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ABSTRACT. The equilibrium binding and association kinetics of tBaccharomyces cerisiae TATA

Binding Protein (TBP) to the E4 and Major Late promoters of adenovirus (TATATATA and TATAAAAG,
respectively), have been directly compared by quantitative DNase | titration and quench-flow “footprinting”.
The equilibrium binding of TBP to both promoters is described by the equilibrium FEMNA-ratar <
TBP—-DNA-ratar. The salt dependence of TBP binding to both promoters is identical within experimental
error while the temperature dependence differs significantly. The observed rate of association follows
simple second-order kinetics over the TBP concentration ranges investigated. The salt and temperature
dependencies of the second-order association rate constants for TBP binding the two promoters reflect
the dependencies determined by equilibrium binding. The-¥B#® promoter interaction is entropically

driven at low temperature and enthalpically driven at high temperature while the TBP-Major Late promoter
reaction is entropically driven over virtually the entire temperature range investigated. These data suggest
that the reaction mechanisms of TBP-promoter interactions are TATA sequence-specific and provide for
differential regulation of promoters as a function of environmental variables.

The “TATA binding protein” (TBP) is a component of  The temperature dependencies of the equilibrium binding and
the nucleoprotein complexes required for the initiation of association rate constants determined for the TBR
transcription by each of the three eukaryotic RNA poly- interaction were the same within experimental ertor) (
merases{—3). The binding of TBP to specific promoter The DNA association kinetics d8. cereisiae TBP are
sequences called “TATA boxes” is a key step in the initiation second-order with TBP1{, 20—22). A diffusion-limited
of the transcription of genes transcribed by RNA polymerase intermediate was not observed in the course of the association
I1(4,5). The nucleotide sequence of TATA boxes is variable reaction in stopped-flow experiments conducted with dead
among naturally occurring promote®).( The two promoters  times as short as several millisecon@4,(29. The fluor-
investigated in the present study, the adenovirus E4 escence resonance energy transfer (FRET) stopped-flow ki-
(TATATATA) and Major Late (TATAAAAG) promoters, netics studies further demonstrated that the TBP-induced
bind TBP with high affinity, are efficiently transcribed, and DNA bend occurred simultaneously with the formation of
are among four high-affinity sequences identified by a the TBP-DNA complex @2). These data are inconsistent
selection protocol®). Atomic resolution structures of TBP  with a reaction mechanism where the diffusion rate-limited
from several species, fre8<11) and complexed to DNA  binding of TBP to DNA results in the formation of a stable
(12—16), have been solved to high resolution. The DNA “encounter complex” that slowly isomerizes to the final bent
within the TBP-promoter complexes is unwound, exposing TBP-DNA complex (7, 21, 22. Rather, the “slow binding”

a broad and flat minor groove to the protein that results in of TBP is predicted to result from the small number of FTBP

a DNA bend that follows a complex trajectory. The overall DNA collisions that form a productive chemical complex.
geometries of the TBPDNA complexes are superimposable The transient encounter complex is not detectable due to its
although local differences are observed in the conformationsvery low steady-state concentration and a large activation
of, and interactions between, the bases and amino acids. barrier that must be overcome for it to proceed along the

The temperature dependenceSaiccharomyces cerisiae reaction pathway. If this barrier results from a DNA
TBP binding to the E4 promoter was shown to be character- conformational change, then the slow rate of DNA binding
ized by a standard-state heat capacity changg;, on the by TBP would derive from TBP sampling the distribution
order of =3 kcal/(mol K) (17). This highly negative value  of rapidly equilibrating DNA conformers for the small
of AC,° could not be rationalized by the simple burial of fraction to which it can productively bind2p). This

nonpolar surface ared§) nor coupled protein folding1©) hypothesis suggests that TBBNA association kinetics will
based upon the TBP and TBB®NA structures cited above.  pbe DNA sequence-dependent.
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rates reflect those of the equilibrium binding constants for
both promoters although the temperature dependence of the
Major Late promoter is reduced compared to the E4
promoter. Comparison of these dependencies for the binding
thermodynamics and kinetics suggests that the transition state

detectable by DNase | footprinting for the TBBNA
binding reaction has appreciable character of the final
complex.

