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Abstract. The interaction of the trp repressor with several 
trp operator DNA fragments has been examined by 
DNA gel retardation assays and by circular dichroism, in 
the absence and presence of the corepressor t,-tryp- 
tophan. The holorepressor binds stoichiometrically to 
both the trpO and aroH operators, forming 1:1 complex- 
es. In the presence of excess protein, additional complex- 
es are formed with these operator fragments. The relative 
electrophoretic mobilities of the 1:1 complexes differ sig- 
nificantly for trp and aroH operators, indicating that they 
differ substantially in gross structure. A mutant trp oper- 
ator, trpO c, has low affinity for the holorepressor, and 
forms only complexes with stoichiometries of 2:1 (repres- 
sor: DNA) or higher, which have a very low elec- 
trophoretic mobility. Specific binding is also accompa- 
nied by a large increase in the intensity of the near 
ultraviolet circular dichroism, with only a small blue 
shift, which is consistent with significant changes in the 
conformation of the DNA. Large changes in the chemical 
shifts of three resonances in the 31p NMR spectrum of 
both the trp operator and the aroH operator occur on 
adding repressor only in the presence of L-tryptophan, 
consistent with localised changes in the backbone confor- 
mation of the DNA. 

Key words: trp repressor - trp operator - Circular di- 
chroism - Gel retardation 

Introduction 

The trp repressor of Escherichia coli is a dimeric protein 
consisting of two identical subunits of molecular weight 
12 500. The aporepressor has low, non-specific affinity 
for DNA, but in the presence of the corepressor L-tryp- 
tophan, the holorepressor recognises and binds to three 

Abbreviations: CD circular dichroism, trpO, trpR, aroH trp opera- 
tor fragments, trpO °, trpMH mutant trp operator fragments. 
Correspondence to: Andrew N. Lane 

operator sequences, trpO i, trpR and aroH, which show 
high sequence homology over a twenty base-pair region. 
These sequences, and the corresponding trp operator 
from other enteric bacteria, allow a consensus operator 
to be defined (Gunsalus and Yanofsky 1980, Oppenheim 
et al. 1980). Direct binding studies using the DNA gel-re- 
tardation assay and DNAse I footprinting show that a 
specific 25 base-pair stretch of DNA is protected, and 
that the dissociation constant of the trp holorepressor: 
operator complex is about 0.5 nM at low ionic strength 
(<50 raM) (Carey 1988). More recently, Marmorstein 
et al. (1991) have developed an assay based on protection 
against alkaline phosphatase. They found that with 20- 
base-pair DNA fragments, the K~ for specific binding 
was approximately 5 riM, whereas the Kd for non-specific 
binding was about 10 pM. Using a filter-binding assay as 
well as the band-shift and footprinting assay, Klig et al. 
(1988) have shown that the affinity of the trp holorepres- 
sor is highest for the trp operator (Kd = 1 to 5 nM), and 
only about three times lower for the trpR and aroH 
operators. Further, the Rsa I restriction protection assay 
gives a Kd for the trp holorepressor-operator complex of 
around 2 to 5 nM (Joachimiak et al. 1983). 

However, based on an in vivo binding assay, Gunsalus 
and coworkers have suggested that for aroH and trp there 
may be tandem binding of repressor dimers to neighbour- 
ing sites (Kumamoto et al. 1987), similar to the inter- 
action of metJ with DNA (Phillips et al. 1989, Phillips 
1991). Recently, Miiller-Hill and associates (Staacke 
et al. t990) have taken up the idea of tandem repressor 
sites, and have suggested that the true trp operator site is 
shifted 4 base-pairs from that suggested by the sequence 
homology, and implicated by the DNAse I footprinting. 
Both sites, however, contain the tetrameric subsequence 
CTAG which has been shown to be the most sensitive 
to mutations in terms of operator function (Bass et al. 
1987, 1988), and which is also implicated as being impor- 
tant in the co-crystal structure of the holorepressor with 
a synthetic operator (Otwinowski et al. 1988). Recent 
work suggests that this sequence in fact binds two 
molecules of the trp repressor dimer, whereas the canon- 
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ical trp operator sequence binds only one dimer (Carey 
et al. 1991, Haran et al. 1992). 

