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SUMMARY 

An analysis of the conformational states of fructose 1,6- 
diphosphatase by the circular dichroism technique has been 
performed. It has been shown that the enzyme presents a 
strong rigidity of its over-all conformation. The addition of 
either the substrate or the allosteric inhibitor, AMP, or 
changes in the pH of the medium, do not produce significant 
modifications of the secondary and tertiary structure of the 
protein. The same situation holds even in 0.05 M sodium 
dodecyl sulfate, a condition in which the quaternary structure 
of the enzyme undergoes a profound modification. 

Small conformational changes have been detected, how- 
ever, after the addition of the substrate and of AMP. These 
changes appear to be restricted to a limited number of tyrosyl 
and, at maximum, to a few vicinal residues. It is concluded 
that the catalytic and regulatory functioning of the enzyme 
do not require substantial alterations in the secondary and 
tertiary structure of the protein, but are related to changes in 
the ionization of amino acid residues and to subtle variations 
of the quaternary structure. 

One of the central problems of modern enzyme chemistry is the 
definition of the role of the protein and active site conformation 
in catalysis. 

The study of the circular dichroism of enzymes in the presence 
and absence of substrates and inhibitors is a well established ap- 
proach to this problem. 

Fructose 1 ,6-diphosphatase from rabbit liver constitutes a 
particularly interesting enzyme in this respect because of the 
variety of situations encountered and of the information which 
has been progressively accumulated on the properties of this en- 
zyme Tke enzyme requires Mg++ or Ma++ for activity (I), is 
active at neutral and alkaline pII (2), and is allosterically in- 
hibited by AM (3-5). It, possesses four binding sites for the 
subdrate and an equal number for the allosteric effector, AMP 
(6-8). It binds four equivalents of I\In++ at neutral pII and 
four ntlditional equivalenta above $1 8.5 (9). The elizyme, of 
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molecular weight of 130,000, is dissociated in sodium dotleclyl sul- 

fate or by treatment with mnleic anhidride into two p:\irs of 
subunits of molecular n-eight. 29,000 to 31,000 and 35,000 to 
39,000, respectively (10). It has also been shown that the Ikld- 
ing of the substrate and of the inhibitor induct:: sigllificnnt 
changes in the state of ionization of n limited number of tyrosy1 
residues (11) and on the reactivity of the thiol groups (12). 

The present paper describes data on the circular dichrokm 
spectra in the far and in the near ultraviolet of rabbit livcxr fruc- 
tose 1 ,6-diphosphatase in the natire state and in the presence 
of the substrate and the inhibitor AMP under various csperi- 
mental conditions. 

Rabbit’ liver fructose 1,6-diphosphntase was purified accord- 
ing to the procedure of Pontremoli et al. (13). Protcill conccn- 
tration was calculated from the absorbance at 280 rnp; :t solution 
containing 1 mg per ml yielded an absorbance of 0.83. 

D-Fructose 1 ,6-diphosphate sodium salt and adellosilrcx 5’- 
monophosphate were obtained from Sigma. Sodium tlodecyl 
sulfate was purchased from Schuschardt,, (;orlitz, Ce~~mnny. 
111 other chemicals were reagent grade products. 

Circular dichroism measurements were performed with a 
Roussel-Jouan CD 185 dichrograph. Samples of the ljrotein 
n-ere examined at concentrations from 0.4 to 0.9 mg per ml. 
Cylindrical quartz cells were used with l-, 0.1., 0.05-, and 0.01.cm 
optical path. All measurements were made at 22”. The ab- 
sence of optical artifacts was determined by recording circular 
dichroism spectra of the Fame sample in cells of different optical 
path lengths. The data are expressed in terms of [01x, the mean 
residue molecular ellipticitp, defined as [01x = 3300 (Ed - t,) 
deg cm2 dmole-‘, where (Q - E$ is the difference between the 
molar (on a mean residue basis) extinction coeflicicnts for left 
and right circularly polarized light, 

RESULTS 

Effect of pII and Sodium Dodecyl Sulfaie ON Circvlnr Dichroism 
of fructose 1 ,6-Dipl~osphnlasr-I11 E’ig. 1 are reported the sI)ectra 
of circular dichroism, in the near and far nltrar-iolet, of the natiT-e 
enzyme at pH 6.0, 7.5, and 9.1. 

