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1. Introduction 

The citrate synthases (EC 4.1.3.7) of Gram-negative 
bacteria have been shown to be sensitive to regulation 
by NADH [ 11. As in studies of other regulatory enzy 
mes, useful information may be gained from the selec- 
tive modification of the catalytic or regulatory enzy- 
mic functions and, indeed, desensitization to regulatory 
effecters is the favoured operational criterion of an 
allosteric mechanism. 

We have investigated the effects of photo-oxida- 
tion on the behaviour of citrate synthase from Acineto- 
bacfer Zwoffi, a strictly aerobic Gram-negative bac- 
terium, and have found that photo-oxidation results 
in desensitization of the enzyme to NADH inhibition. 
Under. other conditions the enzymic activity may be 
destroyed by photo-oxidation and this has been inves- 
tigated with both Methylene Blue and Rose Bengal 
as the photo-sensitive dyes. The cationic and anionic 
nature, respectively, of these two dyes gives rise to a 
hitherto unreported complementary pattern of pH 
dependence of photo-inactivation and our results 
suggest that specific interactions between dye and en- 
zyme may be crucial for the photo-oxidation process. 

2. Experimental 

Citrate synthase was purified from nutrient-grown 
A. Zwoffi by a procedure very similar to that previous- 
ly described for Escherichia coli citrate synthase [2]. 
The purified enzyme had a specific activity of 80 
pmoles of CoA.SH formed per min per mg of protein. 

Unless otherwise stated, assays of enzymic activi- 
ty were performed spectrophotometrically at 412 nm 
[3] in 0.1 M Tris-HCl, pH 8.0, with 0.2 mM oxaloa- 
cetate, 0.15 mM acetyl-CoA and 0.1 mM 5,5’-dithio- 
bis(2nitrobenzoate). 

Photo-oxidation was carried out with a 150 Watt 
spot-light positioned 20 cm from the reaction mixture 
contained in a conical glass centrifuge tube immersed 
in water maintained at 20°C. Buffer solution (50 
mM phosphate at the appropriate pH) and enzyme 
(plus oxaloacetate where used) were introduced into 
the tube in a volume of 0.9 ml. The light was switched 
on and the photo-oxidation initiated by the addition 
of 0.1 ml of the photo-sensitive dye to give a final 
dye concentration of 3 PM. At intervals, samples were 
withdrawn and, to prevent further reaction, immedia- 
tely diluted ten times with 0.1 M Tris-HCl buffer, 
pH 8.0, in small glass tubes covered with aluminium 
foil. The concentration of protein in photo-oxidation 
experiments was 0.1 mglml. Suitable control experi- 
ments were carried out in the absence, respectively, 
of dye, light or oxygen. In this way it was demon- 
strated that the various effects observed were the re- 
sults of photo-oxidation of the enzyme. At the lower 
pH values examined, control rates of enzyme inactiva- 
tion in the absence of dye were subtracted from the 
observed photo-inactivation rates. 

3. Results and discussion 

The effect of photo-oxidation on the catalytic 
activity was first investigated. Fig. 1 shows the time- 
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Fig. 1. Photo-inactivation of citrate synthase with Methylene 
Blue. Photo-oxidation was carried out as described in the 
text in 50 mM phosphate buffer, pH 7.0 (01, enzyme alone; 
(o), with 1 mM oxaloacetate. 

course of photo-inactivation with Methylene Blue in 
50 mM phosphate buffer, pH 7.0. The presence of 
substrate, 1 mM oxaloacetate, during the photo-oxi- 
dation resulted in considerable protection. Thus, for 
example, when the enzyme had been photo-oxidized 
for 20 min in the absence of oxaloacetate, less than 
20% of the original activity remained whereas, in the 
presence of 1 mM oxaloacetate, 60% of the activity 
was retained (fig. 1). 

The pH dependence of photo-oxidation with Methy 
lene Blue is shown in fig. 2. The shape of this curve 
implicates a group with a pKa in the region of 6.0- 
6.5 in the photo-inactivation and is therefore a tenta- 
tive indication that histidine may be involved in the 
activity of the enzyme, though amino-acid analysis 
and other specific modification will be required to 
support this. With E. cob citrate synthase, photo- 
oxidation experiments also implicated histidine in 
catalytic activity and the results of amino-acid analy- 
sis and inactivation with diethyl pyrocarbonate sup 
ported this conclusion [4]. 

