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ABSTRACT: Selective changes in the N M R  parameters of the sequence of CGTACTAGTTAACTAGTACG, 
which corresponds to the trp operator of Escherichia coli, were observed as a function of temperature. The 
changes were localized to the sequence TTAA in the Pribnow box (underlined). Differential changes in 
chemical shift were analyzed in terms of a three-state model (states I, 11, and 111) to give the equilibrium 
constants, enthalpy changes, and populations. The midpoints of the first and second transitions were 9 and 
30 OC, with enthalpy changes of 58 and 35 kcal/mol, respectively. Measurement of the spin-lattice and 
cross-relaxation rate constants a t  different temperatures allowed some structural conclusions to be drawn 
about the nature of the transitions. The line width of the H 2  of A1 1 goes through a maximum a t  about 
30 OC, indicating moderately fast exchange between the states. The rate constants for exchange a t  the 
midpoints were about 200 (I - 11) and 250 (I1 - 111) s-’. Taking these findings into account, we propose 
a mechanism for the interaction between R N A  polymerase and the promoter. This mechanism can explain 
the temperature dependence observed for the initiation of transcription. 

T e  initiation of transcription by prokaryotic RNA polym- 
erase is for many purposes adequately described by the two- 
step reaction scheme (Chamberlin, 1974) depicted in Scheme 
I, where R is RNA polymerase, P is the promoter, RPc is the 
initial ”closed” complex which is thought to involve recognition 
of a sequence [consensus TTGACA (Rosenberg & Court, 
1979; Hawley & McClure, 1983)] found near the -35 region, 
and RPo is the active “open” complex (Siebenlist, 1979) from 
which transcription occurs. It is generally thought that the 
isomerization of RPc to RPo occurs in the Pribnow box 
[consensus sequence TATAAT (Rosenberg & Court, 1979; 
Hawley & McClure, 1983)] located at -10. The rate constant 
of this process is relatively small, ranging from 0.01 to 1 s-l, 

‘This work was supported by NIH Grants RR00711 and GM33385. 
J.-F.L. gratefully acknowledges a fellowship from La Fondation pour la 
Recherche M6dicale. 

depending on the strength of the promoter. The formation 
of the open complex may involve a number of mechanisms 
which have not yet been fully elucidated but is probably a 
multistep process (Bertrand-Burgraff et al., 1984; Buc & 
McClure, 1985). The formation of the open complex is 
strongly dependent on the temperature, having an apparent 
midpoint in the range 15-25 OC, depending on the promoter 
(Chamberlin, 1974; Richardson, 1975; Dausse et al., 1976; 
Suzucki et al., 1976). Studies of the temperature dependence 
of the formation of the open complex have led to the conclusion 
that an intermediate state becomes significantly populated at 
low temperatures. This additional state should be inserted 
between RPc and RPo in Scheme I (Kadesh et al., 1981; Roe 
et al., 1984; Buc & McClure, 1985). 
Scheme I 

R + P - RPc - RPo - transcription 
We have been studying the structure and solution properties *Present address: Institut de Biologie Molkulaire et Cellulaire, 15 

0 Present address: National Institute for Medical Research, The of the trp operator/promoter (sequence CGTAC- 
TAGTTAACTAGTACG) by NMR’ (Lefevre et al., 1985a,b; 

Rue Descartes, 6700 Strasbourg, France. 

Ridgeway, Mill Hill, London NW7 lAA, U.K. 
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Lane et al., 1986a-c). We have assigned all of the imino 
protons and have measured their rates of exchange as a 
function of temperature and pH (Lefevre et al., 1985a). We 
have also assigned most of the nonexchangeable protons and 
have determined the structure in solution using a combination 
of relaxation times, coupling constants, and nuclear Overhauser 
enhancements with the aid of a new method of data analysis 
(Lefevre et al., 1987). While systematically investigating the 
conformation of the DNA as a function of temperature, we 
noted changes in NMR parameters specific to the sequence 
TTAA in the Pribnow box region (underlined in the above 
sequence), which we interpreted as a localized conformational 
change (Lefevre et al., 1985b). Important effects on the rate 
of transcription related to the presence of the sequence TTAA 
have been noted in other systems such as in the CAAT box 
of the gene for Ag globin (Collins et al., 1985; Gelinas et al., 
1985). It is important, therefore, to characterize as fully as 
possible the conformational features of the sequence TTAA. 

In this paper we analyze in detail the changes in confor- 
mation of the Pribnow box that occur as the temperature is 
varied. On the basis of these results, we propose a new reaction 
scheme for the initiation of transcription, which incorporates 
the conformational changes in the Pribnow box and accounts 
for the observed temperature dependence of the initiation of 
transcription. 

MATERIALS AND METHODS 
Trp operator DNA (CGTACTAGTTAACTAGTACG) 

which also contains the Pribnow box (underlined) of the trp 
promoter was purchased from P-L Biochemicals Ltd. and used 
without further purification. The oligonucleotide was annealed 
as previously described (Lefevre et al., 1985a). The final 
concentration was 1.4 mM duplex (2.8 mM strands) in 100% 
D 2 0  containing 10 mM sodium phosphate buffer and 100 mM 
NaCl, pD* 8.5, where pD* is the uncorrected pH meter 
reading. 

Proton NMR spectra were recorded on a JEOL GX 500 
spectrometer and referenced to internal 2,2'-dimethyl- 
silapentane-5-sulfonate (DSS). For accurate determination 
of chemical shifts, the spectra were enhanced in resolution by 
multiplying the free induction decays (FID) with a positive 
exponential (4-Hz line broadening) and a trapezoid function 
(0, 15, 30, and 95% of the FID). 

Spin-spin relaxation times (Tz )  were obtained with the 
Carr-Purcell-Meiboom-Gill sequence. Selective spin-lattice 
relaxation times ( T I )  were measured by saturation recovery 
as previously described (Lefevre et al., 1985a) with a saturation 
pulse of 25 ms. Relaxation data were analyzed by nonlinear 
regression to the appropriate equations. 