Many of the direct binding studies to date have been 
done mainly at extremes of salt concentration. The gel 
retardation assays have been performed at low ionic 
strength (ca. 20 raM), and also near to the isoelectric point 
of the protein (pI = 6), where its solubility is very low. 
These conditions are also likely to promote non-specific 
binding, as was observed by Carey (1988). The filter- 
binding assays were performed at high concentrations of 
salt (ca. 1 M), which may also have the effect of "precipi- 
tating" the protein onto the filter (Klig et al. 1987). We 
have undertaken an investigation of the interaction of the 
trp repressor with synthetic DNA chosen to mimic the 
operator sites based on sequence homology and that pro- 
posed by Staacke et al. (1990). The oligomers are too 
short to allow tandem binding. We have measured the 
stoichiometry and relative affinity of the repressor for 
these sequences under different conditions, particularly 
those of salt concentration. We have made use of the gel 
retardation assay, which is performed at pH values from 
6 to 8, CD, in which the concentration of salt can be 
varied as desired, and 31p NMR to monitor the forma- 
tion of specific and non-specific complexes of the trp 
repressor with DNA. The gel retardation assays allow 
approximate affinities to be determined, as well as bind- 
ing stoichiometries. Further, the mobility of the com- 
plexes gives information about the size of the complexes. 
CD is useful for determining dissociation constants and 
also provides some information about conformational 
changes in the oligonucleotide induced by binding pro- 
tein 3 ip NMR reports exclusively on the phosphate back- 
bone of the DNA, which presumably interacts directly 
with side-chains of the repressor. 

Materials and methods 

Trp aporepressor was purified from an overproducing 
mutant as previously described (Joachimiak et al. 1983, 
Borden et al. 1991). The protein was > 95% pure judging 
from SDS electrophoresis. Protein concentrations were 
determined optically using the relation 1 absorbance unit 
at 279 nm = 1.2 mg ml- 1 (Joachimiak et al. 1983). Re- 
pressor activity was monitored using the Rsa I restric- 
tion-protection assay (Joachimiak et al. 1983). 

Oligonucleotides were synthesised on an Applied Bio- 
systems synthesiser, and purified by FPLC. The oligonu- 
cleotides were annealed by heating to 90 °C for 5 minutes 
in a buffer containing 10 mM Na phosphate, 100 mM KC1, 
pH 7.0, and allowed to cool slowly. Duplex formation 
was checked by native acrylamide electrophoresis and 
~H NMR. The sequences used were: 

trpO: 
trpOC: 
trpR: 

aroH: 

trpMH: 

d (CGTACTAGTTAACTAGTACG) 2 
d (CGTACTGATTAATCAGTACG) 2 

d (CGTACTCTTTAGCGAGTACA) - 
d (TGTACTCGCTAAAGAGTACG) 
d (ATGTACTAGAGAACTAGTGCAT) • 
d (ATGCACTAGTTCTCATGTACAT) 
d (TAGCGTACTAGTACGCTA) 2 

The oligonucleotides were dialysed against 10 mM Na 
phosphate, 100 mM KC1 pH 7.5, and stored at -20°C.  
Under these storage conditions, at high concentration 
(ca. 0.5 to 1 mM), the quantity of hairpin structures formed 
is insignificant. However, substantial quantities of hairpin 
forms were present on prolonged storage at 4 °C at low 
concentration and low salt concentrations. When desired, 
the hairpin form of trpO was prepared by heating 50 ~tM of 
the trpO DNA in 10 mM Na phosphate buffer pH 7.5 to 
80 °C, and quenching on ice-water. Gel-electrophoresis of 
the product showed that essentially all of the DNA was in 
the hairpin form after this treatment. DNA concentrations 
were measured spectrophotometrically using extinction 
coefficients for the constituent oligonucleotides as de- 
scribed by Chandler and Lane (1988). 

