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4,4’-bis( 1-anilino-8-naphthalenesulfonic acid (Bis- 
ANS), an environment-sensitive fluorescent probe for 
hydrophobic region of proteins, binds specifically to 
the C-terminal domain of X repressor. The binding is 
characterized by positive cooperativity, the magnitude 
of which is dependent on protein concentration in the 
concentration range where dimeric repressor aggre- 
gates to a tetramer. In this range, positive cooperativ- 
ity becomes  more  pronounced at higher protein concen- 
trations. This suggests a preferential binding of Bis- 
ANS to the dimeric form of the repressor. Binding of 
single operator OR1 to the N-terminal domain  of the 
repressor causes enhancement of fluorescence of the 
C-terminal domain  bound Bis-ANS. The binding of 
single operator OR1 also leads to quenching of fluores- 
cence of tryptophan residues, all of which are located 
in the hinge or the C-terminal domain. Thus two  dif- 
ferent fluorescent probes indicate an operator-induced 
conformational change which affects the C-terminal 
domain. The significance of this conformational 
change with respect to the function of X repressor has 
been discussed. 

Gene expression in prokaryotes and eukaryotes is often 
regulated at  the transcriptional level. These regulatory mech- 
anisms  are often complex and require interplay of several 
protein factors, the structural  and energetic aspects of which 
are not well understood. Bacteriophage X uses a complex 
genetic switching system that comprises a number of operator 
sites  and several proteins of which the repressor is the key 
component. The phage uses this regulatory circuit to choose 
between the lytic and lysogenic  modes of its development 
(Herskowitz and Hagen, 1980). The affinity of the repressor 
for the three operators OR1,  0R2, and OR3 decreases in that 
order. The repressor binds cooperatively to these  operator 
sequences to block rightward transcription from PR and also 
acts as  an activator of transcription from an adjacent pro- 
moter p,, in the opposite direction. These functions are 
thought to be mediated by  homologous and heterologous 
protein-protein  contacts  (Johnson et al., 1979; Hochschild 
and  Ptashne, 1988). 

X repressor consists of  236 amino acids, and  its active form 
is  a dimer. The protein is reported to have two functional 
domains. The N-terminal domain, spanning from 1 to 92 
amino acid residues is involved in DNA binding (Sauer et al., 
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1979) and possibly also in interaction with RNA polymerase 
(Guerente et al., 1982;  Hawley and McClure, 1983), while the 
C-terminal domain spanning from 132 to 236 residues, is 
involved in dimerization (Pabo et al., 1979). Recently, it  has 
been proposed that  the cooperative binding of X repressor to 
operators  separated by several turns of DNA  involves contact 
between two bound repressor molecules through  its C-termi- 
nal domain and looping out of the intervening DNA  sequence 
(Griffith et al., 1986; Hochschild and  Ptashne, 1986). Al- 
though the structure of the N-terminal fragment and  its 
complex with operator DNA is known, structure of hinge 
region or the C-terminal domain is not known (Jordan  and 
Pabo, 1988). 

We have chosen to study dynamics and conformational 
change in X repressor, particularly involving C-terminal do- 
main and the hinge region, during  its  interaction with the 
operator DNA by fluorescence spectroscopy. All three  tryp- 
tophans in the repressor are  situated in the C-terminal do- 
main and may  be used as fluorescent probes for any operator 
induced global conformational change in  the protein. More 
convincing evidence, however,  may  be obtained with a suitable 
C-terminal domain-specific external probe. Cysteines and ly- 
sines  are most often used as  attachment  points for external 
fluorophores. The cysteine residues of the repressor, although 
situated in the C-terminal domain, are  totally unreactive, 
towards sulfhydryl reagents and hence are unsuitable for 
covalent labeling with external fluorophores. The amino 
group specific fluorescent reagents label the N-terminal amino 
acid first  and hence are  unsuitable for insertion of covalent 
fluorescent probes into  the C-terminal domain.’ Thus,  a spe- 
cific noncovalent fluorescent probe for the C-terminal domain 
is needed to study conformational changes during interaction 
with DNA, as conventional methods of inserting fluorescent 
probes into  the C-terminal domain are unapplicable. 