EXPERIMENTAL PROCEDURES

Protein and DNA The 789 bpAfllll/ Sag restriction
fragment containing thadenairus Major Late promoter was
excised from plasmid pMC,AT (23). The 334 bpHindlll/
EcaR1 restriction fragment containing tredenairus E4
promoter was excised from plasmid gBhat was a gift of
Dr. Stephen TriezenbergdS. cereisiae TBP was expressed
and purified as described 7, 29. The TBP preparation

used in these studies was fully active in sequence-specific

DNA binding. The preparation of th&P-DNA restriction

fragments used in the footprinting assays has been describednd AG®

previously 7).
Equilibrium and Kinetic “Footprinting”. DNase | foot-

print titration experiments were conducted as described (ref

17 and references therein). A detailed protocol for the
kinetics quench-flow DNase | footprinting assay has been
published 24). The buffer used in the binding reactions
contains 25 mM Bis-tris, 5 mM MgGJ] 1 mM CaC}, 100
mM KCI, 2 mM DTT, 1 ug/mL poly dG-dC, pH 7.4 at the
indicated temperature. All reagents and solutions were
equilibrated for>45 min at the indicated temperatures prior
to initiation of the footprinting reaction. Both the equilibrium

and kinetic studies were conducted under conditions where

[TBP] > [DNA] ([IDNA] = 1-10 pM), enabling the
assumption that [TBRJa ~ [TBPJwee to be made in the
analysis of the data. The electrophoresis gels were image
using a Molecular Dynamics phosphorimager.
Quantitation of the digital images was conducted using

the ImageQuant (Molecular Dynamics) software as described

elsewhere 25, 26). Fractional saturationY] of the TATA
box was determined from the fractional protectiqy ©f

bands visualized on the Phosphorimager by nonlinear least-

squares fitting of the data against

Pi = Piiower T (Piupper — pi,lower)\_( 1)
where
nH nH
Y e @
or
Y=1-e 3)

for the equilibrium titration (eq 2) or kinetic progress (eq 3)
curves, wherg; is the apparent saturatiop jower aNdP;upper
are the limits of the transition curvek, is the equilibrium
association constamy is the Hill coefficient (Whemy =
1.0, eq 2 reduces to the single-site binding expressikias),
is the pseudo-first-order rate constant, aigltime 24, 25,

27).

log[TBP]

Ficure 1: Binding isotherms obtained from “footprint” titration
experiments of TBP binding to the Major Late promoter at’G0
at 50 ©), 100 @) and 200 #) mM KCI. The solid lines are the
best fits to eqs 1 and 2 withG® = —12.2+ 0.2 kcal/mol,ny =
1.0+ 0.3 ©), AG° = —11.3+ 0.1 kcal/mol,ny = 1.1+ 0.2 @)
—9.4 4+ 0.2 kcal/mol,ny = 1.0 + 0.3 (®#). Y is the
fractional saturation of the DNA binding site. [TBP] is the free
concentration of TBP.

For a bimolecular association reactidg,s = k{TBP] +
ks (28). Direct global fitting of the family of progress curves
obtained as a function of [TBP] at each temperature was
unable to resolve unique valueslgf(analysis not shown).
Since at some temperatures the association kinetics data were
sufficient to estimatéy < 0.01 s?, each data set was refit
with kq fixed at this value; the values & obtained from
these fits were indistinguishable, within experimental error,
from those obtained assuming thatwas equal to O (data
not shown).

Each data set was analyzed and scaled to use the best-fit

Jimits (eq 1). When multiple data sets were globally

analyzed, each data set was weighted by the inverse of the
square root of the variance of its individual fit. To ensure
that the errors in the binding measurements are propagated
from the experimental data, the determinatiod\G},*, SKops

and Skps was conducted by globally analyzing either the
constituent binding isotherms or the kinetics progress curves
against the appropriate expressioh® 9) as describedl(y).

RESULTS

Equilibrium Binding TBP—Major Late promoter equi-
librium binding isotherms shown in Figure 1 were obtained
at 30°C at 50, 100, and 200 mM KCI and are described by
the Langmuir binding polynomial. This observation is
general for both promoters over the temperature range
investigated at 100 mM KCI. The dependence on [KCI] of
the binding of TBP to the Major Late promoter is identical
to that determined for the E4 promoter (Figure 2; Table 1)
7).

