexes.

The nonelectrostatic component of the Gibbs free energy
(AG®) of the TBP- and TBPe-DNA binding reactions is
obtained from the salt displacement isotherms ldg)o(
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Ficure 8: Negative electrostatic (hatched bars) and nonelectrostatic
(gray bars) components of the Gibbs free energy of DNA binding
by TBP and TBPc in pH 7.6 solutions containing 25 mM Tris-
HCI, 50 mM KCI, and the added salt as indicated: K, no added
salt; Mg, 6 mM MgC}; Ca, 6 mM CaCJ, and Mg/Ca, 5 mM MgGl

and 1 mM CadGl.

(Table 2 and eq 7). From these data, the relative contribution
of the electrostatic and nonelectrostatic components to
binding can be calculated (Table 2 and Figure 8); the
electrostatic contribution to DNA binding is significantly
greater for TBP than for TBPc independent of the presence
or absence of divalent cations. Restated from the opposite
point of view, the TBPe-DNA interaction is more hydro-
phobic, consistent with its higher affinity (Figure 2) and
resistance to dissociation by salt (Figure 7).

Since the quenching experiments show that TBPc is more
compact than the C-terminal domain of TBP, both free and
complexed to DNA, we asked whether the protein-induced
DNA bend differs between the two complexes. The end-to-
end DNA distance within the TBPEDNA complex was
shorter for all the solution conditions that were analyzed
(Figure 9). While the difference is not great, the conclusion
is robust due to the comparative nature of the measurements.
Thus, the presence of the N-terminal domain of TBP affects
the structure of TBPc (Figure 5 and Table 1) and results in
a less compact complex with the TATA box bearing DNA
(Figure 9).

DISCUSSION

TBP is the nexus of transcription pre-initiation complexes
that result from the coordinated assembly of an array of
general and gene-specific proteins. The interactions among

Table 2: Thermodynamics of Association of TBP and TBPc with Duplex DNA Bearing the TATA Box Sequence TATAAAG

SKP mpt (mM KCI) AGH (kcal/mol) AGy& (kcal/mol)
50 mM KCI TBP 5.9+ 0.49 101+ 2 10.3+0.12 1.3+ 0.61
TBPc 4.6+ 0.53 162+ 8 10.1+ 0.08 4.4+ 0.32
50 mM KCl amd 6 mM Mg* TBP 4.0+ 0.48 143+ 7 10.85+ 0.06 4.7+ 0.33
TBPc 4.844+ 0.46 247+ 8 11.28+ 0.05 5.3+ 0.27
50 mM KCl and 6 mM C&" TBP 3.9+ 0.48 149+ 7 10.97+ 0.02 4.9+ 0.36
TBPc 4.0+ 0.43 245+ 10 11.2+0.14 5.95+ 0.27
50 mM KCI, 1 mM C&t, and 5 mM Mg+ TBP 3.8+ 0.5 132+ 7 10.94+ 0.04 4.7+ 0.33
TBPcC 3.47+0.45 228+ 11 11.4+0.16 4.7+ 0.33

a See Experimental Procedures and3@for details for the definitions of the parameters given in the table. The errors reported for all parameters
exceptAGne were propagated using the 95% confidence interval. The reported errak&Sfemere calculated using the 65% confidence interval.
b The thermodynamic average of the number of ions released upon DNA binding by TBP. The SK value was obtained from salt displacement
experiments as the fitting parameter in e $he midpoint of a salt displacement dissociation curve such as that shown in Figu@sbbs free
energy of binding of TBP to DNA. The value &G for TBP and TBPc was obtained from equilibrium experiments under the salt conditions given
in column 1.© Nonelectrostatic component of the Gibbs free energy of binding of TBP to DNA obtained from salt displacement experiments using
the fitting parametery), in eq 7.
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the end-to-end DNA distance calculated as described in Experi-
mental Procedures. DNA represents the free DNA in all the
solutions. The other columns represent the pretBINA complexes
under the same experimental conditions as described in the legend
of Figure 8.
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Tyr94 139 185 195 224 231
the proteins of the TFIID complex are highly conserved. Figure 10: Highly solvent accessible tyrosines are most distal to
TBPc and its TAFs are among the most evolutionarily the DNA binding saddle of TBP. (A) Positions of all six tyrosines
conserved proteinsAf, 42); many TAFs contain histone- as shown crystallographicallyl§). (B) Solvent accessibility for
like structural domains that are responsible for the pretein %%Clgcﬂlaaﬁl%uIr?;r%{:():ilr?wilg{iézg)(c domain of TBP, as shown by
protein interactions within TFIID43, 44). Although lacking y ‘

the histone-like fold, TBPc is structurally similar to histones,
including an absence of tryptophan residues and the uniqueTable 3: Distances between the Closest Carbon Atoms of the
microenvironment of its tyrosine residues that is discussed Tyrosine and Nucleotide Rings