Bis-ANS? in many ways, is an excellent fluorescent probe 
for this purpose. Its quantum yield and emission maximum 
are sensitive to environmental polarity (Rosen and Weber, 
1969). It binds  tightly to specific sites in many proteins (Wu 
and Wu, 1978;  Lawson and York, 1987). It has  affinity  for 
accessible hydrophobic regions (Prasad et al., 19861, which 
are  characteristic of many protein-protein  contact sites. In 
addition, its absorption and emission spectra  are well sepa- 
rated from the absorption spectrum of DNA. In  this article 
we have explored Bis-ANS and  internal  tryptophans  as probes 

U. Banik and S. Roy, unpublished observations. 
*The abbreviations used are: Bis-ANS, 4,4’-bis(l-anilino-8-nap- 

thalenesulfonic acid); BSA,  bovine serum albumin; TEMED, 
N,N,N’,N’-tetramethylethylenediamine; PMSF, phenylmethylsulfo- 
nyl fluoride; SDS, sodium dodecyl sulfate; IPTG, 8-isopropyl thioga- 
lactoside; FITC, fluorescein-5-isothiocyanate. 
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FIG. 1. Titration of X repressor  with Bis-ANS. X repressor 
concentration was 1 pM (A) and 25 p M  (0) in 0.1 M potassium 
phosphate buffer, pH 8.0, at 25 “C. Control (0) containing same 
solution but no X repressor is also shown. Emission wavelength was 
at 500 nm, and excitation wavelength was at 455 nm. 
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FIG. 2. a, Scatchard plot of Bis-ANS binding to X repressor. Re- 
pressor concentration was 1 p~ in 0.1 M potassium phosphate buffer, 
pH 8.0, at 25 “C. Bis-ANS binding to X repressor  was calculated as 
described under “Methods.” b, Hill plot of Bis-ANS binding to X 
repressor. Solid circles (0) are the Hill plot of the same data as in 
panel  a.  Open circles (0) are Hill plot with 25 pM X repressor. 
Excitation wavelength was 455 nm, and emission wavelength was 500 
nm. 

to monitor operator-induced conformational change in X re- 
pressor. 

EXPERIMENTAL  PROCEDURES3 

RESULTS 

Bis-ANS Binding to X Repressor-Fig. 1 illustrates the 
effect of adding increasing concentrations of Bis-ANS to two 
different repressor concentrations (1 and 25 p ~ ) .  From the 
figure it is evident that in both the cases, Bis-ANS binds to 
the repressor leading to enhanced fluorescence, but  the  nature 
of binding is somewhat different. Binding of Bis-ANS at 1 
pM repressor concentration is not pronouncedly sigmoidal. 
On the other  hand, binding of Bis-ANS to repressor at 25 p~ 
concentration is pronouncedly sigmoidal, suggesting cooper- 
ative interactions. 

Fig. 2 (a and b )  shows Scatchard  and Hill plots for the 
binding of Bis-ANS to X repressor. The plots were obtained 
from titration of fixed concentration of the repressor with 
increasing concentrations of Bis-ANS (direct  titrations), 
using fluorescence enhancement values ( Q )  obtained from a 
reverse titration plot (Mas  and Colman, 1985). The convex 

‘ “Experimental Procedures”  are presented in miniprint at  the end 
of this paper. Miniprint is easily read with the aid of a standard 
magnifying glass. Full size photocopies are included in  the microfilm 
edition of the Journal that is available from  Waverly Press. 