Driven, truncated nuclear Overhauser enhancements 
(NOEs) were measured according to Wagner and Wuthrich 
(1979) in the high-power limit (Bothner-By & Noggle, 1979). 
For NOEs between sugar and base protons, one time point 
was recorded at each temperature. For NOEs between H2's 
of neighboring adenine residues, three or four time points were 
recorded, and the cross-relaxation rate was estimated from the 
initial slope of the plot of NOE versus irradiation time. 

Thermodynamic parameters were estimated from temper- 
ature-dependent studies by an interactive gradient search 
algorithm. Structural parameters were determined from nu- 
clear Overhauser enhancements according to the method de- 
scribed (Lefevre et al., 1987). 

I Abbreviations: NMR, nuclear magnetic resonance; NOE, nuclear 
Overhauser effect; FID, free induction decay. 

T " H  - I--- 
7 . 0  

- - - - - ~ ' ' ' I  
7 . 5  

FIGURE 1 :  Effect of temperature on the N M R  spectrum of the trp 
operator-promoter. N M R  spectra were recorded at 500 MHz in 100% 
D20. The H6/H2 region is shown. The spectra have 2-Hz line 
broadening added. Upper spectrum; 0 OC; lower spectrum; 25 OC. 

Errors were estimated from the inverse of the curvature 
matrix (Bevington, 1969) and the variance of the data. 

RESULTS AND DISCUSSION 

We have determined several structural parameters of the 
trp operator at 25 "C (Lefevre et al., 1987) and have shown 
that there are sequence-dependent variations in agreement with 
the predictions of the rules of Calladine (1982) and Dickerson 
(1983). We also argued on the basis of the temperature 
dependence of the intrinsic spin-lattice relaxation rate con- 
stants that the structure of the Pribnow box region changes 
as the temperature is raised. We have previously reported that 
there are temperature-dependent transitions detectable by 
NMR in the trp operator (Lefevre et al., 1985b). Confor- 
mational states are expected to differ in enthalpy, and 
therefore, the populations of different states should be tem- 
perature dependent. Here we give a detailed analysis of the 
thermodynamics and structural changes associated with the 
conformational transitions. 

Figure 1 shows NMR spectra of the H6/H2 region of the 
trp operator a t  0 and 25 "C. The spectra are markedly dif- 
ferent. The most striking feature is the width of the H2 
resonance of A1 1, which is much broader at 25 than at 0 "C, 
in contrast to the other resonances which become sharper as 
the temperature is raised. This suggests that the region around 
A1 1, which is in the Pribnow box, undergoes a temperature- 
dependent conformational change in this temperature range. 
In fact, over the range 0-45 "C there are selective changes 
in the NMR parameters (chemical shifts, spin-lattice relax- 
ation rate constants, line widths, and cross-relaxation rate 
constants) of protons of the bases in the Pribnow box only, 
and not in other regions of the operator-promoter. 
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We have measured the chemical shifts, line widths, intrinsic 
spin-lattice relaxation times, and a number of cross-relaxation 
rate constants as a function of temperature. These parameters 
are all sensitive to conformation. As changes in some of these 
parameters are not monotonic, it is necessary to invoke a 
multistep model to account for the observed conformational 
changes. We will demonstrate that the selective changes in 
chemical shifts allow the population of each state as a function 
of temperature to be determined. In addition, the changes in 
relaxation rate constants allow the conformational changes to 
be interpreted in structural terms. The conformational changes 
are restricted to an important control region, the Pribnow box. 

Selective Changes in Chemical Shifts Are Observed as a 
Function of Temperature. It is generally observed that the 
chemical shifts of base protons in B DNA, which are domi- 
nated by ring currents of neighboring bases (Arter & Schmidt, 
1976), change monotonically with temperature. This can be 
attributed to the change in the bulk magnetic susceptibility 
(Jardetzky & Roberts, 1981) and to a general and continuous 
change in helical twist. In the absence of so-called premelting 
transitions (Pate1 et al., 1982, 1985b), the variation of chemical 
shift with temperature is linear below the melting transition 
and characterizes each kind of proton. In the trp operator, 
the chemical shifts of the H8's of A4, A7, A15, and A18 
decrease linearly as the temperature is increased, with a 
common slope of -1.4 ppb/deg. The H8's of the guanosine 
residues behave similarly. The chemical shifts of the H2's of 
A4, A7, A15, and A18 change in parallel, but with a slope 
of +1.4 ppb/deg (data not shown). 

However, the chemical shifts of the H2 and H8 of the 
central adenosines, A1 1 and A12, behave very differently. The 
dependence of the chemical shifts of these protons on tem- 
perature was reported previously (Lefevre et al., 1985b). The 
observed chemical shifts can be corrected for the intrinsic 
dependence on temperature below the global melting tem- 
perature (55 OC under the conditions of these experiments) 
as previously described (LefEvre et al., 1985b). The excess 
chemical shifts of the H2 resonances of A l l  and A12 are 
strongly sensitive to the temperature and vary approximately 
linearly over the range 0-45 OC (slope = 0.94 Hz/deg for A1 1 
H2 and -0.63 Hz/deg for A12 H2; note the opposite sense 
of the change of these neighboring protons). However, the 
excess chemical shift of A1 1 H8 passes through a maximum, 
whereas that of A12 follows normal behavior. As the chemical 
shift is sensitive to the conformation, these selective changes 
reveal structural or dynamic features of the central region of 
the trp operator, which also corresponds to the Pribnow box 
of the trp promoter. 

Chemical Shifts Can Be Analyzed According to a Three- 
State Model. Given the nonmonotonic behavior of the 
chemical shift of the H8 of A1 1, it is not possible to fit the 
data using only two states; at least three states must become 
significantly populated over this range of temperatures. The 
simplest model is therefore one involving three states, which 
we denote as states I, 11, and 111: 

Kl K2 
I - I1 - I11 

where K1 and K2 are equilibrium constants. This represents 
the minimal scheme required for describing the behavior of 
the different parameters with temperature. Other multistate 
models may also account for the data. The data do not permit 
a choice between different multistate models, because they 
represent time averages (Jardetzky, 1980). The three-state 
model developed below is the simplest phenomenological de- 
scription of our observations. 