A van't Hoff plot depicting the equilibrium binding
constants obtained at 100 mM KCI as a function of
temperature for the E4 and Major Late promoters is shown
in Figure 3. The AC,° values obtained for the two
promoters, determined from a global analysis of the constitu-
ent binding isotherms, differ by 1.8 kcal/(mol K) (Table 2),
a value that greatly exceeds the confidence limits of the
measurements. To confirm this difference, pairs of E4 and
Major Late promoter binding reactions were simultaneously
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Ficure 2: The salt dependence of the equilibrium binding of TBP
with the Major Late ©) and E4 @) promoters. The data were fit
to the equations presented in 129 as described previoushi)
by floating m and K, at a fixed value of logk,2t = —0.88,
previously determinedL{) as the limiting value at which no further
improvement of the fit was obtained. The results of the fits are ©
shown in Table 1. g‘
R
»
Table 1: The [KCI] Dependence of TBP Binding to the E4 and g
Major Late Promoters ..g
promoter SKopd log Kobs,1 m Vvar '2
K E
eq 0
E4: TATATATA —-3.5+0.3 5.1+ 0.3 0.049 [&]
MLP: TATAAAAG —-3.44+0.2 5.0+ 0.2 0.017
promoter Sk2 10g Kobs,1 m var
ka E4 —274+0.3 3.2+ 0.3 0.156 —6%50 3,115 ‘ 3.‘40 l 335 ‘ 3.30 ‘ 325 3.20 I 3.15 3.10
MLP -2.8+0.2 3.3+0.3 0.132 (1/T) x 1000
* —Skeps and —Skeps were calculated following ree9 as described  Figyre 3: van't Hoff analysis of the binding of TBP to the Major
7). Late ©) and E4 @) promoters. The solid lines depict the values

of ACy° (Table 2) determined as described previoudly) (from

. P he global best fit of the binding isotherms. The differences in the
conducted at each temperature; the data shown in Figure épresent E4 data and that published previously result from the

includes these direct comparisonsOver the temperature  jycjusion of additional data sets in this analysis. At least two (and
range of 15-30 °C, the binding of TBP to both promoters in most cases three or more) independently determined isotherms
is endothermic although somewhat less so for the Major Late were obtained at each temperature; the value Bfémd confidence
promoter. limits reported for each data point represent the global analysis of

Association Kinetics. An example of a quench-flow these isotherms.

ENise IdklnettICS fo?:ﬁrmtmg ?Xpem%em. IS Shgwr.] n .FI?#re Table 2: The Temperature Dependence of TBP Binding to the E4
. AN advantage or ine use or a rapid-mixing device in these ;4 Major Late Promoters

experiments is that data over the entire course of the progress

ACy®
curve can be collected at hur_ldre_ds of nanomolar TBP promoter (keallmol Kf T °C Ts°C var
concentrations. The DNase | kinetics progress curves that
: > : o
have been obtained for the TB®NA binding reactions are E4: TATATATA 29403 293105 345507 0125

described by a single exponential (eq 3); additional kinetic  pmLp: TATAAAAG —1.1+073 33.3+ 0.8 45.0+ 1.7 0.139
phases have not been discernible using the DNase | foot-k,

printing assay under the experimental conditions investigated. E4 —3.3+£0.7 31.8+0.6 34.2+0.8 0.322
The rate of association of TBP with the Major Late and E4 ~10+03 39.7415 47,9425 0.209
promoters decreases with increasing [KCI] (Figure 5). The *AG° was calculated following ret8 as described1(7).

salt dependencies &f for the Major Late and E4 promoters
determined from global analysis of the progress curves are
identical within experimental error (Table 1). The Major
Late promoter binds slightly faster at all the salt concentra-
tions investigated, although this difference does not exceed

the error in the measurements. Approximately 80% of the
[KCI] dependence of TBP binding is accounted for in the
rate of association in a TATA sequence-independent fashion.
In our previous studyl(7), a two-step model was assumed
(20), and limits to the constarg, describing the postulated
1The difference in the values oAC,° determined for the E4 init-ial rapid e-qu“ibri-umf ande the rate constant for th(?
- ; P . unimolecular isomerization of the second step of the reaction,
promoter herein and previousl§q) does not exceed the errors in the