Rose Bengal was introduced as a photo-sensitive 
dye in the hope that its anionic structure would re- 
sult in greater specificity for active sites that bind 
anionic substrates than that shown by the cationic 
Methylene Blue [5]. This hope was fulfilled in the 
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Fig. 2. pH Dependence of the rate of photo-inactivation with 
Methylene Blue. The relative rates, in arbitrary units, were 
obtained from the slopes of semi-log plots of the decay of 
enzymic activity. 

case of yeast enolase [ 51 in which Rose Bengal was 
found to be far more efficient, and more specific for 
histidine residues, than Methylene Blue. Rose Bengal 
has subsequently been used in photo-oxidation studies 
on a large number of enzymes and proteins, e.g. 
[6-121. 

We therefore examined the photo-inactivation of 
citrate synthase with Rose Bengal. Initial experiments 
were done at pH 8.0 and unexpectedly showed an 
inactivation rate very similar to that obtained with 
Methylene Blue. However, when photo-oxidation was 
done at lower pH, enhanced rates of inactivation were 
observed and fig. 3 shows the pH dependence of photo- 
inactivation with Rose Bengal. The shape of the curve 
suggests that a group with a pKa in the region of 5.5- 
6.0 may be involved in the photo-inactivation and this 
might again be a histidine residue [ 13,141. However, 
whereas the Methylene Blue experiments suggest that 
photo-oxidation occurs with the unprotonated resi- 
due, the results with Rose Bengal suggest that it is the 
protonated form which is more susceptible to photo- 
oxidation. 

The photo-oxidation behaviour observed here with 
Rose Bengal is very unusual and, to our knowledge, 
only one other case of such behaviour has been re- 
ported [ 151. It is generally believed that photo-oxi- 
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Fig. 3. pH Dependence of the rate of photo-inactivation with 
Rose Bengal. The relative rates, in arbitrary units, were ob- 
tained from the slopes of semi-log plots of the decay of en- 
zymic activity. 

dation of histidine occurs only when the imidazole 
group is unprotonated [5,16]. Moreover, with the 
exception of flavins, photo-sensitive dyes show incre- 
ased rates of photo-oxidation with increasing pH, 
regardless of the charge on the dye [ 17,181. Never- 
theless, the interaction between the anionic Rose 
Bengal and histidine residues would be expected to 
be greatest when the latter are in the cationic proto- 
nated condition. The unusual pH dependence which 
we have observed is consistent with such an interao 
tion and it may be that strong binding of the dye to 
the enzyme leads to a redistribution of charges which 
allows histidine to be photo-oxidized at low pH. 
The complementary pH dependences of photo-inac- 
tivation by the cationic Methylene Blue and anionic 
Rose Bengal observed in the present study constitute 
a novel dye-specific phenomenon. Further studies may 
show that this type of behaviour occurs with some 
other enzymes and may reveal that greater specificity 
of residue destruction is achieved at the lower pH 
values. 

The marked protection by oxaloacetate against 
photo-oxidative destruction of enzymic activity has 
enabled us to study the selective photo-oxidation of 
the regulatory sensitivity to NADH. Photo-oxidation 
in the presence of 1 mM oxaloacetate and either Methy- 

Fig. 4. Inhibition of native and desensitized citrate synthase 
by NADH. Assays were performed as described under Expe- 
rimental but in buffer of composition 20 mM Tris adjusted 
to pH 8.0 with the disodium salt of EDTA. (01, native en- 
zyme; (o), enzyme photo-oxidized in 50 mM phosphate, pH 
7.0, 1 mM oxaloacetate, for 20 min with Methylene Blue. 

lene Blue or Rose Bengal results in active enzyme al- 
most completely desensitized to NADH inhibition 
(fig. 4). This selective desensitization clearly demon- 
strates the allosteric nature of the NADH regulation. 

Examination of the dependence of enzymic acti- 
vity on the concentrations of both acetyl-CoA and 
oxaloacetate indicated essentially identical behaviour 
for the native and desensitized enzyme. We have pre- 
viously shown that those citrate synthases which are 
inhibited by NADH are considerably larger molecules 
than those which are insensitive to NADH [ 191. It 
was therefore conceivable that desensitization had 
been accompanied by molecular dissociation. How- 
ever, gel filtration experiments with the same marker 
proteins used previously [ 191 indicated no breakdown 
into smaller units. 