Table I: Thermodynamics of the Transitions in the Pribnow Box" 
transition 

I1 - I11 parameter I - I1 
AH, (kcal/mol) 58 f 3.4 34 f 1.9 
Ki (0 "C) 0.023 f 0.004 0.0024 f 0.0005 
2, ("C) 1 0 f 2  30 f 3 
A6 A l l  H8 (Hz) 10.7 f 0.4 -10 f 0.4 
A6 A l l  H2 (Hz) 19 f 4 41 f 3 
A6 A12 H2 (Hz) -10 f 2 -21 f 3 
ki at  t,,, (SKI) 200 f 40 250 f so 

'The reference state is 0 O C ,  as described in the text. AHi are the 
enthalpy changes of the two transitions, Ki are the equilibrium con- 
stants a t  0 "C, i,,, at the temperatures at which K, = 1, and A6 are the 
chemical shift differences between the states, corrected for the intrinsic 
dependence on temperature as described in the text. k,  are the rate 
constants for the transitions between the states at the midpoint tem- 
perature. 

Because the chemical shift changes continuously with in- 
creasing temperature (cf. Figure l), rapid exchange conditions 
hold. The observed chemical shift is then the weighted sum 
of the intrinsic chemical shifts of states I, 11, and I11 
(Sandstrom, 1982), Le. 

with i = 1-3, where Xi(T)  are the mole fractions at temper- 
ature T.  The temperature dependence of the corrected 
chemical shift is then due to the dependence of the fractional 
populations, Xi, on temperature. The fractional populations 
can be related to the equilibrium constants by 

Xi = 1/(1 + K, + K1KJ 

x, = 1 - x1 - x, 
The two equilibrium constants are related to the enthalpy 

changes AH, according to 

where To is a reference temperature, in this case 273 K, and 
R is the gas constant. We have fitted the excess chemical shift 
of A1 1 H8 to eq 2-4. The best fit parameters are given in 
Table I.  In order to reduce the number of free parameters 
to be fitted, we took the chemical shift difference of state I11 
- state I to be zero (LefEvre et al., 1985b). Owing to the 
exponential dependence of the chemical shift on the enthalpy 
changes, these parameters are well determined (estimated error 
= f6%). The equilibrium constants at  0 OC are less well 
determined (estimated error = *20%). ,There is also signif- 
icant covariance between some of the parameters; The largest 
covariances are between the two enthalpy differences, and the 
maximum chemical shift difference is with the two enthalpy 
changes. Thus, a fit within the variance of the data can be 
obtained by increasing or decreasing the enthalpies together 
or by increasing the the maximal chemical shift difference and 
decreasing both enthalpy changes. The other parameters are 
essentially independent, 

The quality of the fit is shown by the drawn curve in Figure 
2A. The shaded area represents the degree of uncertainty 
associated with the variances of the best fit parameters. This 
justifies our assumption of a three-state model: although more 
states cannot be ruled out, they are not warranted by the data. 

Having calculated the enthalpy changes and equilibrium 
constants, it is possible to calculate the populations at each 
temperature, with eq 3. The populations are shown in Figure 
2B. Again, the dotted lines represent the error in the popu- 



C O N F O R M A T I O N A L  T R A N S I T I O N S  I N  THE T R P  P R O M O T E R  V O L .  2 7 ,  N O .  4 ,  1 9 8 8  1089 

B 

10 2 0  3 0  T l ' c l  

FIGURE 2: Dependence of the chemical shift of A l l  H8 on tem- 
perature. (A) The chemical shift was corrected as described in the 
text and in LeRvre et al. (1985b). The continuous line is the best 
fit line with the parameters given in Table I, and the dotted lines show 
the range according to the variance of the parameters in Table I. (B) 
Populations of states I, 11, and I11 as a function of temperature were 
calculated with eq 3 as described in the text. The dotted lines show 
the error associated with the variance of the parameters in Table I. 

lations associated with the variance of the parameters in Table 
I. The midpoint temperature ( t , )  at which Ki = 1.0 can be 
calculated. These are also given in Table I. Interestingly, the 
three states are well separated on the temperature scale, with 
midpoint temperatures of 10 f 2 and 30 f 3 OC for the two 
transitions, respectively. This is fortunate, as the conformations 
of the three states can be obtained by performing measure- 
ments at the appropriate temperatures. 

Finally, the variations of the chemical shifts of A1 1 H2 and 
A12 H2 as a function of temperature can be fitted by use of 
the calculated population differences, yielding the chemical 
shift changes for the two transitions. These are also given in 
Table I. 

Changes in Line Widths Indicate That the Transitions Are 
in Intermediate Exchange on the Chemical Shift Time Scale 
for the H2 of AI I .  The dependence of line widths of A H2's 
on temperature is shown in Figure 3. At 0 "C, where only 
state I is significantly populated (see Figure 2B), all the line 
widths are similar and also agree with independent estimates 
of the spin-spin relaxation time. These resonances are gen- 
erally observed to be sharp because in a B-type double helix 
the protons are relatively distant from their nearest neighbors 
(Kearns, 1984). The line widths of the H2's of A4, A12, and 
A18 decrease monotonically in the range 0-45 "C and, in fact, 
follow the expected viscosity law for a rigid body. On the other 
hand, the line width of the H2 of A1 1 goes through a maxi- 
mum at about 30 OC, showing an excess line width of about 
11 Hz at  this temperature. 

The simplest explanation of this result is that the rates of 
exchange among the three conformations are comparable to 
the chemical shift differences (Sandstrom, 1982). Further, 
the observed chemical shift changes progressively (cf. Figure 
2A), indicating moderately fast exchange. The alternative 
explanation, that other protons approach the H2 of A1 1, would 
require impossible changes in conformation to account for the 
observed increase in line width. According to relaxation data 
(see below), this could not account for more than about 0.5 
Hz in the line width. 