upward curve (Fig. 2a) characterized by a well pronounced 
maximum in  the Scatchard plot shows positive cooperativity 
of ligand binding (Cantor  and Schimmel, 1980). Only the plot 
for 1 p~ X repressor is shown. Precipitation occurs at Bis- 
ANS concentrations beyond that shown in Fig. 2b. The  inter- 
cept on the r-axis gave a value of 0.95/subunit as the number 
of binding sites. Fig. 2b shows Hill plot for 1 and 25 pM 
repressor. The half-saturating ligand concentration is simply 
the  apparent dissociation constant for the ligand macromol- 
ecule interaction.  In this case, the apparent K d  values at 1 
and 25 p~ repressor are 39 and 89 p ~ ,  respectively. Apparent 
Kd at three  other repressor concentrations were also deter- 
mined from the respective Hill plots. The values are given in 
Table I. The slope of the Hill plot gives the Hill coefficient 
(nH) which  may  be taken  as  a qualitative indicator of magni- 
tude of cooperative effect. Table I shows the dependence of 
apparent dissociation constant  and Hill coefficient at several 
repressor concentrations. I t  is quite evident from the table 
that both Hill coefficient and  apparent dissociation constant 
increase significantly at higher repressor concentrations. The 
dimeric repressor is known to associate in this protein con- 
centration range to  tetramers (Brack and  Pirotta, 1975). 
Thus, such protein  concentration-dependent increase of Hill 
coefficient and  apparent binding constants may be attributed 
to preferential binding of Bis-ANS to  the dimeric form of the 
repressor. In order to  further explore the validity of the above 
model we have  used nonlinear least square fitting of the 
experimental data  to  the model  in  which Bis-ANS binds to  a 
single site on repressor monomer preferentially in the dimeric 
form. We have attempted to fit the experimental data at three 
different repressor concentrations, e.g. 1, 4, and 12 pM. The 
quality of fit is good, as judged by the low chi-square values. 
The Bis-ANS dissociation constant from the repressor dimer 
at 1 , 4 ,  and 12 pM repressor concentrations  are 29, 34, and 29 
p ~ ,  respectively, indicating good agreement (data  not  shown). 

Localization of the Bls-ANS Binding Site-Two domains 
and  the hinge region of the X repressor differ in protease 
susceptibility, melting temperature  (Pabo  et al., 1979), and 
urea denaturation profile.’ Thus, we have  used controlled 
protease digestion, partial melting, and  partial urea-induced 
denaturation to localize the Bis-ANS binding site on the 
intact repressor. Fig. 3 illustrates the effect of trypsin diges- 
tion of the repressor on the fluorescence of repressor-Bis- 
ANS complex. The tryptophan fluorescence decayed rapidly 
initially and  then leveled off at approximately 70% of initial 
fluorescence intensity. The Bis-ANS fluorescence, however, 
increased rapidly to 150% of initial value during the first hour 
and  then declined to a value of approximately 95% of initial 
value. The  nature of the two curves suggests two consecutive 
phases of reaction. During the first phase, which lasted about 
3 h, tryptophan fluorescence decreased with a simultaneous 
increase of Bis-ANS fluorescence, followed  by the second 
phase in which Bis-ANS fluorescence declined without any 
further significant change in tryptophan fluorescence. The 
corresponding gel electrophoresis data show that initially 
trypsin cleaved the repressor producing three fragments fol- 

TABLE I 
Dependence of apparent  dissociation  constant (Kd)  and Hill 

coefficient ( n 3  on repressor concentration 
[Repressor] K d  nH 

P M  P M  

0.5 38 1.35 
1.0 39 1.33 
4.0 52.5 1.38 

12.0 55 1.58 
25 89 1.7 
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FIG. 3. Time course of trypsin digestion of X repressor. A 
solution  containing 11 p~ repressor and 2 p~ Bis-ANS was incubated 
with  trypsin in a ratio of 50:l (w/w) in 0.1 M potassium phosphate 
buffer,  pH 8.0. Open circles (0) indicate  change in fluorescence 
intensity of bound Bis-ANS; excitation was at  385 nm,  and emission 
was at  500 nm. Solid circles (0) indicate  change in tryptophan 
fluorescence, for which excitation was at  290 nm and emission was 
a t  340 nm. The  trypsin digestion was stopped a t  various times 
indicated, and  the products were analyzed by electrophoresis  on  a 
13.5% sodium dodecyl sulfate-polyacrylamide gel. 
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FIG. 4. Temperature dependence of Bis-ANS binding to X 
repressor. The reaction  mixture  contained 4 p~ repressor and 2 p~ 
Bis-ANS in 0.1 M potassium phosphate, pH 8.0. Solid circles (0) 
indicate change of fluorescence with increase of temperature. Open 
circles (0) indicate  change in anisotropy of Bis-ANS as a  function of 
temperature.  Excitation was at  385 nm, and emission was a t  500 nm. 

