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Abstract 
Calorimetric measurements of binding of a specific DNA fragment and S-adenosyl methionine (SAM) co-repressor molecules to the E. coli 

methionine repressor (MetJ) show significant differences in the energetics of binary and ternary protein-DNA complexes. Formation of the 
MetJ: SAM : DNA ternary complex is significantly more exothetmic (LIH = -99 kJ. mol-‘) than either MetJ: DNA or MetJ: SAM binary complexes 
alone (AH = -10 kJ.mol-’ each). The protein is also significantly more stable to unfolding (AT, = 5.4”C) when bound to DNA. These observations 
suggest that binding of SAM to the protein-DNA complex leads to a significant reduction in dynamic flexibility of the ternary complex, with 
considerable entropyenthalpy compensation, not necessarily involving any overall conformational change. 
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1. Introduction 

The E. coli methionine repressor, MetJ, is a member 
of the ribbon-helix-helix (RHH) family of sequence-spe- 
cific DNA binding proteins, which includes the phage 
P22 repressors Arc and Mnt, and the Tra Y proteins of 
F’ and related episomes [l-3]. Operator sequence recog- 
nition is primarily achieved by hydrogen bonding from 
side chains located on the /?-ribbon to the edges of the 
base pairs in the operator [4--61. The repressor exists in 
solution as a non-covalent dimer of subunit M, 11,996, 
but forms extended arrays when bound to operator sites. 
Array formation is co-operative with respect to protein 
concentration [6,7]. Operator binding is dependant on a 
small co-repressor molecule, S-adenosyl methionine 
(SAM), two molecules of which bind non-cooperatively 
to each repressor dimer, enhancing the interaction with 
DNA approximately lo-fold, depending on conditions 
[8]. The SAM binding sites are distant from the sequence- 
specific DNA binding regions on the opposite face of the 
molecule [5], and SAM binding does not appear to alter 
repressor conformation significantly. Consequently it 
has been thought that the co-repressor effect might arise 
purely out of the long range electrostatic effects of the 
positive charge carried by the tertiary sulphur atom in 
SAM [6,9]. High resolution crystal structures are availa- 
ble for both the apo-repressor and the co-repressor- 
bound holo-repressor [lo]. A structure has also been 
obtained for the minimal stable repressor-operator com- 
plex, which contains two repressor dimers bound to a 
fragment encompassing a 16 bp operator sequence [5]. 
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Natural operators contain multiple tandem repeats of an 
8 bp recognition sequence, the met box, with consensus 
dAGACGTCT [7]. Operators can have up to five such 
met box repeats (m&F and metB) the minimum being 
two met boxes (mete), although the minimum effective 
operator in vivo probably contains four repeats ([l 11; 
Wild, Stockley et al., unpublished). 

Ultimately the transcriptional flux through the met 
operons is determined by the kinetics of assembly/disas- 
sembly and the stability of the repressor-operator com- 
plexes relative to the passage by RNA polymerase, and 
the energetics of such processes are of considerable gen- 
eral interest [12]. The interactions of MetJ with synthetic 
variants of the operators have been investigated by both 
gel retardation and nitrocellulose filter binding experi- 
ments, which have allowed estimates of the equilibrium 
constant and free energy of the interaction to be made 
[4,6,7]. However, the indirect nature of these assays 
means that these values are necessarily only estimates. 
We report here on direct calorimetric determination of 
the energetics of these interactions. 

2. Materials and methods 

2.1. Protein 
Wild-type methionine repressor protein was over-expressed in E. coli 

and purified to homogeneity, as judged on polyacrylamide gels [ 131, as 
previously described [8], with minor modifications involving chromato- 
graphic separations on DEAE-Sepharose and S-Sepharose. Purified 
protein was stored as an ammonium sulphate precipitate at 4°C until 
use. Samples for calorimetry were suspended in 25 mM potassium 
phosphate buffer at pH 7.0, containing 0.1 M KCl, extensively dialysed 
against the same buffer at 4°C and centrifuged to remove traces of 
undissolved material. Buffers for DSC experiments also contained 
1 mM DTT (dithiothreitol) to guarantee full reversibility of the MetJ 
thermal unfolding transition [14]. Samples of the final dialysis buf- 
fer were used for calorimeter equilibration and DSC reference base- 
line corrections. Protein concentrations were determined using ezsO = 
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15,340 M-’ ‘cm-’ for the MetJ monomer (A,,, = 1.28 for 1 mg/ml) on 
the basis of amino acid composition [15]. 