At the midpoint temperatures, 10 and 30 "C, the forward 
and reverse rate constants are equal. Given the chemical shift 
differences between states I and I1 and between states I1 and 
I11 (cf. Table I), it is possible to estimate the rate constants 
at  the midpoint temperatures (Sandstrom, 1982). The values 
are about 200 s-I for the first transition and 250 s-I for the 

! 
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I 1 1 I 

10 2 0  3 0  T I 'CI  

FIGURE 3: Dependence of line widths of H2 resonances on temperature. 
Line widths were estimated as the width at half-height, minus the 
line broadening (1 Hz). (0) A1 1 H2; (0) A4 H2; (0) A12 H2. The 
line drawn through the points for A12 and A4 is for the dependence 
of the relaxation rate on viscosity according to LW(T) = LW(O)?- 
(T)To/v(T0)T,  where LW(0) is the line width at  0 "C, s(T,To) is 
the viscosity of D20 at temperature Tand 0 "C, and Tis the absolute 
temperature. The line through the points of A1 1 was drawn by eye. 

second transition. Spectral simulations including the effects 
of chemical exchange on the line widths and resonance fre- 
quency (data not shown) also support these values for the rate 
constants. The activation energy for the forward rate constants 
must be at least equal to AH,, which implies that the rate 
constants are highly temperature dependent. It was therefore 
not possible to obtain accurate values of the rate constants over 
the whole temperature range given the experimental errors and 
relatively sparse data set. 

As the chemical shift differences for the H8's are ;=lo Hz, 
the transitions are in the rapid exchange limit, so that no 
differential line broadening is observed for these protons. This 
also justifies our analysis of the changes in chemical shifts of 
the H8's, on the assumption of rapid exchange. 

Changes in Spin-Lattice Relaxation Rate Constants Can 
Also Be Accounted for by the Three-State Model. The con- 
formational transitions can also be monitored by measuring 
the intrinsic spin-lattice relaxation rate constant ( r l )  as a 
function of temperature. The variation of r l  was corrected 
for the viscosity effect and normalized to 0 OC as follows: 

where p Io  is the relaxation rate constant at  0 O C ,  T is the 
absolute temperature, and 71 is the viscosity. The temperature 
dependence of the viscosity of *H,O was estimated from the 
data of Wilbur et al. (1976). The corrected p1 values for A4, 
A7/15, A18, A l l ,  and A12 are shown in Figure 4. For A4, 
A7/15, and A18, the value of plcor is independent of the 
temperature, showing that these protons are not affected by 
the conformational transitions. This is consistent with the 
apparent activation energy calculated from the temperature 
dependence of the spin-lattice relaxation rates of these protons 
(=4 kcal/mol; Lefevre et al., 1987). On the other hand, both 
the H8 and the H2 of A l l  deviate considerably from the 
horizontal line observed for the other bases, such that the p1  
values show a weaker dependence on temperature than ex- 
pected from changes in viscosity. Indeed, for the H2 of A1 1, 
the corrected p1  goes through a maximum, again indicating 
that a three-state model is the minimum necessary to describe 
the data. With the populations calculated above, the p1 values 
for each state can be calculated. At 0 OC, the spin-lattice 
relaxation rate constant, p l ,  for A1 1 H2 is 2.1 s-l in state I, 
7.5 s-l in state 11, and 4.6 s-l in state 111. The curve in Figure 
4B represents the fit to the three-state model, with the pop- 
ulations calculated from the chemical shift data (Figure 2B). 
Again, the three-state model gives an adequate description of 
the data. Similar calculations yield the values of p1 at 0 O C  
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Table 111: Apparent Cross-Relaxation Rate Constants in the 
Pribnow Box“ 

A 

3 t  0 
6 0  

10 2 0  3 0  40 T( ’C)  

IO 2 0  3 0  4 0  T ( ’ C )  

FIGURE 4: Dependence of the spin-lattice and cross-relaxation rate 
constants on temperature. Spin-lattice and cross-relaxation rate 
constants were determined as described under Materials and Methods. 
Relaxation rate constants were corrected for differences in viscosity. 
(A) Temperature dependence of spin-lattice relaxation rate constants. 
These were also normalized to the value at  0 ‘C: (0) A1 1 H2, (0) 
A l l  H8, (W) A4, A7/15, and A18 H2, and (0) A4, A7/15, and A18 
H8. (B) A1 1 H2 (0) spin-lattice relaxation rate constant (right-hand 
scale) and (0) cross-relaxation rate constant (left-hand scale) between 
AI 1 and A12 H2’s fitted to the three-state model, as described in 
the text. 

Table 11: Intrinsic Spin-Lattice Relaxation Rate Constants of H8 
and H2 Resonances of A1 1 and A12“ 

PI (s“) 
proton I I1 111 

A l l  H8 8.8 14.6 12.9 
A l l  H2 2.1 7.5 4.6 
A12 H8 1 1 . 3  16 9.0 
A12 H2 3.9 4.3 3.4 

“The relaxation rate constants at 0 ‘C in states I, 11, and 111 were 
determined from the values observed at different temperatures and the 
populations given in Figure 2B. 

for A1 1 H8 and A12 H8 and H2. These values are given in 
Table 11. 

Structure and Possible Structural Changes of the Central 
Region at 25 “C .  We have determined the structure of the 
whole trp operator at  25 “C, which corresponds to state I1 
(Lefevre et al., 1987). We have measured cross-relaxation 
rate constants between the base and sugar protons in the 
Pribnow box at  0 and 40 “C to determine the changes in 
structure in the transitions I1 to I and I1 to 111, using the 
structure determined at  25 “C as a reference. 