lowed by the second phase, which led to  further degradation 
of the larger fragment. Most  proteases  are known to  cut  in 
the hinge region around  amino acid  residues 92-100. This 
produces  a  C-terminal/hinge fragment  and a  smaller N-ter- 
minal fragment. Subsequent  cuts  often occur around  amino 
acid residues 120-132, producing a smaller  C-terminal frag- 
ment.  Thus  the  initial  phase  can be interpreted  as a cut  at 
around  amino acid  residues 92-100, followed by a subsequent 
cut  at  around  amino acid residues 120-132. No major  loss of 
Bis-ANS fluorescence under  this conditions  suggests that Bis- 
ANS does not bind exclusively in  the hinge region. 

Fig. 4 shows the effect of temperature  on  binding of Bis- 
ANS  to  the repressor.  Bis-ANS fluorescence increased  with 
increase of temperature.  It  continued  to increase well past  the 
melting temperature of N-terminal domain (51 "C).  Bis-ANS 
fluorescence started  to decrease above 60 "C. The  anisotropy, 

however, did not change  significantly  with temperature.  This 
indicates  that Bis-ANS  does not  bind  in  the  N-terminal 
domain.  5 M urea causes the  N-terminal domain of the X 
repressor to  denature completely without causing major de- 
naturation of the  C-terminal domain.' Bis-ANS  binding to X 
repressor was carried out  in several urea  concentrations,  and 
the  results  are shown in  Table 11. The  results show that even 
at 5 M urea, where the  N-terminal domain was completely 
denatured, significant  Bis-ANS  binding was retained, sug- 
gesting that Bis-ANS binds to  the  C-terminal domain. 

In  order  to confirm the localization of Bis-ANS  binding 
site we have  measured the  distance of bound  Bis-ANS from 
the N terminus by fluorescence energy transfer.  N-terminal 
amino group of repressor was labeled with FITC  under con- 
trolled conditions.  A similar reaction pattern  has been ob- 
served in ribonuclease  A (Garel, 1976). Bis-ANS and fluores- 
cein form a suitable donor-acceptor pair for singlet-singlet 
fluorescence energy transfer, because there is considerable 
overlap of emission spectra of Bis-ANS and absorption spec- 
tra of fluorescein. The  results  are shown in  Table 111. The 
upper  limit of the  transfer efficiencies and lower limit of the 
corresponding distances were calculated  according to  the pro- 
cedure described under "Methods." The  transfer efficiency 
and corresponding distances  are determined at  four different 
Bis-ANS concentrations  and is shown in  Table 111. The 
average distante between the  donor  and  the acceptor was 
found to be 56 A. Electron microscopic study of the yepresso; 
by Brack and  Pirotta (1978) reported  a size of 45 A x 65 A 
for the repressor  dimer. Assuming that  the  N-terminal of the 
repressor is a t  one  eqd of such  an elongated molecule, a 
distance of a t  least 56 A from the N terminus would place the 
Bis-ANS binding  site  on  the  C-terminal domain. 

In  order to demonstrate convincingly that  the binding of 
Bis-ANS  occurs at  the  C-terminal domain, we have studied 
the  binding of Bis-ANS to  the N- and C-terminal  fragments 
(1-92 and 93-236, respectively). The  fragment 93-236 was 
chosen,  because as shown in  the previous trypsin digestion 
pattern, complete digestion of the hinge leads to somewhat 
weaker  Bis-ANS  binding, which could be difficult to detect. 
Fig. 5  shows the  titration of whole repressor, N-terminal (1- 

TABLE I1 
Urea  concentration  dependence  of Bis-ANS binding 

to the X repressor 
Urea  concentration FIFO' 

M 
0 5.3 

3.4  4.6 
5.0  3.5 
6.0 2.0 
8.5  1.3 

~ ~~ 

F is the fluorescence of Bis-ANS in the presence of X repressor. 
Fo is the fluorescence of Bis-ANS in  the absence of X repressor. 