DNA gel-retardation assays were performed on 18 to 
20% mini acrylamide gels in Tris-borate-EDTA (TBE) or 
Tris-phosphate buffers at pH 6, pH 7 or pH 8. Gels were 
pre-electrophoresed at 60 V, 10 mA for 30 minutes prior 
to loading samples (Garner and Revzin 1990). For 
holorepressor samples, the assay buffer and the gel solu- 
tion contained 1 mM L-tryptophan, and the electrophore- 
sis buffer contained 0.5 mM L-tryptophan. For experi- 
ments with the aporepressor, tryptophan was omitted 
from all components. The assay buffer was that used for 
the restriction-protection assay (Joachimiak et al. 1983). 
The DNA concentration (in duplex) was held fixed at 
different concentrations from 2 ~tM to 10 ~tM, and titrated 
with increasing concentrations of repressor. All retarda- 
tion assays were repeated several times, using different 
preparations of protein, and in the case of trpO, three 
different preparations of DNA. 

Competition assays were performed by mixing equal 
concentrations of trpO or trpR with aroH (typically 3 ~tM 
each), and titrating with increasing concentrations of 
holorepressor. As the electrophoretic mobility of the 
aroH fragment (22 base-pairs) is 10% less than that of 
trpO or trpR (20 base-pairs), the free DNA bands are 
resolved in these experiments, allowing the relative affini- 
ties for the two DNAs to be estimated. 

To visualise the DNA, gels were stained with ethidium 
bromide for 10 min and then illuminated with UV light 
for photography on Polaroid film. In some cases, gels 
were stained with silver or Coomassie blue to visualise the 
protein. The protein barely enters the gel under the condi- 
tions of these experiments. Where binding was not stoi- 
chiometric, an estimate of the average affinity of the re- 
pressor for the DNA was made by considering the con- 
centration of protein added at which the free and retard- 
ed bands are of approximately equal intensity. This is 
denoted Ko.5. Even allowing for the finite concentration 
of the DNA, Ko.5 is not always a true dissociation con- 
stant, as the final bound states are in some cases not 
precisely defined (see below). 

Circular dichroism spectra were recorded on a JASCO 
J-600 spectropolarimeter. Titrations were performed by 
adding small aliquots of a concentrated solution of re- 
pressor to 2 ~tM DNA, all in the appropriate buffer, and 
scanning from 330 nm to 250 nm. Three repetitive scans 
were averaged to improve the signal-to-noise ratio. Mo- 
lar ellipticities were calculated using the molar concentra- 



tions of  the operator  fragments. The standard buffer for 
these titrations was 10 mM sodium phosphate,  100 mM 
KC1, p H  7.5. Tryptophan,  when present, was I00 laM. 

31p N M R  spectra were recorded at 30 °C on a Bruker 
WM200 instrument. The acquisition time was 2 s, and 
protons were decoupled using WALTZ 16. Concentrated 
trp repressor was added to the D N A  solution to ensure 
that the D N A  was initially in excess. One titration was 
carried out with trp holorepressor in the presence of  1 mM 
L-tryptophan,  and a second was done with trp aporepres- 
sor, after which L- t ryptophan was added. 

Results 

D N A  gel-retardation assay 

Figure 1A shows a typical D N A  gel-retardation assay 
with the trpO sequence in the presence of  t ryptophan.  As 
the concentration of  repressor is increased, the intensity 
of  the fastest moving band (free DNA)  decreases, and a 
new band appears whose mobility, #, relative to the free 
D N A  band is 0.33 (Table 1). The free D N A  band disap- 
pears when the concentration of  protein is equal to that 
of  the DNA,  implying a stoichiometry of  1 : 1. This result 
was independent of  the buffer system used and of  the p H  
in the range 6 to 8. The stoichiometric binding indicates 
that the dissociation constant under these conditions is 