determinations and is the result of the more extensive data set analyzedVere derived from the highest TBP concentrations analyzed.
in the present study. Since subsequent FRET studies did not reveal evidence of
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Ficure 4: (A) The phosphor storage plate image of the gel electrophoretogram of a quench-flow DNase | footprint experiment conducted
at 100 mM KCI and 30C using 400 nM TBP and DNA containing the E4 promoter. The solid bar on the right side of the gel denotes the
TATA box. The density scale of the digital image was compresseeB1lfits using the default parameters of the ImageQuant software in

order to generate this picture; densitometry was conducted on the 16 bit image. (B) The progress curve derived from the experiment shown
in A. Each data point corresponds to the lane in A for increasing reaction time left to right. The solid line depicts the best fit to eqs 1 and

3 with kgps = 0.2 4 0.02 s*. The overall second-order rate constanitis= 4.9 (-0.6) x 1® M~ s71 assuming thakq = 0. The insert is

an expanded view of the first 20 s of the reaction.
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Ficure 5: The salt dependence of the rate of association of TBP
with the Major Late ©) and E4 @) promoters. The data were fit
for Sk, as described in Figure 2 for the equilibrium binding studies.
The results of the fits are shown in Table 1.
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the postulated diffusion-limited intermediat2?}, we have

Major Late promoter presents a lower activation barrier to
TBP binding than does the E4 promoter (Figure 7A). A
consequence of the correspondenc&gfandk, is that the
calculated values d{; (Keq = ko/ky) are independent of tem-
perature within the experimental error propagated from the
experimentally determined valueskf, andk, (Figure 7B).

DISCUSSION

The binding of proteins to DNA is dominated by nonco-
valent interactions; therefore the experimentally determined
equilibrium and kinetic rate constants are dependent upon
solution conditions such as temperature, pH, and ion
composition and concentration. These dependencies can thus
be used to probe the energetic driving forces and mechanisms
of a reaction under consideration. The direct comparison
of the thermodynamics and association kinetics of TBP
binding to the E4 and Major Late promoters provides a
foundation for the development of structuti@inction cor-

re-explored this question with more extensive data sets for relations describing TBPDNA interactions.

both the Major Late and the E4 promoters. Figure 6 plots
kobs Versus [TBP] at 100 mM KCI and 20, 30, and 36.

All of the data sets are adequately described by the linearthe Langmuir polynomial (Figure 1).

dependence d&son [TBP] predicted by bimolecular asso-
ciation. Unique values dfg andk; could not be determined
by global fitting of the progress curves to the two-step model
(data not shown).

The binding isotherms obtained for the TBP-Major Late
promoter interaction at [KCIE 50 mM are described by
This result was
previously obtained with the E4 promotel7j and appears
to be general with regard to the TATA sequence. At
physiological salt concentrations, the TBBNA isotherms
that have been determined are consistent with the binding

The temperature dependence of the association rate of TBPof a single TBP molecule to a TATA box and do not reflect

for the Major Late promoter closely matches that of the
equilibrium binding constant (Figure 7A); this result was
previously observed for the E4 promotet7) and thus,
appears to be a general characteristic of FpRomoter

contributions from either cooperative or self-association
reactions. In contrast, at [KCIk 50 mM (at 30 °C)

isotherms determined for the binding of TBP are sigmoidal,
displaying positive cooperativity; the mechanism underlying

interactions. This characteristic of the association reaction this apparent cooperativity at low ionic strength is unknown.

is reflected in the significantly different values AC,° for
the two promoters that are comparable to #@,° values
calculated for the equilibrium binding reaction (Table 2). The

These results are consistent with analytical ultracentrifu-
gation studies30, 31) that provide direct evidence demon-
strating thatS. cereisiae TBP is monomeric at the nano-
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FIGURE 6: The association ratég,s determined as a function of TBP concentration for the Major Laleand E4 @) promoters at 20,

30, and 35°C. The Major Late promoter is shown across the top at the indicated temperatures. The E4 promoter is below. The second-order
rate constants, determined by global analysis of the progress curves aree2D13 x 1° (20 °C), 5.0+ 0.8 x 1® (30 °C), and 9.3+

1.3 x 1 (35 °C) for the Major Late promoter and 1:8 0.3 x 1P (20 °C), 4.7+ 0.4 x 1(® (30 °C), and 7.2+ 1.1 x 1P (35 °C) for

the E4 promoter.