In view of the different pH dependences of photo- 
inactivation with Methylene Blue and Rose Bengal 
reported above we examined photo-oxidative desen- 
sitization by these two dyes at various pH values. 
In contrast with the effects on enzymic activity, 
photo-oxidation with either dye in the presence of 
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1 mh4 oxaloacetate caused desensitization to NADH 
at rates which increased with increasing pH. 

Phosphofructokinase,from sheep heart [20] and 
phosphoenolpyruvate carboxylase from E. coli 1211 
have been desensitized to their regulatory effecters 
by photo-oxidation but, otherwise, the technique 
has been little used to desensitize regulatory enzymes 
though it is likely to offer a useful addition to the 
other methods employed. Indeed, in the present case 
of A. lwoffi citrate synthase, photo-oxidative desen- 
sitization is particularly valuable as urea, thiol-block- 
ing reagents or heat - the frequently used desensiti- 
zing treatments - are ineffective. It has been shown 
that some dehydrogenases can bind dyes in competi- 
tion with the nucleotide 18,221 and the possibility 
has been suggested [23] that dye-binding to nucleo- 
tide sites may be of general occurrence and photo-oxi- 
dation may thus be a useful tool in the examination 
of nucleotide-sensitive enzymes. The results presented 
here provide another example in support of this 
possibility. 

131 

141 

[51 
161 

171 

[81 

[91 

[lOI 
[ill 

[I21 

[I31 

[I41 

1151 

[I61 
1171 

Srere, P. A., Brazil, H. and Gonen, L. (1963) Acta Chem. 
Stand. 17, S129-S134. 
Danson, M. J. and Weitzman, P. D. J. (1973) Biochem. 
J. 135, 513-524. 
Westhead, E. W. (1965) Biochemistry 4,2139-2144. 
Martinez-Carrion, M., Turano, C., Riva, F. and FaseIla, 
P. (1967) J. Biol. Chem. 242, 1426-1430. 
Bond, J. S., Francis, S. H. and Park, J. H. (1970) J. 
Biol. Chem. 245, 1041-1053. 
Rippa, M., Picco, C. and Pontremoli, S. (1970) J. Biol. 
Chem. 245,4977-4981. 
Takahashi, K. (1971) J. Biochem. (Tokyo) 69, 331- 
338. 
Groudinsky, 0. (197 1) Eur. J. Biochem. 18,480-484. 
Coulson, A. F. W. and Yonetani, T. (1972) Eur. J. 
Biochem. 26, 125-131. 
Thome-Beau, F. and Olomucki, A. (1973) Eur. J. Bio- 
them. 39,557-562. 
Sluyterman, L. A.. A. (1962) Biochim. Biophys. Acta 
60,557-561. 
Semeriva, M., Dufour, C. and DesnueIIe, P. (1971) 
Biochemistry 10, 2143-2149. 
Frankfater, A. and Fridovich, I. (1970) Biochim. 
Biophys. Acta 206, 457-472. 
Weil, L. (1965) Arch. Biochem. Biophys. 110, 57-68. 
Spikes, 3. D. and Straight, R (1967) Annu. Rev. Phys. 

Acknowledgement Chem. 18,409-436. 

We thank the Science Research Council for sup- 
port (Grant B/SR/8065). 

[18] Spikes, J. D. and Livingston, R. (1969) Advan. Radiat. 
Biol. 3, 29-121. 

References 

[ 191 Weitzman, P. D. J. and Dunmore, P. (1969) Biochim. 
Biophys. Acta 171, 198-200. 

[20] Ahlfors, C. E. and Mansour, T. E. (1969) J. Biol. Chem. 
244,1247-1251. 

[ 1] Weitzman, P. D. J. and Jones, D. (1968) Nature 219, 
270-272. 

[21] Teraoka, H., Izui, K. and Katsuki, H. (1972) Arch. 
Biochem. Biophys. 152, 821-827. 

[22] Brand, L, Gohlke, J. R. and Rao, D. S. (1967) Bioche 
mistry 6, 3510-3518. 

[ 21 Weitzman, P. D. J. (1969) in: Methods in Enzymolo [23] Westhead, E. W. (1972) in: Methods in Enzymology, 

gy, Vol. 13, pp. 22-26, (Lowenstein, J. M., ed.), Aca- Vol. 25B, pp. 401-409, (Hirs, C. H. W. and Tiiasheff, 

demic Press, New York. S. N., eds.), Academic Press, New York. 

100 