In the pcpticle absorption region the circul;lr dichroibn: frees, 
in the range of pH tested, are esycntinlly com~~nrable cscsept for a 
slight difference (if any) in the iiitensity of thcx bands. The 
spectra with negative extremn at 220 ant1 209 mp :m tylkxl of 
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significant amount of /Lhelical structure. On assuming the ab- 
scnce of contributing p structures, it can be calculated that the 
amplitude of t,he bands is consistent with 40 to 50% of alpha- 
helical form (14). In the aromatic region (Fig. l), the circular 
dichroism spectra show no substantial dependence on the pH. 
The curves are characterized by multiple, strongly overlapping 
Cotton effects. Owing to the absence of tryptophyl residues in 
fructose 1,6-diphosphatase, the spectrum in this zone should be 
assigned to opOically active transitions which involve mainly 
tyrosyl residues. As it is seen, t.he conformational differences 
are subtle and leave essentially unaltered the backbone and side 
chain conformation of the protein. The circular dichroism spec- 
tra of fructose 1,6-diphosphatase in 0.05 JI sodium dodecyl sul- 
fate (Fig. 1) show that the far ultraviolet dichroic patterns of the 
enzyme are essentially unaffected by the presence of the deter- 
gent. Because there is indication that sodium dodecyl sulfate 
eliminates the p form present in proteins (15-17), the essential 

invariability of t.he circular dichroism spectra of fructose 1,6-di- 
phosphatase after exposure to sodium dodecyl sulfate supports 
the idea that t,he beta form does not significantly contribute to 
the structure of the native enzyme. It can be concluded also 
that the process of disaggregation of fructose 1,6-diphosphatase 
into two subunits induced by sodium dodecyl sulfate (10) has 
lit.tle effect on t,he secondary structure of the enzyme. 

Effect of Substrate on Circular Dichroiw~ of Fructose l,&Di- 
phosphatase-Fig. 2 elicits the influence of the substrate on the 
circular dichroism spectra of fructose 1,6-diphosphatase at pH 
7.5 and 9.1. Again in the amide absorption region no substant,ial 
differences lvere observed, thereby emphasizing the poor con- 
formational flexibility of the polypeptidc backbone. Actually, 
the curves are all comparable either in the presence or absence 
of the substrate at both pII values. 

On the contrary, the spectra in the aromatir region clearly 
show that the binding of the substrate induces a conformat~ional 
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FIG. 1. Near ultraviolet (right) and far ultraviolet (left) circular dichroism spectra of fructose 1,6-diphosphatase (0.5 mg per ml) at 
different pH. . . . ., water, pH 6.0; w, 0.02 M Tris-acetate buffer, pH 7.5; - - 0.02 M Tris-acetate buffer, 
dodecyl sulfate, pH 7.2. 

-, pH 9.1; -.-., 0.05 RI sodium 
In all of the experiments the addition of divalent ions was omitted so as to eliminate catalysis. 
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FIG. 2. Near ultraviolet (right) and far ultraviolet (left) 
the presence of 0.1 mu fructose 1,6-diphosphate. 

circular dichroism specka of fructose 1,6-diphosphatase (0.4 mg per ml) in 

the presence of this concentration of the substrate, 
p, 0.02 M Tris-acetate buffer, pH 7.5; - - -, 0.02 M Tris-acetate buffer, pH 9.1. In 
at both pH values, the binding sites of the enzyme are practically all saturated (6). 
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change in the state of the tyrosyl residues contribut.ing to the op- 
tical activity. Both at pH 7.5 and 9.1, in the presence of the 
substrate, the positive dichroism between 260 and 285 rnp is 
enhanced by a significant and reproducible amount. This find- 
ing points out that fructose 1,6-diphosphatase is in two different 
conformational states in the presence or in the absence of the 
substrate. 

Eflect of AMP on Circular Dichroism of Fructose 1,6-Diphos- 
phatase-The circular dichroism spectra of the enzyme in the 
presence of AMP are shown in Fig. 3. It is to be noted that 

AMP at concentration of 0.1 mM exhibits negative dichroism in 
the near ultraviolet in the region between 240 and 280 rnp (see 
inset in Fig. 3). Ke also present the spectra of the protein in 
this region obtained by substracting the contribution of AMP 

to the resultant dichroism. This procedure, although widely 
used, is to some extent not completely correct, as it’ is l~nscd on 
the assumption that the dichroic absorption of XhIP will be u11- 
changed by the binding wit’h the protein. However, the effect 
of the binding on a small molecule such a~ LILIl-’ should pre- 
sumably be small and largely overcome by an :m:~logous effect 
on the protein. Therefore, the applied procedure, although a 
priori not rigorously quant,itatire, can be accepted in qualitative 
terms. 