(a)  Changes in Distance between the AI 1 and the AI 2 H2’s. 
For sequences containing successive AT pairs, the cross-re- 
laxation rate constants between H2’s in the minor groove can 
also be used to determine changes in propellar twists (Patel 
et al., 1983). We have measured the cross-relaxation rate 
constant for A1 1 H2 to A12 H2 as a function of temperature 
(Lefevre et al., 1985b). The dependence of the cross-relaxation 
rate on temperature, corrected for the effect of viscosity, is 
shown in Figure 4B. With the fractional populations (Figure 
2B), the cross-relaxation rate constants in each state were 
calculated according to eq 2, with 6 replaced by U .  The 
cross-relaxation rates are given in Table 111. The distance 
between the H2’s can be estimated from the cross-relaxation 
rate constants, provided that there are no alternative pathways 
of magnetization transfer (Lefevre et al., 1987), according to 

u = -arc/ lor6 (6) 

lJ (s-1) 
base NOE state I state I1 state 111 

T9 intra H2” - H6 
intra H1’ - H6 

T10 intra H6 - H1’ 
inter Hl’(T9) - H6 

A1 1 intra H2” + H8 
intra H1’ - H8 
inter H2”(T10) - H8 

A12 H2”(A12 + A l l )  - H8 
inter Hl’(Al1) + H8 

C13 inter H2”(A12) - H8 
Al l /A12  inter H2 - H2 

-1.7 -1.6 -1.5 
-0.8 -0.8 -0.6 
-1.0 -0.8 -1.4 
-1.3 -0.8 -0.7 
-1 .5  -1.0 -0.6 
-0.4 -0.2 -0.5 
-2.3 -0.7 -1.0 
-2.1 -1.4 -0.9 
-0.2 -0.2 -0.5 
-0.7 -1.3 -0.5 
-0.7 -1 .3  -0.5 

“The cross-relaxation rate constants were determined as described in 
the text and are normalized to 25 ‘C. For NOES between base and 
sugar protons, the apparent s is defined as NOE/t, where t = 200 ms 
for Hl’-H8/6 and t = 100 ms for other pairs of protons. The cross- 
relaxation rate constants for A1 1 H2-Al2 H2 are taken from the ini- 
tial slope of the NOE buildup curve. The values are in s-). The 
urobable error on NOES is about f20%. 

where a = 5.692 X loT3’ cm6 s-*, T~ is the rotational correlation 
time, and r is the internuclear distance. We have estimated 
the correlation time as 6.4 ns at 298 K (Lane et al., 1986a-c). 
Hence, the internuclear distance in state I is 3.2 A, decreasing 
to 3.0 8, in state I1 and increasing again to 3.4 A in state 111. 

The distance in state I1 can be independently estimated from 
the structural parameters given in Table 111. This gives 3.5 
A at 25 “C. This discrepancy can be accounted for partly by 
imprecision in the data and partly by internal motion. Internal 
motion has two effects on the observed cross-relaxation rate 
constant. The first is that the correlation time is decreased, 
thereby decreasing the apparent distance. However, calcu- 
lations show that reasonable internal motions have only a small 
effect on the correlation time. Further, we have shown that 
internal motions of AT base pairs in the trp operator are 
insignificant on the nanosecond time scale (Lane et al., 
1986a-c). The second effect is that the internuclear distance 
changes during the motion, so that the distance of closest 
approach is more heavily weighted (cf. eq 6 ) .  Motions that 
affect the distance are helical twisting and propeller twisting. 
Calculations show that changes of the twist angle between A1 1 
and A12 of 20’ and changes of the propeller twist of about 
20” can change the apparent distance from 3.5 to 3.0 A. This 
underlines the difficulty in determining structures from dis- 
tance measurements, as only averages are in fact observed. 
However, we are more concerned with changes in distances 
than with their absolute values, as they provide information 
on the amplitudes of the structural changqs. We note also that 
the apparent A H2-A H2 distances obtained according to a 
similar method by Patel et al. (1983) in the sequence 
CGCGAATTCGCG are significantly shorter than those es- 
timated from X-ray fiber diffraction, but the sign and size of 
the propeller twists were reasonably well reproduced. 

Changes in the base pair twist angle, in the roll angle of each 
base, or in the pitch can account for the variation of the 
distance between A1 1 H2 and A12 H2 in the three states. The 
magnitude of the effect on the distance is essentially linear 
in the above parameters for small displacements from the mean 
values characterizing state 11. Thus, the distance changes 0.04 
8,ldeg for the roll angle of A12, -0.04 8,/deg for the roll of 
A1 1, and 0.023 8,ldeg for the twist angle. An increase in the 
pitch yields 0.82 A/A. Hence, a change of 0.5 A for state 
I1 to state I could result from a change of the roll angle of loo, 
a change of 20’ in the helical twist, or a change of 0.5 8, in 
the pitch. Given the structural constraints of the neighboring 
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FIGURE 5 :  Simulation of the apparent cross-relaxation rate constant 
as a function of the sugar pucker for A1 1. The structural parameters 
used were those corresponding to state I1 (see Table 111) and except 
for the pudorotqation phase P were kept constant. (a) Intra H2”-H8 
of A1 1,  u at 100 ms; (b) intra Hl’-H8 of A1 1 ,  uapp at 200 ms; (c) 
A l l  H2”312  H8, uapp at 200 ms. 

base pairs, the latter two are extremely unlikely. More rea- 
sonable is that the change in distance reflects a combination 
of two or more of these parameters. 

(b )  Structural Changes of the Nucleotide Units and of 
Their Respective Orientation. The structures of the nucleotide 
units can be adequately described by two parameters, the 
pucker pseudorotation phase angle P and the glycosidic torsion 
angle X .  These parameters can be reliably estimated from the 
cross-relaxation rate constants, H1’ and H2’ to the H8 or H6. 
The relative orientations of successive nucleotide units can be 
determined from internucleotide NOEs, such as H2” and H1’ 
to the H8 or H6 (Lane et al., 1986a-c; LefEvre et al., 1987). 
We have measured these cross-relaxation rate constants as a 
function of temperature. The characteristic values of each 
state were then calculated as described above and are given 
in Table 111, normalized at 25 ‘C. Some values are changing 
as a function of temperature, indicating that the nucleotide 
conformations are changing. 

From the results in Table 111, it is clear that the structure 
of T9 does not alter in either transition nor does that of TI0  
during the transition from state I to state 11. However, the 
NOE from H1’ to H6 (intra) of T10 increases from state I1 
to state 111, suggesting that the glycosidic torsion angle 
changes. 
On the other hand, the structure of A1 1 changes in both 

transitions, as does its orientation with respect to T10. The 
change in the structure of A1 1 is mainly a change in the sugar 
pucker. Figure 5 shows a simulation of these NOEs as a 
function of the deoxyribose conformation, using a fixed value 
of the glycosidic torsion angle corresponding to that found at 
25 ‘C. Between P = 90’ and P = 180°, the NOEs are 
insensitive to the pucker. At 25 ‘C (i.e., state 11), the value 
of P is 126’. Going to low temperature, Le., toward state I, 
the H2”-H8 NOE increases, requiring that the glycosidic 
torsion angle decreases. In the transition to state 11, the same 
NOE decreases, consistent with a decrease in the value of P 
(Le., toward CY-endo). Variation of the Hl’-H8 NOE, shown 
in Figure 6, would not be detectable as it falls within the limits 
of the experimental precision (f30% for these weak NOEs). 