2 gM (the concentration of  the DNA),  and agrees with 
previous CD titrations (Lane et al. 1987). At higher con- 
centrations of  protein, the intensity of  the band at 
# =  0.33 diminishes, and a new band appears  at # ~ 0.08, 
which suggests that higher-order complexes can be 
formed unter these conditions. The band at #-=-0.33 dis- 
appears  completely when the ratio of  protein to D N A  
exceeds 2: 1, indicating that the more retarded band 
forms with a stoichiometry not greatly in excess of  2 : 1. In 
the absence of  t ryptophan,  no band appeared at # = 0.33 
at any point  in the titration, but only an ill-defined smear 
appears near to the origin (not shown). This suggests that  
the band that  appears  at # = 0.33 in the presence of  tryp- 
tophan corresponds to a specific trp holorepressor-oper- 
ator  complex. However,  the disappearance of  the free 
D N A  band in the absence of  t ryptophan is not stoichio- 
metric. F rom the concentration of  repressor that was 
added to give equal intensities for the free and retarded 
D N A  bands, and the total concentration of  DNA,  we 
estimate K0. 5 as ca. 5 gM, which is consistent with previ- 
ous CD results on the aporepressor-operator  complex 
(Lane et al. 1987). The hairpin form of  trpO was not 
measurably retarded by repressor concentrations up to 
5 gM even in the presence of  t ryptophan,  indicating that 
this fragment  of  D N A  has only very low affinity for the 
trp repressor. 

The titration of  trpO c in the presence of  t ryptophan is 
shown in Fig. 1 B. No band is observed at # =  0.33, but 
rather a strongly retarded band is present at # ~ 0.08. At  
still higher concentrations of  repressor, only ill-defined 
bands are present close to the origin of  the gel. The disap- 
pearance of  the free D N A  band of  trpO c (at 2 gM) is not 
complete until at least 13 gM holorepressor (Fig. 1 B), con- 
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Fig. la, b. DNA gel retardation assays with the trp repressor. Gels 
were run as described in the methods. The buffer was TBE. a trpO 
DNA (2,2 gM) plus increasing concentration of trp repressor in the 
presence of L-tryptophan. The protein concentrations (gM) were 
Lane 1: 0, 2: 0.55, 3: 1.1, 4: 2.2, 5: 3.3, 6: 5.0, 7: 6.7. F shows the 
position of the free DNA, C1 the position of the first DNA-repres- 
sot complex and C2 the position of the second DNA-repressor 
complexes, b trpO c DNA (2.2 lXM) plus increasing concentrations 
of trp repressor in the presence of L-tryptophan. The protein con- 
centrations (gM) were Lane 1: 0, 2: 1.1, 3: 2.2, 4: 3.3, 5: 5.0, 6: 6.7, 
7: 8.3, 8: 10, 9: 11.6, 10: 13.3. F shows the position of the free DNA 
and C the position of the DNA-repressor complexes. 

Table 1. Electrophoretic mobilities and CD data for trp repressor- 
operator complexes. #: the electrophoretic mobility of the complex 
normalised to that of the free DNA. f: CD of repressor:DNA 
eomplex/CD of free DNA at 275 nm. The CD in the complex was 
taken at stoiehiometrie concentrations of DNA and repressor, and 
corrected for the weak CD of the protein 

Operator # Apparent Apparent K0. 5 
(base-pairs) stoichiometry (p,M) at 

gel CD f 10mM 200mM 
KC1 KC1 

trpO (20) 0.33,0.08 1, >2 1 1.7 42 42 
trpO c (20) 0.08-0.1 nd a nd 1.6 2 4 
trpR (20) 0.33,0.07 (1) b nd 1.7 (<1) b <1 
aroH(22) 0.18,0.08 1, >2 1 1.8 42 nd 
trpMH (18) 0.09 ~2 ~2 1.3 <2 2 

a Binding not stoichiometric at 2 ]J,M DNA 
b Smeared band 

sistent with an apparent  dissociation constant in the pM 
range, as previously determined by CD (Chandler and 
Lane 1988). In contrast, the intensity of  the free D N A  
band of  t rpMH disappears essentially linearly with in- 
creasing concentration of  repressor in the presence of  
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L-tryptophan (data not shown). Further, complete dis- 
appearance of the free trpMH DNA band occurred only 
at protein:DNA ratios of approximately 2:1 (Table 1). 
Raising the concentration of either trpO ~ or trpMH to 
10 I.tM still yielded no band at #=0.33 when the [repres- 
sor]:[DNA] ratio was < 1. Clearly, the hydrodynamic 
properties of the complexes of the holorepressor with 
trpO, trpO c and trpMH are markedly different. 