In Fig. 3 it is seen that at pH 9.1 the spectra of the I)rotein 
after the binding of d1\IP retain only the positive band at about 
287 rnp. This band is also present in the protein iiitlcpcllclclltlp 
of the presence of .UIP. The spectra at lower wave lengths hare 
lost any positive dichroism and are characterized by largr ncgn- 
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FIG. 3. Near ultraviolet (right) and far ultraviolet (left) circular 
dichroism spectra of fructose 1,6-diphosphatase (0.4 mg per ml) 

O--O, curves at pH 7.5 and 9.1, respectively, calculated by 

in the presence of 0.1 mlr AMP. p, 0.02 BI Tris-acetate buffer, 
subtracting the contribution of AMP. In the presence of this 

pH 7.5; ---, 0.02 11 Tris-acetate buffer, pH 9.1. 
concentration of the inhibitor, at both pH values, the binding sites 

O---O and of the enzyme are practically all saturated (7). 
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FIG. S. Far ullraviolet (Tight) and near ultraviolet’ (left) circular dichroism spectra of fructose 1,6-diphosphatasc (0.4 mg per ml) in 
the presence of 0.1 rnhf fructose 1,6-diphosphate and 0.1 mM AMP. p, 0.02 M Tris-acetate buffer, pII 7.5; - - -, 0.02 hr Tris-acetate 
buffer, pH 9.1. Only the curves calculated by subtracting the contribution of ilMP are reported. 
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tive optical activity which, in our opinion, could hardly be as- 
signed only to the contribution of changes in the optical activit’y 
of AMP itself when bound to the enzyme. The far ult’rariolet 
circular dichroism spectra of Fig. 3 (no dichroic absorption is de- 
tectable in AXP in this region) show only small variations in the 
over-all confornlation of the enzyme when bound to AXIP both 
at pH 7.5 and 9.1. Indeed, a slight decrease in negative ellip- 
ticity of the bands is the only detectable effect. 

Eflects of Both Substrate and AMP on Circular Dichroisrn of 
Fructose 1,6-Diphosphatase-;2n inspection of the circular di- 
chroism curves of fructose 1 ,6-diphosphatase in the presence of 
both fructose 1 ,6-diphosphate and ,UIP (Fig. 4) reveals that 
both in the far and in the near ultrariolet region the effect of the 
inhibitor apparently is far larger than that of the substrate. 
Actually, the spectra are very similar, if not identical, to bhose 
obtained in the presence of AlVIP alone. Therefore, it appears 
that the synergistic effects so far obserred between the substrate 
and the inhibitor by means of kinetic and equilibrium studies (i’, 
12, 18) do not derive, within the limits of the circular dichroism 
t,echnique, from a conformational alternation induced by fruc- 
tose 1,6-diphosphate on the AI\IP-protein complex. 

DISCUSSION 

The data obtained in this investigation suggest a strong rigidit! 
of the over-all conformation of fructose 1 ,6-diphosphata,se. In 
fact, under conditions (0.05 31 sodium dodecyl sulfate) in which 
the quaternary structure undergoes a profound modification, no 
significant changes of the secondary structure can be detected 
from the adysis of the circular dichroism spectra in the far 
ultraviolet. The same rigidity is revealed under all of the other 
experimental conditions tested ($1 changes, addition of the sub- 
strate, and addition of Ah’lP). However, from the inspection of 
the near ultraviolet circular dichroism spectra, slightly altered 
conformational states arc revealed when the substrate or .UIP 
is added or when the protein has been exposed to sodium dodecyl 
sulfate treatment. 

The addition of the substrate enhances the optical activity by 
about 270 to 2X5 nip, the effect being larger at pH 7.5 than at 

pl1 9.1. This finding can be explained on the assumption that 
the substrate, on interacting with the protein, could reduce eit,her 
in a direct or in an indirect way the rotational mobility of the 
optically active t’yrosine side chains, thereby enhancing the di- 
chroism of these aromatic chromophores. An alternative es- 
planation could postulate that the binding of the substrate could, 
again directly or indirectly, render optically active some new 
tyrosyl residues previously inactive. Because the addition of 
the substrate does not influence the shape of the circular di- 
clxoism curve but only the ellipticity value, it seems more likely 
that the effect is related to the modification of the microenriron- 
merit of the same tyrosyl residues contributing to the optical 
activity of the nat’ive enzyme in t’he absence of the subst,rate. 

The addition of UIP, as in t,he case of the substrate, affects 
the optical activity of the tyrosyl residues by a conformational 
change which has to be restricted to a limited number of tyrosyl 
residues and, at maximum, to a few I-icinnl residues, as it is shown 
by the invariability of the far ultraviolet circular dirhroism 
spectra. 

Because the effects of fructose 1 ,6-diphosphate and AhlP on 
the enzyme markedly differ (Figs. 2 and 3), we can conclude, in 
accordance with previous data (11, 18), t’llat different tyrosyl 
residues are affected by the binding of fructose 1,6-diphosphate 
and of AMP. 

From our study it seems clear that the catalytic and the regu- 
latory funct,ioning of the enzyme, in relation to the PI-I, or to the 
presence of the substrate and of the inhibitor, do not require 
substantial alt,erations in the secondary and tertiary structure of 
the protein, but are related only to changes in the ionization of 
amino acid residues and to subtle variations of the quaternary 
structure. 
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