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Abstract 
The influence of effectors of yeast pyruvate decarboxylase, phosphate, pyruvamide, thiamin 
diphosphate and Mg*, on the pH-dependent equilibrium between dimers and tetramers was 
studied by synchrotron radiation X-ray solution scattering. Thiamin diphosphate and phosphate 
shift the equilibrium to higher values without altering the structure of the oligomers. Pyruvamide, 
a substrate analogue activator, induces a sigruficant change in the structure of the tetramer. By 
eliminating radiation damage by addition of dithioerythrol to the buffers, the scattering curves 
could be measured accurately over a large angular range. They were expanded in terms of 
spherical harmonics to obtain the shapes of the dimers and tetramers with higher resolution than 
was hitherto possible. This also allowed us to position the dimers, which are centrosymrnetric at 
low resolution, in the tetramers which have 222 symmetry. The results indicate that addition of 
pyruvamide results in a less compact tetramer owing to structural changes in the dimers and to 
their displacements. 

Introduction 
Solutions of yeast pyruvate decarboxylase (PDC), an enzyme involved in one of the steps of alcoholic 
fermentation, are characterized by a pH-dependent equilibrium between dimers and tetramers of the a and 
p subunits and the catdytic activity of the enzyme is related to the fractions of tetramers in the solutions 
[l]. In the experiments reported below, the influence of various effectors, phosphate, thiamin diphosphate 
and Mg", and pyruvamide, on this equilibrium was studied. Phosphate is known to enhance cooperativity 
in the tetramer while reducing ist affinity for the substrate [2] .  Thiamin diphosphate and Mg" are the 
naturai cofactors of PDC and their catalytic effects have been studied in detail [3-51. W v a m i d e  can 
replace the substrate, pyruvate, as an activator [6,7] converting the reaction rate curves from sigrnoid to 
hyperbolic. In previous experiments, radiation damage resulted in the progressive formation of octamers, 
an effect which made it difficult to obtain X-ray scattering patterns with good statistics. This difficulty was 
eliminated by addition of dithioerythrol to the buffers and more reliable scattering curves covering a larger 
range of scattering vectors were recorded. From these, shapes with higher resolution than those previously 
reported [ l ]  could be obtained for the dimers and the tetramers by expansion in spherical harmonics. These 
allow one to place the models of the dimer in those of the tetramers and to visualize the structural change 
induced by pyruvamide. 

Results 

The extended scattering curves of the solutions containing essentially dimers (pH 9.2) or tetramers (pH 
6.5) are illustrated in Fig. 1. The orthogonal expansion method indicates that the scattering data from the 
dimer can be described by ten independent parameters and those of the tetramer and of the tetramer + PA 
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by eleven independent parameters. The maximum sizes (D,,) of the dimer and native tetramer were found 
to be nearly identical, about 13 nrn, whereas the size of the tetramer + PA is approximately 10% larger. 
These estimates of D,, were hrther confirmed by the indirect transform program GNOMOKO, which 
gave the best results using D,, = 13 rim for the dimer and native tetramer and D, = 15 nm for the 
tetramer + PA. The processed scattering curves and the corresponding distance distribution functions are 
shown in Fig. 1 and the integral geometrical parameters of the different oligomers are summarized in 
Table 1. 
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Fig. 1. Left panel: Scattering from dimers (D), tetramers (T) and tetramers with pyruvmide (P): experimental data (dots) 
and fined curves Cfull lines). The curves have been displaced by one logarithmic unit for better visualization. Right panel: 
Distance distribution functions p (r) of the dimer (D), tetramer (T) and tetmner + PA (V). The vertical bar indicates the 
largest propagated error. 

Table 1. Geometrical parameters of dirners and tetramers and their models 

Addition of DTE to the buffers resulted in a much higher stability of the samples in the X-ray beam as 
illustrated in Fig. 2 and the scattering patterns at all pH values could be fitted satisfactorily as linear 
combinations of those of the dimers and tetramers only. This also confirms that the formation of octamers 
in the previous measurements [l] was due to radiation damage. 
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Fig. 2. Volume fractions of tetramers as a function of irradiation time for samples of pyruvate decarboxylase in buffers with 
different pH values containing 1 mM DTE. 