TABLE I11 
Fluorescence energy  transfer  and  distance 

between  FITC  and Bis-ANS 
FD+A is the fluorescence intensity in the presence of donor and 

acceptor. FA is the fluorescence intensity of the acceptor. r is the 
fractional saturation on Bis-ANS. E is the energy transfer efficiency. 
R is the calculated distance. R., is the average distance. 

[Bis-ANSI FD+A/FA r E R R." 
W 

5 1.08 0.056  0.396  47.8 
10 1.056  0.123  0.147  59.8 55.8 
15 1.088  0.205 0.119 62.3 
20 1.258  0.277  0.256  53.3 
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FIG. 5. Titration of X repressor (A), N-terminal domain (0), 
C-terminal domain (O), and N-terminal domain/operator com- 
plex (A) with Bis-ANS. Protein  concentration in all the experi- 
ments were 1 pM, and the operator  concentration was 0.5 pM. The 
excitation wavelength was  455 nm, and  the emission wavelength was 
500 nm. The fluorescence value in each experiment ( F )  was sub- 
tracted from fluorescence value of corresponding Bis-ANS concentra- 
tion in buffer only (Fo). Other solution conditions are as in Fig. 1. 

operator  DNA or poly ( d A   d T )  
AU added x IO 

FIG. 6.  Binding of X repressor and Bis-ANS complex with 
operator DNA and poly(dA*dT). Solid circles (0) represent titra- 
tion of 2 p~ repressor and 1 p~ Bis-ANS complex with operator 
DNA in 0.1 M potassium phosphate buffer, pH 8.0, at 25 "C. Open 
circles (0) represent titration of the same complex with poly(dA. dT). 
Excitation was at 385 nm, and emission was at 500 nm. Arrow, point 
where the ratio of operator to repressor dimer is 1. 

92),  and  C-terminal  domains (93-236) with Bis-ANS. Bis- 
ANS clearly binds to  the C-terminal domain, and virtually no 
binding can be detected with the N-terminal domain. The  N- 
terminal domain/operator complex also does not show any 
evidence of Bis-ANS binding. These  results clearly demon- 
strate  that Bis-ANS does not  bind to  the N-terminal domain 
and  the C-terminal domain is at least partly involved in Bis- 
ANS binding. 

Operator-induced Conformational Change-Localization of 
Bis-ANS binding on  the C-terminal domain (and possibly 
partly on the hinge region) allowed us to use it  as a probe for 
any global conformational change in the repressor molecule 
as DNA binds to  the N-terminal domain. Fig. 6 shows increase 
of Bis-ANS fluorescence during  titration of X repressor/Bis- 
ANS complex with operator DNA. The specificity of the effect 
is demonstrated since the fluorescence increase shows satu- 
ration at operator to repressor dimer ratio of about 1. Since, 
the operator-N-terminal domain complex does not bind Bis- 

ANS, this increase is unlikely to be due to binding of Bis- 
ANS to  the protein-DNA interface. Titration with poly(dA. 
dT) also causes increase of Bis-ANS fluorescence, the mag- 
nitude of which is much less compared with that obtained 
with operator. This could be due to weaker binding of 
poly(dA. dT) to repressor. 

In order to reinforce the above conclusion, we have used 
tryptophans of the X repressor as  a probe for global confor- 
mational change. All three  tryptophan residues (129,142,  and 
230) of the X repressor are  situated in either  the hinge or the 
C-terminal domain. As shown in Fig.  7, the binding of single 
operator 0 ~ 1  leads to quenching of tryptophan fluorescence. 
The  titration shows saturation behavior, with very little 
quenching occurring after repressor dimer to operator ratio 
1:l. The  titration with operator also leads to a 0.6-nm red 
shift of the emission maxima (data  not shown). The value of 
A2g6 after the  titration was only 0.05, indicating that  the 
quenching was not due to inner filter effect. Poly(dA.dT) at 
similar conditions have no detectable effect. 