2.2. DNA 
A synthetic 16 bp oligonucleotide (HPLC-purified and freeze-dried) 

of seauence dAGACGTCTAGACGTCT. commising two consensus 
met doxes [7], was obtained from OSWEL (Ed>nburgh). Samples for 
calorimetry were dissolved in the appropriate dialysis buffer, centri- 
fuged, their and concentration determined from UV absorbance assum- 
ing 1 ODzM, = 3 1.5 pg (Q~ = 154,860 M-’ cm-‘) of single-stranded ol- 
igonucleotide [16]. Control experiments for non-specific DNA effects 
were done using degraded herring sperm oligonucleotides (Sigma). 

2.3. Co-repressor 
S-Adenosyl methionine (SAM,p-toluenesulphonate salt) from Sigma 

was used without further purification, and concentrations were verified 
by UV absorbance using &z60 = 15,400 (A,@ = 38.56 for 1 mg/ml [17]). 

DSC experiments to investigate thermal stability of repressor pro- 
tein, DNA, and their complexes were performed using a Microcal 
MC-2D differential scanning calorimeter at a nominal scan rate of 
60°C h-’ , using an appropriate equilibration buffer in the 
reference cell [18]. Both sample and reference solutions were degassed 
under vacuum with gentle stirring for about 1 min prior to loading. ITC 
studies of the energetics of protein : DNA : co-repressor (SAM) binding 
were carried out at 15,25 and 40°C using a Microcal OMEGA titration 
microcalorimeter [l&19]. In a typical titration experiment, degassed 
DNA solution (10-15 PM, single strand) was loaded into the reaction 
cell (1.4 ml) and titrated with up to 25 x 10~1 injections of MetJ (0.1-0.2 
mM) from a 250 ~1 stirrer syringe, allowing a 3 min equilibration time 
between injections. Some titrations were also performed by addition of 
concentrated DNA aliquots to MetJ solutions under similar conditions. 
Co- repressor binding was studied by injection of concentrated SAM 
into protein or protein/DNA mixtures in the ITC cell. Integrated heats 
of reaction data were corrected for the effects of mixing and dilution 
obtained from appropriate control experiments performed under iden- 
tical conditions. DSC and ITC data were analysed in terms of standard 
models using the Microcal ORIGIN software package. Stoichiometric 
complex formation between MetJ and consensus DNA was confirmed 
by calibrated gel-filtration measurements (Superose 12 FPLC) under 
the same conditions as used for calorimetric titrations. 

3. Results and discussion 

Isothermal titration calorimetry experiments for the 
binding of specific DNA 16-mer and SAM to MetJ are 
illustrated in Figs. 1 and 2. In all cases the calorimetric 
data are consistent with exothermic stoichiometric com- 
plex formation, but with significant differences in the 
enthalpies of formation of binary and ternary complexes 
(Table 1). Formation of either MetJ:DNA (Fig. 1) 
or MetJ: SAM (Fig. 2) binary complex liberates very 
little heat energy, whereas completion of the 
MetJ : SAM : DNA ternary complex by whatever route is 
considerably more exothermic. Analysis of the MetJ- 
DNA binding thermograms (Fig. 1) gives a stoichiom- 
etry of 2 MetJ dimers per DNA 16-mer duplex (average 
n = 2.04 f 0.14, from 11 separate experiments), i.e. one 
repressor molecule bound per met box, consistent with 
previous structural and genetic studies. Similarly, for 
MetJ-SAM binding in the presence of DNA (Fig. 2), 
calorimetric titration shows a stoichiometry of 2 mol of 
SAM per MetJ dimer, with an apparent binding constant 
(K) of about 9 x lo4 M-‘. The latter is consistent with the 
‘unexpectedly low’ K of about 5,000 M-’ (&, ~200 
PM) found by equilibrium dialysis in the absence of 

DNA, coupled with the roughly one order of magnitude 
enhancement in affinity in the presence of DNA [8]. We 
are unable so far to measure the binding affinity of SAM 
to MetJ alone using calorimetric methods, because of the 
low affinity and small enthalpy in the absence of DNA. 
Binding constants for the DNA-MetJ interaction are 
also difficult to estimate with certainty because of the 
relatively high concentrations required for the calorimet- 
ric binding experiments, but values (K,,,) obtained from 
these titrations generally lie in the region l-5 x lo7 M-l, 
corresponding to a standard free energy of MetJ: DNA 
complexation @Go) of -40 to -44 kJ.mol-’ at 25°C. 
Slight deviations of the titration data from ideal binding 
curves (Fig. 1) may indicate some cooperative interac- 
tion between MetJ dimers at adjacent DNA (met) sites, 
as suggested by previous work [6,7]. Saint-Girons et al. 
[8] showed, using gel retardation and filter binding tech- 
niques on longer DNA fragments, that KaPP for the re- 
pressor-operator complex is about 10’ M-’ in the pres- 
ence of 10 mM SAM, and about one order of magnitude 
less in the absence of SAM. This difference in absolute 
magnitudes of Kapp may reflect different experimental 
conditions or the inherent reduced stability of shorter 
DNA fragments used here. Nevertheless, our results are 
consistent with the relatively small (ca. lo-fold) effect of 
SAM on the affinity of MetJ for DNA. 