Solvent Accessibility (%)
o
HH

below @5). The structural analogy between TBP and histones residue number Roa (A)®  E°
can perhaps be extended to both proteins possessing Ny esidues surrounding 94 1.7 082
terminal “tails”. The greater affinity of TBPc for DNA the DNA binding saddle

compared to TBP (Figure 1) and the different mechanisms 139 128 0.72
of TBP and TBPc self-associatio2q—22) suggest that igg ig'i 8'22
mediation of assembly reactions is a principal function of ., of the saddle” Tyr residues 224 157 043
TBP’s N-terminal domaing, 16—18).2 231 180  0.25

Tyrosine FIuoregce_nce Specifically Reports on the Struc- aThe positions of tyrosines in the TBPc structure are shown in Figure
ture of the DNA-Binding Saddl@he tyrosine fluorescence  10. Donor-acceptor distancé.The effectiveness of TyrDNA en-
of TBP and TBPc is statically quenched upon TATA box ergy migration E) was calculated with the equatiorEl# 1 + (Ropa/
binding due to the energy transfer with the nucleotide basesRo)*, whereR, ~ 15 A for the tyrosine-DNA FRET donor-acceptor
(Figure 2 and ref46). Four of the proteins’ six tyrosine P2
residues are within the DNA binding saddle; the other two
are located on the top surface of the 'HRubdomain tyrosines surrounding the DNA binding saddle (Y94, Y139,
(Figure 10A and refl3). The solvent accessibilities of the Y185, and Y195) unusually highd). Thus, the measured
saddle and surface residues are significantly different tyrosine fluorescence uniquely reports upon the structure of
(Figure 10B and refl). Surface residues Y224 and Y231 the DNA binding saddle of TBP and TBPc. A low quantum
are “significantly exposed” with 2630% accessibility  yield for tyrosine fluorescence is typical of protein&r),
compared with 6-15% accessibility for the tyrosine residues with the exception of histones whose tyrosines have unusu-
in the saddle. These values are comparable to the 22 andilly high quantum yields45). We interpret our results to
0—10% accessibilities, respectively, calculated from the reflect conservation of the microenvironment of the protein
crystallized TBPc monomers8), The accessibility of the  fold that stabilizes highly conserved interactions within
surface residues calculated from the TBPc structures ismultiprotein proteirr-DNA complexes such as the nucleo-
unaffected by DNA binding. some and transcription pre-initiation complexes, extending