DISCUSSION 

Sigmoidal binding of the ligand to a multi-subunit protein 
can occur for various reasons. If cooperativity, however, is 
protein  concentration-dependent  then it is likely that a ligand 
preferentially binds to one of several oligomeric forms in 
equilibrium with each other. Such instances  are well known 
in cases of enzymes like phosphofructokinase and glutamate 
dehydrogenase (Frieden and Colman, 1967). Binding of Bis- 
ANS to  the X repressor is sigmoidal in the protein  concentra- 
tion range 0.5-25 PM, and  the binding becomes less sigmoidal 
at lower protein concentrations. X repressor dimer is known 
to associate to tetramers in this  protein  concentration range 
(Brack and  Pirotta, 1975). Thus protein  concentration-de- 
pendent cooperativity may  be explained by preferential bind- 
ing of Bis-ANS to dimeric form of the repressor. Simulation 
studies also agree with this conclusion. 

X repressor contains two domains, N-terminal  and  C-ter- 
minal, connected by a hinge region. The hinge region  may 
have a folded structure (Gimble and  Sauer, 1986). Protease 
cleavage under controlled limiting conditions produces cuts 
in the hinge region (Pabo  et al., 1979). When Bis-ANS- 
repressor complex is digested with trypsin, the Bis-ANS flu- 
orescence increases indicating increased binding or increased 

I I  
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FIG. 7. 0 ~ 1  titration of X repressor. X repressor at a  concentra- 
tion of 1 pM in 0.1 M potassium phosphate, pH 8.0,  was titrated with 
0 ~ 1  (0) or poly(dA.dT) (0). The arrow indicates the point where the 
repressor dimer to 0 ~ 1  is 1:l. The excitation wavelength was  295 nm, 
and  the emission wavelength was 340 nm. 

0.8 
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quantum yield of the bound Bis-ANS. This indicates that 
Bis-ANS binding site is probably not located exclusively in 
the hinge  region. Increase of fluorescence of bound Bis-ANS 
upon  trypsin cleavage could occur because either the 93-236 
fragment favors dimeric form (Pabo et al. 1979) or the hinge 
(93-132)  may  have increased interaction with the Bis-ANS- 
C-terminal domain complex in  the fragment (93-236). Such 
hinge-C-terminal domain interaction  has been postulated for 
the analogous C2 repressor from bacteriophage P22 (DeAnda 
et al., 1983). As shown under “Results,” under conditions 
where N-terminal domain has  denatured without significant 
denaturation of C-terminal domain, significant Bis-ANS 
binding is  observed. This suggests that Bis-ANS binding site 
is at least partly on the C-terminal domain of the X repressor. 
Fluorescence energy transfer  studies a!so indicate that  the 
Bis-ANS binding site is at least 56 A away from the N 
terminus, again suggesting the C-terminal domain is involved 
in  the Bis-ANS binding. Binding studies with isolated N- and 
C-terminal fragments also clearly indicate that Bis-ANS bind- 
ing occurs on the  C-terminal domain and  N-terminal domain 
is not involved (although the hinge region  may  be partly 
involved). Preferential binding of Bis-ANS to  the dimeric 
form of the repressor and  the location of binding site at  the 
C-terminal domain raises an interesting possibility that  the 
Bis-ANS binding site is at or  near the dimer-dimer interface. 
It is  known that Bis-ANS favors hydrophobic sites  and many 
subunit interfaces are hydrophobic in nature. Thus Bis-ANS 
could act  as an inhibitor of cooperativity in X repressor. It 
also raises the possibility of identifying dimer-dimer contact 
sites by affinity labeling with a Bis-ANS analog. 