molar concentrations present in these and previously publishedwith the model ofS. cereisiae TBP-promoter binding of
equilibrium binding and kinetics studie$q, 20-22). The TBP + TATA < TBP—TATA used to interpret our studies.
ultracentrifugation studies also demonstrate that self-associa-The reported properties of the TBpromoter interaction
tion of S. cereisiae TBP to tetramers and octamers occurs reflect complex formation between monomeric TBP and
at micromolar concentrations under these experimental DNA.
conditions. For human TBP, dimerization competitive with A TBP—TATA binding mechanism has been proposed
DNA binding has been reported withkg of 5 nM (32, 33) (22) in which the slower than diffusion-limited kinetics
under experimental conditions different than those used in observed for TBP is due to the extremelyfavorable quasi-
our studies. If such a reaction were present in &r  equilibrium for the formation of a productive encounter
cerevisiae TBP studies with &4 comparable to that of DNA  complex of DNA and TBP. No diffusion-limited intermedi-
binding, this linked equilibrium would be evident by TBP ate was detectable in kinetics studies on time scales as short
DNA binding isotherms less steep than the Langmuir as several milliseconds. This mechanism contrasts to a two-
polynomial (i.e., “anti-cooperative”) since the concentration step model where a stable diffusion-limited TBBNA
of TBP monomers would not increase linearly with the total intermediate isomerizes to the final comple&8), While
TBP over the concentration ranges analyzed. This phenom-values ofKg and k, were estimated in the context of the
enon was not observed at any of the solution conditions thattwo-step model from our initial quench-flow footprinting
have been analyzed. studies 17), the linear increase ikps With [TBP] for both

In addition, the slow dissociation of the human TBP dimers promoter sequences at all temperatures does not justify
was demonstrated to limit the rate of DNA binding by TBP application of this mechanism to these data. Thus, for both
(32, 33. A TBP self-association reaction competitive with promoter sequences, the “slow binding” of TBP results from
DNA binding will be reflected in the observed rate of binding the high activation barrier for the formation of a productive
and can yield a nonlinear dependencekaf on [TBP] if encounter complex2Q).
the K4 of dimerization is comparable to the protein concen-  Salt-dependent effects on DNAigand interactions are
tration range being studied. The data shown in Figure 6 spanthe consequence of the charged nature of the DNA and its
as great as 3 orders of magnitude in TBP concentration andinteraction with the surrounding counterions; a substantial
provide no evidence for a coupled competitive dimerization concentration of positively charged counterions accumulates
reaction. Thus, the equilibrium and kinetics studies of ¥BP  in the vicinity of the DNA to reduce its axial charge density
DNA binding and the analytical ultracentrifugation studies and strongly influences protein-binding reactions. The
of self-association ofs. cereisiae TBP are all consistent identical [KCI] dependencies of equilibrium binding of TBP
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15 17 20 25 30 35 40 45 T(C) contrast, the TBPMajor Late promoter is entropically
' ' ‘ ‘ ' ' ' driven (TAS® is positive) over virtually the entire temperature
range investigated withhH® less positive compared to the
formation of the TBP-E4 complex. TheAC,°® value of—1.1
=+ 0.3 determined for the Major Late promoter is significantly
lower than that determined for the E4 promoter (Table 2).
This value is only 2-fold more negative than the&,° of
—0.5 kcal/(M K) calculated from the burial of nonpolar
surface area in theS. cereisiae TBP—DNA cocrystal
structure {3). The differentAC,° values were unanticipated
because both promoters bind TBP with high affinity and their
cocrystal structures with TBP display only local differences.
A limitation of this comparison with the crystal structures
is that the N-terminal domain d8. cereisiae TBP is not
present in the crystal and DNA cocrystal structures. While
/% the fluorescence of the single tryptophan in TBP located
10 / within the N-terminal domain changes upon DNA binding
(21), we believe that it is unlikely that a DNA sequence-

In k,, M sec”’

- 5 B % ] specific contact of the N-terminal domain accounts for the
8 45 ] significantly different temperature dependencies of TBP
"; 55 % % } % H H binding the E4 and Major Late promoters since its presence
X 45l ] or absence has little effect on DNA-binding By cereisiae
£ L0 TBP (35).