In titrations of trpO ~ and trpMH in the absence of 
L-tryptophan, free DNA remained even at repressor con- 
centrations of 10 ~tM. This indicates a similar non-specific 
dissociation constant of ca. 10 t.tM for each aporepressor- 
operator complex. This result can be compared with the 
value of Kd = 13 BM determined for non-specific binding 
using the alkaline phosphatase assay (Marmorstein et al. 
1991). 

The aroH operator shows high sequence homology 
with the trp operator, and those bases that are most 
sensitive to mutation, namely CTAG (Bass et al. 1987), 
are identical between the two sequences (see Methods). 
Gel retardation assays with aroH in the presence of L- 
tryptophan showed the formation of a retarded band at 
/,=0.18, which was formed with a 1:1 stoichiometry 
(data not shown), and which is consistent with 
Ko. 5 ~ 2 gM for the holorepressor-aroH complex. Addi- 
tion of a two-fold excess of protein caused this band to 
disappear, with the formation of highly retarded com- 
plexes at #~0.08. This behaviour is similar to that ob- 
served with the trp operator, and suggests that the 1:1 
holorepressor-aroH complex is also stable. However, the 
relative electrophoretic mobility suggests that this com- 
plex may have somewhat different hydrodynamic proper- 
ties compared with the holorepressor-trpO complex. In 
the absence of L-tryptophan, the free DNA band disap- 
pears with increasing concentration of protein, without 
the appearance of the band at/* = 0.18. From the concen- 
tration dependence of the dissappearance of the free 
DNA band, a Ko. 5 of ca. 2 gM was estimated. 

In the competition assay between aroH and trpO (see 
methods) where the total concentration of protein is 
equal to half the total concentration of DNA, retarded 
bands corresponding to both complexes are observed (i.e. 
at/* = 0.33 and/* = 0.18, data not shown), with concomi- 
tant diminution of the intensity of the free DNA bands. 
Hence the affinity of trpO for the repressor is similar to 
that for aroH. We estimate that the relative dissociation 
constants must be within about a factor of three, in agree- 
ment with the results of Klig et al. (1988). 

Titrations of trpR operator with trp holorepressor 
gave a weak, diffuse band at/* = 0.33 at repressor:DNA 
ratios of less than one, accompanied by smearing. At 
higher concentration of repressor, only the highly retard- 
ed band at #~0.08 is observed. This indicates that the 
affinity of the repressor for the trpR operator is signifi- 
cantly lower than that for trpO. This conclusion was con- 
firmed by using a competition assay as performed for 
aroH versus trpO (see above). We found that the aroH 
band preferentially disappeared, with the band at 
/~ = 0.18 appearing while the free trpR band decreased in 
intensity only at higher concentrations of repressor. It is 
possible that the affinity of the repressor for the trpR 

sequence is dependent on context, and that when em- 
bedded in a long fragment of DNA, may bind the repres- 
sor substantially more tightly (Klig et al. 1988). 

We have used an Hae III digest of pBR322, which 
contains fragments of length 8 to 587 base-pairs. The 
mobility of the fragments in this length range decrease 
nearly linearly with the logarithm of the molecular weight 
(or number of base-pairs). The retarded complex of the 
holorepressor with trpO at /,=0.33 is equivalent to a 
DNA duplex of about 180 base-pairs, or alternatively, 
the observed mobility is about half that expected from the 
molecular weight of the complex. 

Circular dichroism 

The advantages of optical techniques such as CD over the 
gel-retardation method are that the solution conditions 
can be readily manipulated, and the titrations can be 
analysed quantitatively. Although CD provides no infor- 
mation about the size of the complexes that are formed, 
it gives additional information concerning changes in 
conformation of the interacting components. 

The CD spectra of all of the operator fragments are 
essentially conservative, and have extrema at wave- 
lengths typical of B-DNA (Ivanov et al. 1973). The CD 
spectrum of the trp repressor in this wavelength range is 
very weak (Lane et al. 1987, Chandler and Lane 1988), 
and is < 10% of that of an equimolar concentration of 
operator. The binding of the holorepressor to trpO and 
trpO c increases the intensity of the circular dichroism at 
275 nm by about 60% (Lane et al. 1987, Chandler and 
Lane 1988). This intensification of the near ultraviolet 
band probably arises from a change in the CD of the 
DNA. Binding to the aroH operator has a similar but 
larger effect (Fig. 2A). The increase in intensity at 275 nm 
is accompanied by only small changes between 230 and 
260 nm. Under these conditions, the repressor binds to 
the aroH fragment tightly with a stoichiometry of 1 : 1 
(see above). Similar spectral changes were observed with 
trpMH at low concentrations of salt (data not shown). 