It is well known that  the X repressor binds  operators 
through the N-terminal domain (Jordan  and Pabo, 1988). 
When Bis-ANS-repressor complex  was titrated with a 17- 
base pair OR1 fragment the fluorescence increased approxi- 
mately by 40%, showing a  sharp  end  point at operator to 
repressor dimer ratio of 1. This increase in fluorescence could 
be due to increased binding of Bis-ANS to  the operator- 
repressor complex or increased quantum yield  of the bound 
Bis-ANS or shifting of the tetramer-dimer equilibrium to- 
wards dimer to which Bis-ANS binds preferentially. The 
latter possibility can be excluded since the fluorescence in- 
crease remained virtually identical at higher protein concen- 
trations  (data  not shown). This implies that upon DNA 
binding to N-terminal domain a conformational change occurs 
which is transmitted to  the C-terminal domain. This confor- 
mational change either lowers the dissociation constant or 
increase the quantum yield of Bis-ANS/repressor complex. 
Titration with poly(dA. dT) also causes some increase in 
fluorescence of bound Bis-ANS, although the magnitude of 
the increase is much smaller. This could be due to weaker 
affinity of the X repressor for poly(dA .dT)  and incomplete 
binding. Such conformational change has been noted before 
for  poly(dA.dT) bound Lac repressor (York et al., 1978). A 
second fluorescent probe (internal  tryptophans) was used to 
verify the operator-induced conformational change. All the 
tryptophans in the X repressor are distal to  the operator 
binding site. The existence of an operator-induced global 
conformational change is reinforced by quenching of trypto- 
phan fluorescence and red shift of emission maxima upon 
operator binding. 

As pointed out by Hochschild and  Ptashne (1988), the C- 
terminal domain must be able to rotate freely while the  N- 

terminal domain remains bound and anchored to  the operator 
DNA. Without such freedom of rotation,  contact between C- 
terminal domains of two dimers bound to adjacent and  non- 
adjacent operator  sites becomes impossible. We speculate that 
the conformation of C-terminal domain and  the hinge of the 
repressor is substantially different when bound to specific 
operator  or even poly(dA.dT). This conformation may  be 
more  flexible, and  it may be the active conformation for 
cooperative interactions  as well as one-dimensional diffusion 
along DNA (York et al., 1978). We suspect that  the evolution- 
ary necessity to have a more compact structure for the free 
repressor was to prevent the more  flexible active conformation 
to be degraded faster by cellular proteases. We note that 
Gimble and  Sauer (1986) have reported that several mutant 
repressors bearing mutations in the hinge region  which pre- 
sumably disrupts the hinge structure (making the repressor 
structure more open)  are much more susceptible to proteolytic 
degradation. 
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An Operator  Induced  Conformational  Change in the  C-terminal h a i n  of  the 
L..bdB Repressor 

by 

Rina 8aha.  UtDal  Banik.  SUmlta Bmdopadhyay. 
Nitai C. Usmdal.  B.Bhattacharyya  and  Siddhartha  Roy 

after  papain  digestion  according  to  Pabo et a l l .  (19791  with  slight 
modification.  Kinetics of papain digestion was calibrated  by  quenching  the 
reaction  at  different  tines  rith  Koshland  reagent 111 and  running lt on SDS- 
nolyacrylanide gel .  The  obtained  Dattsrn was verv 8zmilar  to that of  Pabo et .~ ~ 

a l . ,  119791. The  N-terminal  domain vas Purifled on L SP-sephadex  C-25.  After 
initial  uaahthrough  the  N-terminal d o n a n  was eluted  ulth a gradient  of 1 an 

wtdasium  Dhowhate buffer. UH 8.0. The  PUrifled  matertal  showed a single 
lyophilization  and  dialyzed  in a 2000 MY Cutoff  dlalySis  tubing  against 0.1 n 
to 100 mM KCI. Appropriate  fractlone were pooled.  concentrated  by 

m i  which  ii  characteriatlc  of  "On-tryptophan  contalnlng  protelns  (There are 
no LrYDtDphans  in  the  N-terminal  donalnl.  For  C-terminal domaln 193-2361 
purification,  the lambda repressor was digested  with  papal" for  appropriate 
time and the  mixture was then put on a SP-sephadex  C-25 column and  flow 

0-75 column equlllbrated  with 0.1 M phosphate  buffer. pH 8 . 0 .  The  identity  of 
through  collected.  The  flow  through vas then  further  purlfied over a Sephadex 

the  fragment xaB established  by  comparing  the inobliity of the  fragmenrs on 
SDS-PAGE  with  that  Of a papain  digest  uhlch  contalne  all  three  C-terminal 

a single  band  with  mobility equal to that of band ' a '  in  Pabo  et a l . .  11979). 
fragments.  When  analyzed  by  SDS-wlyacrylanlde gel electrophoreeie  it  showed 