That Y224 and Y231 are least quenched by DNA follows the structural analogy between TBP and histones.
from their distance from the bound nucleotides (Table 3). Interdomain InteractionsAs expected, the binding of TBP
These residues are also the most exposed to the solvenand TBPc to the strong ADMLP TATA box sequence renders
(Figure 9B) and therefore should be most accessible tothe saddles of TBP and TBPc equally inaccessible to the
dynamic quenching in TBPDNA and TBPc-DNA com- negative quencher iodide (Table 1). The negative quencher
plexes. Since the tyrosine fluorescence of TB&hd TBP¢- is particularly informative in that it mimics the charge of
DNA complexes is insensitive to iodide (Figure 2 and DNA. However, the quencher accessibility of the saddle
Table 1), the fluorescence quantum yield of Y224 and Y231 differs between the two proteins when they are free in
must be relatively low and the quantum yield of the four solution. While the saddles of free monomeric TBP and
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dimeric TBPc are comparably accessible to the negatively length protein characterized in a solution that appropriately
charged quencher, TBP’s saddle is quenched 2-fold less upormodels the cellular milieu.
assembly of TBP monomers into octamers. In contrast, the The net cation displacement measured for formation of
guenching of TBPc’'s saddle is weak and independent of the TBPe- and TBP-DNA complexes reflects the sum of
protein concentration, consistent with the proposed saddle-sequence-specific and nonspecific contributions that influence
to-saddle dimerization of TBPA9) as TBPc is dimeric in different portions of the salt displacement isotherms
the quenching experimert#lthough the absence of a direct  (Figure 7). The average number of the ions released upon
comparison between TBP and TBPc monomers leavesbinding (Table 2) mainly reflects the number of nonspecific
ambiguous the degree to which the N-terminal domain ionic contacts disrupted upon dissociation of the complexes
protects the saddle from the negative quencher, the N-and thus differs from direct measures of the binding energy
terminus could inhibit DNA binding without blocking the in the equilibrium experiment2{, 31). The net four to five
tyrosine’s access to solvent. Alternatively, the N-terminal cations released upon binding of TBP or TBPc to the 14 bp
domain might modulate DNA binding by rendering the duplex (Table 2) is comparable to binding measurements
structure of the C-terminal core less compact and flexible made using longer restriction DNA fragmen&l). These
as suggested by the results obtained with the neutral quenchedata taken together with the stability of the 14 bp duplex
acrylamide (Figures 3 and 5 and Table 1). under experimental conditions (see Experimental Procedures)
The conformation of the N-terminal domain varies with show that neither long-range interactions nor end eff&&s (
solution conditions, oligomerization and DNA binding appear to influence these measurements. The displacement
converting it from a globular conformation that inhibits DNA  of four to five cations upon the binding of TBPc is much
binding to a less folded form in TBPDNA complexes weaker than might be expected on the basis of inspection of
(Figure 6A,B and Table 1). The structural plasticity of the the number of phosphates contacted in formation of the
N-terminal domain is in contrast to the rigidity of the complex. Of interest is the observation that monovalent
C-terminal domain. From the point of view of the C-terminal cations can localize within the grooves of duplex DNg8{
core, the N-terminal domain of TBP may be considered “just 60) since TBP binding flattens the grooves of the bound
another transcription factor” that modulates its function. The duplex. However, the contribution of these localized cations
structural changes of the N-terminal domain are comparableon DNA structures like AT tract bending or groove narrow-
to those undergone by some TAFs during assembly of theing (55, 56, 61) remains uncertain due to average occupancies
pre-initiation complex. For example, TAF1 folds from a of just a few percent at particular sites3( 57).
largely unstructured state to a globular structure that occupies The divergence of expectation from inspection of structure
the DNA binding saddle of TBP, thereby inhibiting its DNA and thermodynamic reality is common and reflects the
binding activity @8). Another example is the N-terminal multitude of contributions to the formation of proteiDNA
domain of TAF(11)230, which mimics DNA bound to the complexes %, 54, 62). Thus, DNA conformation depends
concave surface of TBR9, 50). In addition to modula- not on locally bound monovalent cations but rather on the
ting the function of TBP, the repositioning and changed balance of the competing factors in the electrostatic free
conformation of the N-terminal domain is a potential energy 63). The contribution from solvation that originates
regulatory signal to TAFs that TBP is bound to DNA, in large measure from counterions is a significant portion
consistent with its proposed role as a dynamic regulator of of electrostatic free energy. In the TBFATA box complex,
TBP function. attractive interactions may be mediated through a delocalized
Electrostatics Contributes Differently to DNA Binding by charge potentiall3); monovalent delocalized cations influ-
TBPc and TBPFormation of TBP-DNA complexes is a  ence this potential. The effect of mutations on the salt
result of unfavorable enthalpy changes offset by favorable dependence of TBPDNA binding has been rationalized by
entropy changes, including the release of water andsBlt (  the notion of “spread” cations reducing the electronegativity
A large area of hydrophobic surface is buried when TBPc of the protein and the complex as a who&l)(
binds to DNA by bending and deforming the duplex toward  The SK values listed in Table 2 reflect a relative
an A-like conformation, resulting in a broad, flat hydrophobic thermodynamic measure of the reduction of the electrone-
surface that is complementary to the hydrophobic surface gativity necessary for complex formation. In contrast, the
of the protein’s saddle2( 13). Even so, electrostatics dissociation midpoints (mp) of the salt displacement titrations
dominates the binding of TBP to DNA by contributing more reflect both electrostatic and nonelectrostatic contributions
than one-half to the net stability of complex formation when to binding. Inspection of these values shows that the
divalent cations are not present. The electrostatic contributionenhanced stability of the TBP®NA complex over the
is significantly reduced when divalent cations are present, TBP—DNA complex (mp= 162 + 8 vs 101+ 2) is
more dramatically for TBP than for TBPc (Figure 8 and accompanied by only a small change in the number of cations
Table 2). The larger electrostatic contribution to TBP binding released upon binding [SK= 5.9 £ 0.5 and 4.6+ 0.5,
relative to TBPc binding may reflect changes in the binding respectively (Table 2)]. It is interesting that the greater
of the C-terminal domain to the DNA or interactions between stability of TBPc-DNA relative to TBP-DNA complexes
the two domains. Evidence for direct interactions between in the presence of Mg and C&" (mp= 2284+ 11 and 132
the DNA and the N-terminal domain has not been found. £ 7, respectively) is also accompanied by only a slight
For example, the absence of quenching of the tryptophanchange in the electrostatic contribution under these solution
fluorescence in the TBPDNA complex shows that the conditions (SK= 3.8+ 0.5 and 3.4A: 0.45, respectively).
N-terminal domain is not in the proximity of the DNA These studies do not reveal the exact mechanism by which
(Table 1). Thus, a proper understanding of the thermody- the N-terminal domain modulates the electrostatic contribu-
namics of binding of promoter by TBP must include the full- tion to DNA binding or the reason divalent cations differ-
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entially affect TBPc and TBP. A Mg- and C&"-dependent

Biochemistry, Vol. 46, No. 16, 2004885

tion dependence of complex formation combined with

change in the conformation of the C-terminal domain is mutational analysis will be important for fully understanding

unlikely in light of the invariance of its structure upon DNA

the mechanism by which divalent cations contribute to

binding (Table 1). We believe that it is more likely that the transcriptional regulation.

divalent cations affect the structure of the bound DNA

perhaps by minimizing the energy cost of its distortion in NOTE ADDED AFTER ASAP PUBLICATION

the TBPe-DNA and TBP-DNA complexes. This conjecture

is consistent with the demonstrated stabilization of distorted
DNA duplex structure by Mg (65). It is possible that the
N-terminal domain mimics the contribution of the divalent

This paper was originally published March 23, 2007. Table

1 has been revised. The corrected version was published
March 30, 2007.
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