The internucleotide NOEs are related to the base roll angle, 
the local pitch, and the helical twist angle, as well as the 
glycosidic torsion angle and puckers of the nucleotide units. 

Table IV: Structural Changes in the Pribnow Box“ 
change value in change 

base parameter (I - 11) state I1 (I1 - 111) 

T9 P 0 N(20) 0 
X 0 -35 0 
r 5 -1 3 4 

X 0 -3 5 5 
r 1 1  3 0 

X 10 -46 0 
r 10‘ 4 -1oc 

A12 P 0 S(126) 0 
X 6 -4 1 0 
r I d  1 0 

12 -12 3 
-7 2 

T10 P 0 S ndb 

A 1  1 P 0 S(126) N(54) 

T9-Al2’ OP 4 -1 
4 44 5 

4 1 -1 10 
4 14 30 0 
h 0.4 3.6 0 

h 1 C  3.3 0.4 
T1 0-A1 1’ 0, 21 7 -10 

“Changes in structural parameters were estimated from the data in 
Table I1 according to the text. The reference state is state 11, for 
which the values of the parameters are given in the central column. 
The maximum possible changes in these values, consistent with the 
data for the transitions from the reference state to the other two states 
are given in the neighboring columns. The changes assume no covari- 
ance. P is the pseudorotation phase angle, S(N) is the “south” 
(“north”) conformation [Le., C2’-endo-(C3’-endo)], x is the glycosidic 
torsion angle, r is the individual base pair roll, h is the local pitch, 0, is 
the helical twist, 8, is the propeller twist, and Or is the interbase pair 
roll angle. The last is defined as the angle between the mean planes of 
successive base pairs, positive opening toward the minor groove. Op and 
Or are calculated from the individual roll angles r. bnd, not determined. 
cThese variations do not account for the changes in the NOEs between 
the sugar and base protons but do account for the changes in distance 
between the H2’s of A l l  and A12. dThese variations are not com- 
patible with the apparent All-A12 H2 distance but imply changes in 
other parameters to compensate for the distance mismatch. See text. 

It was not possible to determine the structures of states I and 
111, because it is necessary to obtain accurate NOEs for the 
whole sequence at each temperature to sort out the problem 
of overlap, which changes as the temperature is changed. 
However, simulations of the changes of the NOEs allow us 
to estimate the upper bounds on changes in structural pa- 
rameters consistent with the observed NOEs, assuming no 
covariance. The simulations were performed by starting with 
state 11, which we determined in the preceding article, and 
varying each parameter in turn. The results of the calculations 
are given in Table IV. Some maximum variations are in- 
trinsically unlikely, such as the change of 1 ?. in the pitch of 
All-A12 or the 14’ increase in the helicai twist of T10-All. 
Other changes support the observed intranucleotide NOE 
changes but are inconsistent with the estimated distances 
between the H2’s of A l l  and A12 (see above). 

It is likely that more than one angle or pitch changes at the 
same time during the conformational transitions. Indeed, 
inspection of molecular models indicates that the structure of 
the nucleotide units and their relative orientations change in 
a compensating manner. For example, changes in the gly- 
cosidic torsion angle are compensated by base roll, whereas 
a change in the sugar pucker modifies the orientation of the 
base with respect to the plane of the sugar. 

Observation of the data in Table IV lead us to propose a 
tentative model for the conformational changes. From state 
I to state 11, a roll of the A1 1 base compensates for the change 
in the glycosidic torsion angle. At the same time, this would 
bring the H2’s of A l l  and A12 closer together and change 
the propeller twist of the All-T10’ base pair (cf. Table IV). 
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In this transition, there is a trend for both central AT base 
pairs to flatten (the propeller twist becomes smaller). In the 
transition from state I1 to state 111, the major conformational 
change is in the puckers of A1 1 ,  accompanied by increases 
in the helical twist and local pitch. This results in an increase 
in the distance between the H2's of A1 and A12, corresponding 
to the NOE observation (see above). The amplitudes of these 
structural variations cannot be determined. Only the maxi- 
mum amplitudes, assuming no covariance, are given in Table 
IV. 

Potential Biological Relevance of Conformational Changes: 
A Modijiied Reaction Scheme for the Initiation of Tran- 
scription. The temperature-dependent conformational tran- 
sitions we have observed are localized to the sequence TAA 
of the Pribnow box in the trp operator-promoter. We observed 
no structural changes elsewhere in the sequence, including the 
similar trinucleotides TAC and TAG. The latter triplet, like 
TAA, is found at the center of symmetry of a palindrome 
(LefEvre et ai., 1985b). TAA is an important feature of the 
Pribnow box sequence. From studies of mutant promoters, 
Hawley and McClure (1983) concluded that substitutions in 
the Pribnow box are up mutations if they tend to restore the 
consensus sequence and are down mutations if they destroy 
it. For example, the lac P promoter (TATAGT) is relatively 
weak (isomerization limited) but becomes a strong promoter 
when the G is replaced by A, giving the lac UV5 promoter 
(Hawley & McClure, 1983). 

On the other hand, it is known that the initiation of tran- 
scription has a steep temperature dependence with a midpoint 
temperature in the range 15-25 "C, depending on the promoter 
sequence (Chamberlin, 1974; Richardson, 1975; Dausse et al., 
1976; Suzucki et al., 1976). The thermodynamic parameters 
for binding RNA polymerase and the subsequent isomerization 
step (see Scheme I) have been obtained from studies of 
abortive initiation as a function of temperature (Bertrand- 
Burgraff et al., 1983; Buc & McClure, 1985). Using this 
technique, Buc and McClure (1985) have shown that another 
step should be included in the reaction scheme for initiation 
from the lac UV5 promoter. They proposed Scheme 11, where 
an additional isomerization is included between the closed and 
open complexes. The assumption of the model is that the 
intermediate state, RPi, is populated at low temperatures and 
rapidly isomerizes to the open complex, RPo, at physiological 
temperature. The existence of RPi has also been suggested 
for the phage promoters Ai  of phage T7 (Kadesh et al., 1982) 
and Pr of phage 1 (Roe et al., 1984) on the basis of different 
types of observations. 