Protein  concentration  of  the  fraonents were determined  bv  calculated 

reprB*oor monomer.  let Po be  the total  protein  concentration ~n terns of 
repreBQOr monomer and [B] represent  the  BiB-ms  conentration. Ye make one 
additional  assumption  that  total  Bis-ANS  concentration  IBIS  is  equal  to  the 
free  61s-AN8  concentration IBlr. This  assumption  is  justified  since 
significant  binding  takes  place  only  at  Bie-ANS  Concentraitons  which are much 
hiqher  than  the  protein  conaentrations. 

. 

calculated  according  to  the  following  equation: 

I, I -Gr * = .....~.. 
I ,  I f2Gr  

Phosphate buffer,  pH 8.0. containing different concentrations of urea.  
Urea Concentration dependence Mas carrled Out  in 0.1 M potaseiun 

Fluorescence wectra  of  buffers  containing  the same concentrations  of urea.  
but no prorein or Bis-ANS was BubtrdCted  from  each  spectra.  Ratio Of 
flUoresCenCe  Of 3 pM Bis-ANS  and  4 pM repressor  to 3 pM Bie-ANS at a given 

Z-eDleBBOr. 
urea concentration was taken a8 a measure of Bis-ANS  blnding  to  the 

Titration of la-a I ~ P ~ B S S O I  with  Operator  DNA  and  ply(dA-dT1:  poly 
IdA-dTI BolUtlon was dialyzed  against 0.1 I porsesium  phosphate  buffer. pH 

phosphate. pH 8.0 YaB titrated  with 0.1 Or poly IdA-dT1 and  the  tryptophan 
8.0. Lambda  repressor  at a concentration of 1 pn in 0.1 n potassium 

fluorescence Was monitored at 340 nm. The  excitation  wavelength Was 295 nm. 
TO  study the effect  of  DNA  binding on Bis-ANSlrepressor  CO~PIBX, 
TeDZ'eBBOr and 1 I4 BIB-ANS Was tltrated  with  increasing  concmtratio&k: 

operator DNA  and  poly Id*-dTI separately  at 2 5 - C .  Change 1" fluoreecence 
Intensity  of  bound Bin-ANS Ya8 measured at 500 nn. The excitation wavelength 

N-terminal.  C-terminal  domain  fragments  and N-terrnlnal domain/operator 
was 385 nm. Signal  averaging was used to  ~rnprove  signal  to  noise  ratio.  The 

COnCentrations  Of  Bis-ANS  and  fluoresce~c~nvalue was deteralned at 500 nm. 
The excitation wavelengths *ere 455 nm. 

Fluorescence energy  transfer  and  distance  calculation:  Lambda  repres80r 
was specifically labeled at the  N-termlnal  amino  acid  with  FITC.  Location  of 
the  label *as obtained  by  conparlng  the Cleavage pattern  Of  limited 

observation).  The distance  between  bound  Bis-ANS I t h e  energy donor1  and  FITC 
proteolysis  with Papain  and  trypsin  IBanik. U.  h ROY, S. UnDublished 

lthe acceptor) was determined with  the  help  of  the  following equation 

r 

complex  at a protei" Concentratio"  of was tltrated  ulth lncreaelng 

R = R. le-, - I l l ,*  

where R = Apparent  dietance  between  donor  and  acceptor. 

E = Energy  transfer  efficiency 

RI = Distance  where  transfer efficiency is 50 % 

Energy  transfer  efficiancy Can be  calculated u81ng the  fOlloYlng  equation: 

Fn.rlF. = It lE..Cn.EI/E..CA 

where Pm.r le the  fluorescence  inteneity  Of  the  donor  in presence of  the 

-efficient of  the  donor.  EA  is  the  extinction  coefficient of accBptor 
accepter. PA ie  the fluorescence of  the  acceptor. E. ie  the  extinctlan 

ICantor  and  Schimnel,  19801. 