Oligomer content as a function of pH for native PDC and in the presence of the non-competitive inhibitor 
phosphate, the activator pyruvamide @A) and the cofactors thiamin diphosphate and Mg" were calculated 
as described previously [l] and the results are illustrated in Fig. 3. Native PDC in the range 5.5 < pH < 7.5 
is nearly completely tetrameric, between pH 7.5 and 9.5 there is an equilibrium between dimers and 
tertamers and above pH 9.5 the solutions contain nearly exclusively dimers. The effectors increase the 
tetramer fraction at higher pH-values and this effect is more pronounced with the cofactors, TDP and 
Mg". The volume fraction of tetrarners is still 100% at pH 8.5 and even at pH 9.5 it still reaches 40%. The 
influence of phosphate and pyruvamide is less pronounced and although the onset of dissociation of the 
tetramers is not shifted to higher pH-values, the volume fraction of the tetramers in the alkaline pH-range 
is higher than for native PDC. It reaches about 20% with pyruvamide and 25% with phosphate. Moreover, 
pyruvamide alters the conformation of the tetramers as indicated by the significant increase in radius of 
gyration (0.3 nm) and the discussion below. 
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Fig. 3 Volume fractions of dimers and tetramers as a function of pH for native PDC and for PDC in the presence of various 
effectors as indicated. 
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To determine the shape of the dimers and tetramers in solution it is necessary to put the experimental data 
on an absolute scale (i.e. the forward scattering should be equal to the square of the volume of the particles 
in the homogeneous approximation). 
For this reason the curves were scaled using the Porod volume, a parameter which does not depend on 
concentration. The Porod volumes given in Table 1 were evaluated from the outer parts of the scattering 
patterns following standard procedures [8] and subtracting a constant to force a S' dependence on the 
intensities at larger angles. For subsequent calculations, the experimental curves for 0 < s 2 nm" 
renomalized to these volumes were used. Data for s > 2 nm", where the contributions from 
inhomogeneities are significant, were discarded as they do not give additional information about the 
shape. 
The shape of the dimer was first determined with a resolution of L = 4 in several independent runs 
starting from very different initial approximations (sphere, ellipsoid, various non-centrosymmetric 
particles). These calculations all led to similar elongated shapes with two domains characterized by 
negligible contributions from the odd harmonics, I = 1 and I = 3 and differing only by a rotation (Fig. 4). 

Fig. 4 A-D. Shape of dimer of PDC with a resolution of L+. A View in the reference orientation looking down the z-axis. 
B Model A rotated by 90' around the x-axis. C Model B rotated 45 around the y-axis. D Model B rotated 4 5 '  around the y- 
axis. 

In the case of the tetramer, additional information can be used to achieve better resolution. Indeed, there 
are symmetry constraints on a stable tetramer formed by two dimers. The 222 symmetry which was 
previously found [g, 101 also exists in crystals of the ct4 homotetrarner [ l  l]. Since there are no significant 
differences between the a and P subunits at low resolution the a,P2 tetramer should also have 222 
symmetry (Fig. 5). 
This imposes strong restrictions on the multipole coefficients and, if the symmetry axes coincide with the 
cartesian axes, all coefficients except foo,fio, R e b ] ,  ImV;z], fa, Re&*], R e h ]  ... vanish. The shape with a 
resolution up to L = 6 is then described by 13 fi, coefficients. The number of independent parameters 
cannot be reduced by rotation, as the orientation is already fixed. However, at higher resolution the 
integral parameters of the particle (i.e. radius of gyration, volume, average intraparticle distance) which are 
also invariants of the scattering curve, can be fitted neatly. These invariants are expressed as combinations 
of the fr, coefficients [l21 thus reducing the effective number of independent parameters. Hence, the 
description of the tetramer with a resolution up to L = 6 in the 222 approximation involves again only ten 
independent parameters. The shapes of the tetramer and the tetramer + PA restored in the 222 
approximation are shown in Figs. 6 and 7 together with the corresponding fits. The R-factors are 1.4% and 
0.9%, respectively. The structure parameters of the models are given in Table 1. 



Fig. 5. Shape of the native tetramer of PDC (Zej?) and of the tetramer + PA (righ5) with a resolution of L=6. 
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