Scheme I1 

R + P - RPc - RPi - RPo - transcription 

A direct comparison of the temperature of the midtransitions 
( t , )  we have observed in the trp promoter and the t ,  of the 
activity of the RNA polymerase-promoter complex cannot be 
made, as there is no guarantee that the enzyme does not 
change the t ,  of the transitions. Our observations on the trp 
promoter, and the importance of the sequence TAA in the 
Pribnow box (Lefevre et al., 1985b), lead us to propose a new 
scheme (Scheme 111) for the initiation of transcription derived 
from the already proposed ones and explicitly taking into 
account isomerizations in the free promoter, where PI, PII, 
and PI11 are the three states described above and R denotes 
RNA polymerase haloenzyme. The arabic numerals refer to 
equilibrium constants and rate constants for the several possible 
transitions. We assume that PI, PII, and PI11 are in rapid 
equilibrium among themselves [k(transition) = 200 s-l, see 

Scheme 111 
1 2 

(high TI R + P I 1 1  - R P I I I c  - RPIIIo  - transcription 

11" 1F I t l  

1 le 11' 1 l6 
R + P I 1  1 R P I I c  RPII i  

2 ( l o w  T I  R + P I  2 RPIc - RPIi 

above] and with the states RPIc, RPIIc and RPIIIc. We 
further assume that only state RPIIIo is transcriptionally 
active, though in principle RIIi could also be active. The 
transitions denoted 2 are slow, and further, the states RPIi, 
RPIIi, and RPIIIo are stable, i.e., k,  >> k-,. 

The RNA polymerase is likely to induce structural changes 
in the DNA, as the complex isomerizes toward an open com- 
plex, competent for initiating the transcription. Studies on 
the complex between the operator and the Trp repressor have 
indeed demonstrated the flexibility of the oligonucleotide (Lane 
et al., 1987~).  However, the data do not give any information 
on the structure of the open-state complex. The model implies 
that different preexisting structures of the DNA will lead to 
different structures in the complex and will require different 
amounts of energy to be transformed into the competent open 
complex. For example, the energy required to transform the 
structure of the DNA from state I to the open state in the 
complex is probably too high and cannot be provided by the 
interaction between the DNA and the polymerase. 

This model can account for the findings of Buc and McClure 
(1985). At temperatures lower than about 15 "C, the complex 
accumulates in RPIi. The rate constants for the transitions 
to states I1 and I11 being very low, the population in the active 
form is likely to be negligible and the transcription unde- 
tectable. The kinetics of formation of the active complex 
RPIIIo, if detectable, is very complicated due to the number 
of steps that the process involves. At intermediate temperature 
(between 15 and 30 "C), the reaction scheme becomes iden- 
tical to Scheme I1 (Buc & McClure, 1985), which includes 
the intermediate complex RPi stabilized at low temperature 
(19 "C): 

I 2 7 
R + PI1 - RPIIc - RPIIi - RPIIIo -+ transcription 

The kinetics of formation of RPIIIo should contain two 
exponentials, due to transitions 2 and 7. At high temperature 
(over 30 "C), where state I11 is mainly populated, the inter- 
mediate states are bypassed and the initiation of the tran- 
scription is then adequately described by the classical two-step 
model indicated in Scheme I. At this temperature, the kinetics 
for the appearence of RPIIIo contains only one exponential. 
Indeed, in the studies of the lac UV5 (Buc & McClure, 1985), 
the intermediate step was not observed above 29 OC. 

The relative magnitude of some rate constants can be es- 
timated from the results obtained on the lac UV5 (Buc & 
McClure, 1985) and the X Pr promoters (Roe et al., 1984). 
In these studies, the dissociation rate constant of the open 
complex is smaller at high than at low temperature. This leads 
to a negative apparent activation energy and indicates that 
more than one step is involved in the process. In our model, 
this can be interpreted as a ranking of the k-, rate constants, 
from high in state I to small in state 111, so that the open 
complex RPIIIo is more stable than the pre open complexes 
RPni. The fact that the initiation of the transcription from 
the lac UV5 starts without a lag when the complex is brought 
back from 19 to 30 "C (Buc & McClure, 1985) indicates that 
at this latter temperature isomerization between RPIIi and 
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RPIIIo is faster than between RPIIIc and RPIIIo [k3  > k2- 
( W I .  

SUMMARY AND CONCLUSIONS 
We have observed temperature-dependent changes in the 

conformation of the Pribnow box of the trp promoter. The 
changes can be analyzed in terms of a three-state model (I, 
11, 111). Only the two symmetric All-T10’ base pairs are 
affected in both transitions. In the first transition, these base 
pairs flatten, whereas in the second the sugar pucker of A1 1 
approaches C3’-endo. This is accompanied by an increase in 
the twist angle and local pitch for the step All-A12. State 
I is the lowest energy conformation and is characterized by 
a large propeller twist for A 1 1 -T10’. According to Calladine 
(1982), base pair stacking is optimized for large base roll 
angles, which is often prevented by steric clashes in the minor 
groove for purine-pyrimidine steps. Thus, state I is expected 
to be a low-energy configuration for the sequence TAA. As 
the temperature is raised to about 25 “C, the propeller twist 
decreases to relieve steric clashes in the minor groove, con- 
tingent on movement of the bases. This leads to a decrease 
in stacking of A1 1 on A12. As the stacking energy is large 
( ~ 1 0 0  kcal/mol of base pair), one would expect a large en- 
thalpy change for the transition I - 11; we observe an enthalpy 
change of 58 kcal/mol of cooperative unit (cf. Table I). 