Titration data for the trpMH and trpO sequences are 
shown in Fig. 2B. In the presence of tryptophan, the 
titration curves show a break for both sequences. For 
trpO the break occurs when the concentration of repres- 
sor is equal to that of the operator (2 l-t~), whereas for 
trpMH, the break occurs when the repressor concentra- 
tion is approximately twice that of the DNA concentra- 
tion (4 gM), indicating a binding stoichiometry of 2 re- 
pressor dimers to one DNA duplex. At higher concentra- 
tions of salt (500 mM KCI), the repressor binds more 
weakly to trpMH, and becomes undetectable for trpO ~ 
(Chandler and Lane 1988), while having no appreciable 
effect for trpO at these concentrations. This indicates that 
the affinity of the holorepressor for trpO c and trpMH 
fragments is lower than for trpO and aroH. 

The specificity of the interaction of the trp repressor 
with DNA was tested further by monitoring titration in 
the absence of tryptophan or in the presence of the antire- 
pressor indole-3-acrylate (Marmorstein and Sigler 1989). 
The aporepressor caused only small changes in the CD 
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Fig. 2a, b. CD spectra and t i t ra t ionsofopera tor  fragments with the 
trp repressor. CD spectra were recorded at 25 °C as described in the 
Methods. The buffer was 20 mM sodium phosphate, 100 mM KC1, 
100 gM L-tryptophan, pH 7.5. a CD spectra ofaroHin the presence 
oftrp repressor at protein:DNA ratios of 0 (1), 2 (2) and 3 (3). b CD 
titrations of trpMH and trpO with the trp repressor. (,,)4 gM 
trpMH + 100 gM L-tryptophan, (n) 2 [IM trpO + 1 O0 lttM L-trypto- 
phan, (e) 2 gM trpO without tryptophan. 

W a v e l e n g t h  (nm) 

Fig. 3. Effect of trifluoroethanol on the CD spectrum of the aroH 
operator. Spectra of aroH in 0 (1), 80(2) and 86% (3) trifluoro- 
ethanol. The buffer was 20 mM sodium phosphate, 20 mM KC1, 
pH 7.5. 

intensity of the free DNA band on gels also agree with 
those determined by CD where the binding is sufficiently 
weak to be measured (Table 1). 

The increases in CD of the DNA fragments on binding 
the trp repressor are reminiscent of those observed for the 
B to A transition induced by addition of alcohols (Spre- 
cher et al. 1979). The addition oftrifluoroethanol to 83% 
to the aroH DNA sample leads to a substantial intensifi- 
cation (ca. 80%) and broadening of the CD band at 
275 nm, with a slight shift to 268 nm (Fig. 3); this be- 
haviour is qualitatively similar to the effects of addition 
of the repressor (Fig. 2A), and suggests that the repressor 
may induce changes in the DNA similar to those pro- 
duced by dehydration. The broadening of the positive 
band at 275 nm may account for some of the apparent 
shift of the negative band. 

31p NMR spectroscopy 

intensity of the DNA fragments, and binding was com- 
pletely abolished by the antirepressor. This indicates that 
tight binding depends on the presence of L-tryptophan, 
and that the increase in circular dichroism is absolutely 
dependent on the formation of repressor-DNA complex- 
es. The size of the CD change as well as the affinity 
depend on the nature of the operator fragment (Table 1). 
Titration of trpO with trp holorepressor is accompanied 
by a large increase in the CD signal until saturation is 
achieved, i.e. stoichiometric binding (Lane et al. 1987). 
Further addition of protein causes a smaller increase in 
the CD signal (c.f. Fig. 2B). This secondary increase, 
which is larger than can be attributed to the CD of the 
holorepressor, and may reflect the formation of the non- 
specific complexes of higher protein: DNA stoichiometries 
observed in the gel retardation experiments (see above). 
CD titrations of the trp holorepressor with the different 
operator fragments have confirmed the results obtained 
by electrophoresis. For example, trpO and aroH, which 
produce complexes of 1:1 stoichiometry on gels, also 
show 1:1 stoichiometric binding in the CD titrations. 
Apparent affinities determined from the decrease in the 