035 035 034 034 033 033 032 032 031 The E4 is the most flexible of possible TATA box

o ) sequences, composed entirely of TpA base steps, while the
1T(°K) x 10 Major Late promoter possesses a four base “A tract” that is

FIGURE 7: (A) Arrhenius plot of the second-order rate constants, relatively rigid (L5). Since the Major Late promoter appears

ke, for the binding of TBP to the Major LateXY) and E4 @) to be an exception to a general trend toward more flexible

promoters. The lines denote the best fits for valueA@f° tabulated . S . L .
in Table 2 as in Figure 3. (B) Values of the kinetic dissociation TATA box sequences binding TBP more tightly, it is possible

constant calculated from the relationstig, = k/ks. The errors that it exists in a conformation that is predisposed toward
on the experimentally determined values I, and k, were TBP binding. Thus, the more favorable enthalpy of binding
propagated to generate the estimated errors on the calculated valuethe Major Late promoter may be due to its lesser deformation
of k. upon complex formation with TBP. Correspondingly, the

. . . greater entropy of the flexible alternating TpA sequence of
to the E4 and Major Late promoters suggest that identical he g4 promoter may account for the decreasedeRtive

electrostatic interactions are formed within the protein-DNA {5 ihe Major Late promoter. These possibilities are being
complexes and that structurally similar interfaces are prese”t-explored through the analysis of TB®NA complexes

The salt-dependent effects on the interaction of TBP with \\hose cocrystal structures have been solved (S. Burley
the two promoters are roughly consistent with the number ersonal communication) that possess single-base substitu-
of ion pairs that can be inferred from the crystallographic jons within the Major Late promoter sequence. While TpA-

studies. These data are consistent with the geometry of the.p, sequences tend toward more negative valueS@yf
TBP complexes with the E4 and Major Late promoters being gq suggested by the E4 and Major Late promoter data

comparable in solution. presented herein, structural compensations that accommodate
However, the different temperature dependencies of TBP |ess favorable TATA box sequences appear to play a key
binding to the two promoter sequences do point to energeticrole in determining theé\C,° of TBP binding. AC,° values
differences unrelated to the overall geometry of the com- ranging from 0 to—2.5 kcal/(mol K) have been obtained
plexes. Hydroxyl radical footprinting studies of TBRro- for TBP—TATA interactions whos@\G°’s of binding at 30
moter complexes conducted under these experimental condi*C are equivalent within experimental error (A. K. M. M.
tions (unpublished data) show no evidence of heterogeneityMollah, B. Gilden, E. Jamison, and M. Brenowitz, unpub-
in the positioning of TBP on the TATA box sequenc8d)( lished data). These results are significantly different than
DNase | footprinting is not sensitive to the observed those obtained from similar studies of tRscherichia coli
bidirectional orientation of TBP on TATA box sequences Lac repressor36).
(34). Since the orientation distribution on the Major Late  The effect of the TATA sequence on TBP-induced DNA
andCyC1promoters is equivalent (the TATATAARYC1 bending is also of interest with regard to the structure of the
sequence differs from the E4 sequence only in position 7), TBP—DNA transition state; sequence-specific contacts could
it is unlikely that TBP orientation is the source of the form as the DNA bends during the course of the association
observed promoter-dependent thermodynamic and kineticreaction. However, the fact that DNA binding and bending
differences in binding. occurs simultaneously2p) argues that the transition-state
The calculated values dfy and Ts (the temperatures at  structure is similar to that of the final complex. Is there
which theAH® andAS’ are 0, respectively; Table 2) show additional evidence to support this hypothesis? The relative
that the TBP-E4 interaction is entropically driven at low magnitude of the salt dependence of the association kinetics
temperature and enthalpically driven at high temperature. In versus the thermodynamics of a DNA-binding reaction is
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expected to be small for a diffusion-limited reactidd) to the thermodynamics and kinetics of TBBNA interac-
since the association rate is only dependent upon thetions together with analytical ultracentrifugation analysis of
frequency of collision of the substrates. Electrostatic screen-its self-association properties is beginning to reveal the
ing of the macromolecules by ions contributes only slightly chemistry underlying the function of a protein that is essential
to this process. In this case, the ion pairs present in the finalin all eukaryotic cells.

complex need not be present in the productive encounter

complex that proceeds rapidly down the reaction pathway. ACKNOWLEDGMENT
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