We note that Patel and co-workers (Patel et al., 1985) have 
also observed selective changes of proton chemical shifts as 
a function of temperature, on the consensus Pribnow box 
sequence CGATTATAATCG. These changes, attributed to 
a so-called premelting transition, were also localized to the 
trinucleotide TAA. The observed dependence of the chemical 
shifts of the H2’s of the TAA sequence were consistent with 
a three- (or more) state transition. Interestingly, “premelting” 
was also observed in the sequence AATT (Patel et al., 1982) 
but not in TATA (Patel et al., 1985). These data support our 
proposal that the sequence TAA has special structural and 
dynamic properties. 

Nonalternating AT sequences are known to have distinctive 
properties. For example, the electrophoretic mobilities of 
different sequences of AT bases pairs, of fixed composition 
and length, were consistent with kinks being present at the 
junctions between two or more adenines or thymines (e.g., 
TTAA) (Wilson et al., 1987). Crothers and co-workers have 
also demonstrated anomalous electrophoretic mobilities of 
DNA fragments associated with stretches of Adenines (Koo 
et al., 1986). Further, the influence of the sequence TTAA 
in transcription has been noted in other systems (Collins et 
al., 1985; Gelinas et al., 1985) and on stringent regulation of 
tyr T in E.  coli (Lamond & Travers, 1985). 

It is possible to correlate the rate of isomerization of the 
closed complex to the open complex (cf. Schemes 1-111) with 
the presence or absence of TAA in the Pribnow box. In 
general, those promoters that contain TAA have a high 
isomerization rate constant (LefEvre et al., 1985b). TAA 
appears to have conformational features that are essential for 
efficient promoters. We have proposed a new reaction scheme 
(Scheme 111) for the initiation of transcription that takes into 
account the conformational flexibility of the Pribnow box. 

Finally, there has been considerable interest in the rela- 
tionship between the observed rates of exchange of the imino 
protons and biological function in control sites (Patel et al., 
1985; Cheung et al., 1984). We have also studied in detail 
the exchange behavior of the imino protons of the trp opera- 
tor-promoter (Lefevre et al., 1985a) and have found significant 
sequence-dependent variations in the exchange rate constants. 
However, the rate constants for exchange of the imino protons 

of the AT base pairs in the Pribnow box are actually slower 
than those in other regions of the operator. Hence, we con- 
clude that stability of the imino protons (and the relative 
populations of the exchange open state) does not correlate with 
the conformational transitions we have observed in the Pribnow 
box. This suggests that imino proton exchange rate constants 
do not report on the strength of promoters. 

Registry No. R N A  polymerase, 9014-24-8; CGTAC- 
TAGTTAACTAGTACG, 99631-95-3. 
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ABSTRACT: Binding of the Tet repyessor to nonspecific and specific DNA leads to quenching of the Tet 
fluorescence by -22% and -35%, respectively. This effect is used for a direct, quantitative characterization 
of the binding equilibria and dynamics involved in the recognition of the operator by its repressor. From 
the dependence of the nonspecific binding constant on the ion concentration, it is concluded that nonspecific 
binding is almost completely driven by the entropy change resulting from the release of three to four Na+ 
ions from the double helix upon protein binding. Formation of the specific complex is driven by a higher 
entropy term resulting from the release of seven to eight Na' ions and in addition by a free energy term 
of -33 kJ/mol from nonelectrostatic interactions, which are attributed to the specific contacts. The dynamics 
of the repressor-operator recognition are resolved by stopped-flow measurements a t  various salt concentrations 
and for different DNA chain lengths into two separate steps. The first step follows a second-order mechanism 
and results in an intermediate complex associated with formation of about three to four electrostatic contacts 
between protein and DNA; apparently, this complex is equivalent to the nonspecific complex. The existence 
of an intermediate is also indicated by experiments in mixed Na+-Mg2+ buffers, which can be described 
with high accuracy by competition of Mg2+ and protein. The intermediate complex is formed at  a rate of 
3 X lo8 M-' s-' and is converted in the second reaction step to the specific complex with a rate constant 
of 6 X lo4 s-l, which is almost independent of the salt concentration. Our interpretation and the parameters 
obtained from our model are confirmed by competition of nonspecific DNA with operator DNA for repressor 
binding. The observed maximal rate constant of 3 X lo8 M-' s-l is very close to theoretical predictions 
for the association without a sliding mechanism. The very small dependence of the observed rate constants 
on the chain length shows that the Tet repressor is not able to slide over any substantial distance even at  
low salt concentrations. The question of a potential contribution from sliding under our experimental 
conditions is critically discussed. The absence of sliding in the case of the Tet repressor under physiological 
conditions is compared with the high sliding efficiency of the lac repressor and is discussed with respect 
to possible molecular mechanisms of sliding in relation to biological function. 

%e recognition of DNA operators by their repressors is a 
key process in the regulation of gene activity and is well-known 
for its unusually high specificity. The lac repressor-operator 
system has been the main object for investigations of the 
specificity and dynamics of this reaction. As first demonstrated 
by Riggs et al. (1970a,b), the lac repressor not only shows a 
high degree of specificity but also has an unusually high rate 
of reaction, which appeared to be at first glance beyond the 
physical limits of diffusion-controlled reactions. A quantitative 
theoretical analysis (Adam & Delbriick, 1968; Richter & 

Eigen, 1974; Berg & Blomberg, 1976, 1977, 1978; Schranner 
& Richter, 1978; Berg et al., 1981) revealed that the high rate 
is due to an increase of the operator target size resulting from 
binding of the repressor to nonspecific DNA and sliding of 
the protein along the nonspecific sites. This effect leads to 
a reduction of the diffusion dimension from three to one and 
thus to a considerable increase of the association rate. 

The rate parameters of the lac system had to be measured 
by the filter binding technique, which is rather indirect and 
subject to systematic errors. Because of the general importance 
of the repressor-operator reactions, it should be useful to study 
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this type of reaction more directly, for example, by Some 
sPeCtrOSCOpiC technique. Thus, an initial observation of 
fluorescence quenching upon binding of the Tet repressor to 
DNA served as a basis for a systematic investigation of the 
specific and nonspecific binding reactions of this protein to 
DNA. The ,TnlO-encoded Tet repressor regulates the ex- 
pression of tetracycline resistance in gram-negative bacteria 
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