The 3ap NMR signals report the conformation of the 
phosphate backbone (Gorenstein et al: 1991), and there- 
fore can be used to monitor possible changes in backbone 
structure on forming a complex with a protein. Figure 4 
shows the 31p NMR spectrum of the trpO fragment in 
the absence and presence of the trp repressor. As expect- 
ed, the spectrum of the free DNA is poorly resolved, 
consisting of 19 phosphate resonances within a shift 
range of only 0.66 ppm. On addition of the trp aporepres- 
sor, the intensity decreases and is accompanied by line 
broadening, but there are no obvious shift changes. We 
have already shown by gel-electrophoresis (see above) 
that the aporepressor forms complexes with trpO that 
have stoichiometries of at least 2 repressor dimers 
( M  r = 25 000) to  1 DNA duplex (M r = 12 000). A complex 
of 2:1 stoichiometry would therefore have M r = 62 000, 
and the phosphate line-widths would be expected to be at 
least five times as large as in the free DNA. In the pres- 
ence of tryptophan, however, additional peaks appear at 
-17.5, -19.5, and -21.5 ppm, whose relative areas are 
2:2:1. These peaks appear irrespective of the order of 
addition of tryptophan, but are critically dependent on 
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Fig. 4a, b. 31p N M R  spectra of the trp operator and complexes 
with the trp repressor. N M R  spectra were recorded at 4.7 T and 
303 K as described in the Experimental section. Free induction 
decays were multiplied by a 2-Hz line-broadening exponential be- 
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fore Fourier transformation, and referenced to external methylene 
diphosphonate, a trpO DNA (500 gM) _+ apo repressor (400 gM) 
b trpO DNA (700 gM) + repressor (700 gM) + L-tryptophan 
(1500 gM). 

the presence of the corepressor. Further, these peaks ap- 
pear when the DNA is in excess of the protein, under 
which conditions, the complex has a stoichiometry of 1 : 1 
(see above). The resonance width of the 1 : 1 complex of 
the trp repressor: trpO complex would be expected to be 
approximately three times that of the free DNA. Similar 
shifts were also obtained with the aroH operator (data 
not shown) in the presence of L-tryptophan. Electro- 
phoresis of an aliquot of the samples used for NMR 
showed the characteristic retarded band at/~--0.33 in the 
presence of tryptophan (not shown), which indicates that 
the dominant species present in the NMR tube was the 
1 : 1 holorepressor-operator complex. 

Discussion 

The electrophoresis experiments show that at low ionic 
strengths, even 20-base-pair fragments can bind more 
than one repressor dimer. The initial 1:1 complexes 
formed between the trp holorepressor and trpO or aroH 
decay on addition of more repressor, to produce com- 
plexes whose mobility is that of one containing at least 
two molecules of repressor bound to each molecule of 
operator DNA. The weaker-binding operator fragments, 
trpO c and trpMH, form only complexes of at least 2 re- 
pressor molecules to 1 DNA, even when the DNA con- 
centration is raised to 10 I.tM, and is in large excess over 
the protein concentration. This is equivalent to strong 
positive cooperativity, in which the first dissociation con- 
stant is larger than around 10 laM, and the second is much 
smaller. This result for the trpMH sequence agrees with 
recent findings by Carey et al. (1991) and Haran et al. 
(1992). The formation of the higher molecular weight 
complexes seems to be enhanced by the conditions of low 

salt concentration, especially when the pH is near the 
isoelectric point of the repressor. For example, Carey 
(1988) found extensive non-specific binding to 90 base- 
pair DNA fragments at repressor concentrations around 
0.1 gg, whereas at near physiological concentrations of 
salt, the non-specific binding is much weaker (Marmor- 
stein etal. 1991, Chandler and Lane 1988, and see 
above). 