Binding to specific DNA also affects the thermal sta- 
bility of the MetJ protein. DSC experiments show that, 
in the absence of specific DNA, MetJ undergoes a revers- 
ible thermal unfolding transition comparable to that 
shown previously in this laboratory [14], with 
T,,, = 54.O”C and dH, = 530 kJ,mol-’ under these con- 
ditions. Addition of SAM (up to 3 mM) has only a small 
effect on this thermal stability (though such experiments 
are complicated by the poor thermal stability of SAM 
itself in aqueous buffers at the elevated temperatures 
encountered in the DSC). However, addition of increas- 
ing amounts of specific DNA 16-mer, with or without 
SAM, gives a progressive increase in apparent T,,, of the 
transition, reaching a maximum of 59.4”C (AH, ~750 
kJ.mol-‘) with stoichiometric amounts of DNA (Fig. 3). 
The DNA duplex itself shows a typically broad DSC 
melting profile at even higher temperature (T,,, = 71- 

Table 1 
Mean apparent heats of formation of MetJ : DNA: SAM complexes in 
25 mM potassium phosphate 0.1 M KC1 buffer, pH 7.0, obtained by 
direct calorimetric titration of DNA with MetJ 

Complex T (“C) AH (kJ mol.‘)* 

MetJ : SAM : DNA 10 -88 + 10 
25 -99 + 6 
40 -95 + 10 

MetJ : DNA 25 -10 + 5 
MetJ : SAM 25 G-8 

*Expressed per mol of MetJ dimer (4.184 J = 1 calorie). 
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Fig. 1. Microcalorimetric titration data for the binding of MetJ to a 
specific 16 bp DNA fragment comprising two consensus met boxes. 
Data were obtained at 25°C in 25 mM phosphate buffer, 0.1 M KCl, 
pH 7, from 25 x 10 ~1 injections of MetJ (0.132 mM) into DNA 
(12.7pM), either in the absence (0) or presence (0) of SAM (0.288 mM). 
(A) Calorimeter output showing raw titration data. (B) Normalized 
heats of reaction obtained by integration of injection pulses from A, 
corrected for heat of dilution. The solid line is the result of non-linear 
least squares fit for non-cooperative binding of 2 MetJ dimers per DNA 
duplex with KaPP = 5.4 x 10’ M-’ and AH = -102 kJ.mol-‘. 

74”C, depending on concentration) under these condi- 
tions (Fig. 3). Fluorescence measurements (McAlpine, 
Cooper and Stockley, unpublished) show no changes in 
tryptophan environment in the protein-DNA complex, 
consistent with lack of conformational changes seen by 
X-ray crystallography [5]. Control experiments for non- 
specific (non-operator sequence) DNA effects on MetJ 
(+ SAM) showed no effect on stability of the protein in 
DSC, and only weak (LIH = -8 kJ.mol-‘) non-stoi- 
chiometric binding in ITC measurements. 

Unlike several other protein-DNA systems [12,20,21], 
the enthalpies of formation of the MetJ: SAM : DNA 
complex show no significant variation with temperature 
over a 1040°C range (Table 1; AC, = -0.2 f 0.3 
kJ.K-‘.mol-‘). This appears to be consistent with the 

lack of significant conformational change revealed by 
X-ray crystallography [5] and the interpretation of nega- 
tive LIC, in terms of local folding effects [12]. However, 
it leaves unresolved the question as to why there are such 
large differences in enthalpy between MetJ binary and 
ternary complexes, or why co-repressor (SAM) has such 
a large effect on the enthalpy of the Me&DNA interac- 
tion, despite the relatively small effect on binding afTin- 
ity. Specifically, our measurements show that formation 
of the ternary MetJ: SAM: DNA complex is almost an 
order of magnitude more exothermic than either of the 
binary complexes of MetJ: DNA or MetJ: SAM alone. 
The associated change in Gibbs free energy is compara- 
tively much less (a IO-fold increase in affinity corre- 
sponding to LILIG = -5.7 kJ.mol-’ at 25”C), implying 
that the major decrease in overall enthalpy of the system 