We have previously reported that the mobility of the 
1 : 1 trp holorepressor: trpO complex is not dependent on 
the nature of the corepressor (Borden 1991). However, 
the different apparent sizes of the various complexes that 
are formed are dependent on the nature of the DNA 
target, particularly the 1 : 1 complexes or the holorepres- 
sor with trpO and aroH. This indicates that the nature of 
the complexes may be significantly different. Whether 
this has relevance to the possible protein-protein interac- 
tions implied by the tandem binding proposed by Kuma- 
moto et al. (1987) remains to be determined with longer 
fragments of DNA. 

The weak affinity observed in the absence of trypto- 
phan for all DNA sequences (i.e. Ko. 5 from ca. 2 to ca. 
10 ~M) may reflect a non-specific binding mode, that 
varies somewhat with sequence. Marmorstein etal. 
(/991) determined apparent non-specific dissociation 
constants of 13 to 21 gM: our results are very similar. 
However, as these complexes appear to have indetermi- 
nate stoichiometries, the true dissociation constant is not 
known. It may be significant that in the absence of tryp- 
tophan, and at low ionic strength, the trp repressor ap- 
pears to form tetramers (Fernando and Royer 1992). 

If weak binding and the formation of highly retarded 
bands containing complexes having protein: DNA stoi- 
chiometries _> 2:1 is characteristic of non-specific bind- 
ing, then the trpMH sequence proposed by Staacke et al. 
(1990) would have to be considered as a non-specific site. 



It is clear f rom the CD data that there are significant 
changes in the conformat ion of  the D N A  on forming the 
specific complexes. The large increases in CD intensity 
are absolutely dependent on the presence of t ryptophan,  
and appear  to be of  greatest magnitude for trpO and 
aroH. The intensification of  the longer wavelength band 
and the near independence of  the shorter wavelength 
band is similar to the effects of  trifluorethanol, which 
produces a B to A transition (Sprecher et al. 1979). The 
changes associated with this transition have been at- 
tributed to the increased base-pair tilt in the A-form 
(Sprecher et al. 1979), though other conformational  ad- 
justments that change the base-base stacking could also 
increase the CD. Our results suggest that  the binding of  
the trp repressor may  cause a similar change in the rela- 
tive orientations or stacking of  at least some of the base- 
pairs. A change in base-pair tilt angles, or other helical 
parameters,  is reflected in changes in backbone torsion 
angles, which, as Gorenstein and coworkers have argued, 
can have substantial effects on the 31p N M R  chemical 
shifts (Gorenstein et al. 1991). Clearly, in the presence of  
t ryptophan,  there are large changes in chemical shift of  at 
least three phosphate  resonances, in both  the trpO and 
the aroH operators.  This may  be related to changes in the 
backbone torsion angles, though effects of  solvation or 
format ion of  salt-bridges cannot  be ruled out (Gerotha- 
nassis et al. 1991). 

According to N M R  data, the conformat ion of the 8 
nucleotides involved in sequence-specific interactions 
with the repressor are in the range typical of  B D N A  in 
solution, i.e. glycosidic torsion angles anti and sugar 
puckers near C2'-endo (Lane 1991 a, b), which presum- 
ably accounts for the B-like CD spectrum (see above). 
However,  an x-ray diffraction analysis of  an octamer 
containing the functionally important  CTAG subse- 
quence crystallised f rom methanepentanediol  (Hunter 
et al. 1989) was predominant ly in the A conformation.  It  
is possible that  the repressor stabilises a conformat ion 
similar to that found in the crystal state. This would be 
consistent with the x-ray structure of  the repressor-oper- 
ator  complex (Otwinowski et al. 1988) which indicates 
that while the nucleotides are in the 'B'  conformation,  
some of  the helical parameters  in the CTAG segments 
have A-like characteristics, particularly the large positive 
slide. Both the CD data and the N M R  data are consistent 
with significant changes in the conformat ion of  the D N A  
on forming specific complexes. 

These results also show that  well-defined complexes 
of  1:1 stoichiometry that represent specific repressor- 
operator  complexes can be formed with short oligonucle- 
otides, under near-physiological conditions of  pH,  ionic 
composit ion and temperatures,  which is of  considerable 
value for structural analysis both  by crystallography and 
NMR.  
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