(AH = - 90 kJ.mol-‘) occurs with a concomitant de- 
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Fig. 2. Isothermal titration data for the binding of SAM to MetJ in the 
presence or absence of DNA. 25 x 10 ~1 injections of SAM (2.2 mM) 
into a mixture of MetJ (85 PM) and DNA (150 PM), using the same 
buffer conditions as in Fig. 1. (A) Raw titration data. (B) Normalized 
heat of reaction data obtained by integration of raw data from A, 
corrected for heat of dilution. The solid line is the result of a non-linear 
least squares fit for non-cooperative binding of SAM to MetJ : DNA 
with K_ = 9.3 x 104 M-’ and AH = -44 kJ.mol-‘, assuming two SAM 
binding sites per repressor. 
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Fig. 3. DSC thermograms for MetJ, repressor DNA 16 bp fragment, 

and protein-DNA mixtures in 25 mM phosphate, 0.1 M KCl, pH 7, 
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crease in entropy &IS = -280 J.K-’ .mol-i). This large 
decrease in entropy is unlikely to arise solely from elec- 
trostatic effects. Nor is it likely to be due to displacement 
of counter-ions or solvent from the protein-DNA inter- 
face, since no such effect is seen during complex forma- 
tion in the absence of co-repressor. It is tempting, there- 
fore, to suggest that formation of the ternary 
DNA: MetJ : SAM complex results in a reduction in 
dynamic flexibility of the entire system, i.e. binding of 
SAM ‘stiffens’ the protein-DNA complex, and that the 
observed enthalpy and entropy changes arise mainly 
from global changes in molecular dynamic fluctuations 
rather than any specific set of interactions. 

This dynamic interpretation could be pictured as fol- 
lows. Imagine that, in the absence of SAM, MetJ is 
relatively flexible and undergoes scissor-like or hinge- 
bending motions about some notional ‘pivot’. These mo- 
tions might, indeed, facilitate the ‘walking’ of MetJ (pos- 
sibly in a crab-wise fashion?) along the DNA during 
diffusion along the DNA chain postulated to explain 
repressor kinetics in some systems [22-251. It might also 
make it easier for repressor molecules to be shunted 
along or elbowed out of the way when required to pre- 
vent traffic control problems during the passage of RNA 
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polymerase, for example. The binding of SAM, on the 
opposite side of the hinge/pivot from the DNA, might 
jam this motion. Although the consequent effect of such 
dynamic changes on the free energy might be relatively 
small, since there is little or no change in average confor- 
mation and because the reduction in overall enthalpy 
would be offset by the concomitant decrease in entropy 
[26,27], we might anticipate that the effects on the kinet- 
ics of displacement of protein from the DNA should be 
much greater. A more rigid complex would allow less 
dynamic flexibility, with consequently higher kinetic ac- 
tivation barriers to the various conformational fluctua- 
tions required for displacement or diffusion of the re- 
pressor from its operator site. 

Our proposal that co-repressor binding leads to re- 
duced repressor flexibility is consistent with recent com- 
parisons of the high resolution X-ray crystal structures 
of the apo- and co-repressor bound forms of MetJ in 
different crystal lattices and the ternary complex [28], 
which show that binding of co-repressor leads to a slight 
tightening and shrinking of the repressor molecule, 
which increases still further when the operator fragment 
is bound. These results may also be compared to recent 
calorimetric studies of other repressor systems. The only 
other equivalent system in which relevant thermody- 
namic measurements have been reported to date for 
protein-DNA interactions is the Cro protein-DNA 
complex, studied by pulsed-flow microcalorimetry under 
saturating conditions to give the heats of complex forma- 
tion [20]. The thermodynamics of co-repressor and oper- 
ator DNA binding by the E. coli TrpR repressor have 
also been studied [21], although the protein-DNA com- 
plex data could only be obtained by indirect Van? Hoff 
methods. In both cases, and in contrast to the MetJ 
situation described here, the enthalpies of complex for- 
mation show an anomalously high temperature depend- 
ence, which has been attributed to major DNA-induced 
changes in protein conformation or dynamic flexibility. 
The basic trends of the TrpR observations have been 
confirmed independently in Glasgow by direct titration 
microcalorimetry (A. Cooper and A.N. Lane, work in 
progress), though the nature of the temperature depend- 
ence is somewhat more complicated than could be deter- 
mined by the indirect techniques of Jin et al. [21]. Binding 
of L-tryptophan to the trp repressor (TrpR) results in a 
significant structural change around the region responsi- 
ble for DNA binding [29-311 which may be responsible 
for the large enthalpy changes observed. No such struc- 
tural change is seen in MetJ [lo]. In the Cro protein 
studies the unusual enthalpic properties have been attri- 
buted to the renaturation of partially unfolded protein 
[20]. This is unlikely to be the case with TrpR since this 
protein does not begin to unfold till around 75°C [32], 
well above the temperature range investigated. Similarly, 
with MetJ under the conditions used here for binding 
studies, thermal unfolding of the protein does not begin 
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until abou t 45°C [14], and melting of the DNA fragment
occurs at even higher temperature (Fig. 3). Conse-
quently, major conformational changes do not seem to
play a significant role in the thermodynamics of protein-
DNA interactions in the methionine repressor system.
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