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ABSTRACT. The quaternary structures of the thiamine diphosphate dependent enzyme pyruvate decarboxylase
(EC 4.1.1.1) from the recombinant wild type $&ccharomyces cearisiae and Zymomonas mobiliand

from germinatingPisum satium seeds were examined by X-ray solution scattering. The dependence of
the subunit association equilibrium on the pH and the presence of the cofactors thiamine diphosphate and
magnesium ions were compared, and the differences between the catalytic properties of the different
enzymes are discussed. The influence of amino acid substitutions at the cofactor binding site of the enzyme
from Saccharomyces cerisiae (E51 is substituted by Q or A and G413 by W) on the subunit association
was examined. Low-resolution models of tRe satvum, Z. mobilis and S. cereisiae enzymes were
evaluated ab initio from the scattering data. The enzyme from the bacterium and yeast appear as a dimer
of dimers, whereas the plant enzyme is an octamer formed by two tetramers arranged side-by-side. The
shape of theS. cereisiae enzyme agrees well with the atomic structure in the crystal but suggests that
the dimers in the latter should be tilted by approximately. lthe resulting modification of the atomic
structure also yields a significantly better fit to the experimental solution scattering data than that calculated
form the original crystallographic model.

Previous X-ray scattering studies on pyruvate decarbox- tion of TDP in the active centers is very similar in all
ylase (PDC) from brewer’s yeast have shown that there is enzymes analyzed so far by X-ray crystallograpBydnd
a pH-dependent equilibrium between dimers and tetramerscorresponds to the “V” conformatiorb) predicted on the
in solution (1) and that the rate of dissociation of the cofactors basis of comprehensive kinetic studies with a number of
is equal to the rate of reversible enzyme inactivation and coenzyme derivatives/). The dissociation of the cofactors
proportional to the fraction of dimeric enzyme. Effectors (the proceeds at alkaline pH values (above 7) and can easily be
activator pyruvamide, the inhibitor inorganic phosphate, and monitored over the reduction of the catalytic activity, which
the cofactors thiamine diphosphate and magnesium ions)in turn is linked to a change in the quaternary struct@je (
influence the equilibrium between subunits, but only the The catalytic activity of the enzymes froBaccharomyces
cofactors significantly stabilize the tetramef.(The low- cerevisiae and from Pisum satium is regulated by their
resolution structural models of the dimers and tetramers of substrate pyruvated( 10). The kinetics of this activation
PDC from brewer’s yeast obtained in the course of these results in a sigmoid dependence of the reaction rate on
studies were later confirmed by the crystal structure of one substrate concentration. The expected large conformational
of the isoforms of the enzyme3( 4). changes during enzyme activation were proven by cross-

All PDCs described so far consist of nearly identical linking experiments with the brewer’s yeast enzyrh#) @nd
subunits with molecular masses around 60 kDa, and a set ofoy the crystal structure of the pyruvamide-activated state of
cofactors-one TDP molecule and one divalent metaHas this enzyme 12). In the activated state of PDC, two of the
bound very tightly but noncovalently at pH 6. The conforma- active sites are closed by flexible loops which are, however,

not visible in the crystal structure of the native enzyme (
TThis work was partially funded by the Bundesministeriuim fu PDC from Zymomonas mobiligs not substrate-regulated.

Bildung, Wissenschaft, Forschung und Technologie (Grants No. 05- This enzyme has a lowéty for its substrate pyruvate (0.4
641KEBO and No. 03-K04HAL-2), and by the INTAS (Grants No. mM (13) compared to 1 mM for the activated state of the

95-1272 and No. 96-1115). east and plant enzyme, respectiv and higher
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Small-angle X-ray scattering with synchrotron radiation

allows us to make static and dynamic studies of the ligand-

Kdnig et al.

the buffer scattering was subtracted and the statistical errors
were calculated using the program Sapoko (Svergun and

induced changes in the interactions between subunits inKoch, unpublished). The data were processed with the

solution. The effect of the cofactors on subunit association

program Gnomokea version of the indirect transform

can thus be studied as an independent level in the regulationpackage Gnom24—26) running on an IBM PE-to obtain

of enzymatic activity. Low-resolution models of the shape

the forward scattering intensityi(Q)) and the radius of

of the enzyme can be computed from precise scatteringgyration ) or the radius of gyration of the cross section
curves. When the crystal structures are available, these(R,). The molecular masses were calculated from the ratios
calculations provide a check for the consistency of the crystal of 1(0) to protein concentrations of bovine serum albumin

and solution structured 6,17 and further allow us to analyze

the differences in terms of domain movements. Otherwise,

as in the case of PDC froh mobilisand germinating seeds
of P. satbum they provide the first direct evidence for the
quaternary structure of these enzymes.

MATERIALS AND METHODS

All enzymes were freshly prepared following the methods
of Sieber et al. 18), modified by Kaig et al. () for PDC
from brewer’s yeast, of Killenberg-Jabs et all9)( for
recombinant PDC (wild type and mutants G413W, E51A,
and E51Q) fromS. cereisiae (the strains were kindly
provided by I. Eberhardt and S. Hohmann, Instituut voor
Plantkunde, Katholieke Universiteit Leuven, Belgium), of
Micke et al. 14) modified by Dietrich (unpublished) for
PDC from germinating seeds Bf satvumcv. Miko as well
as of Schifiner (unpublished) for recombinant wild-type PDC
from Z. mobilis

Except for samples requiring preincubation, the solutions
were prepared immediately before the X-ray scattering

measurements from enzyme stock solutions at the highes

possible concentrations{&5 mg/mL). For pH dependence

studies, good buffers with pH values corresponding to the
pKa of the buffer substances were used exclusively. Effectors
were added at saturating concentrations (10 mM thiamine
diphosphate, magnesium sulfate). Possible denaturation of 2
the enzymes during the X-ray scattering measurements could

(or calf thymus DNA) and of the samples. The oligomer
contents were calculated using the merged processed files
in the program Oligomer (Svergun, unpublished).

For the ab initio shape determination, envelopes of the
enzymes were parametrized using spherical harmonics such
as (6, 27

L |

Flo) = ; 2 fim Yim(®) (1)

where w = (0,¢) are the spherical coordinatek, are
complex numbersy, are the spherical harmonics, and the
value L defines the resolution of the shape representation
which is equal todr = zRy/(L + 1), whereRy = (5/3)V°Rg

is the radius of the equivalent sphere. Higher oligomer
structures, e.g., tetramers or octamers, usually display a 222
symmetry (which is also the case for native yeast PB;, (

and this symmetry restriction was used to reduce the number
of model parameters. The shape determinations were per-
formed with terms up toL = 6, which, assuming 222
symmetry, yields 13 free parametéig in expansion 1.

tThe latter were determined with a nonlinear optimization

procedure by minimizing the discrepangy)(between the
experimental and calculatet(§)) curves

I(%) - Iexp(%) 2
o(s)

1
N_ll

x 2

be excluded by reference measurements of the protein

absorption and the catalytic activity of the irradiated samples.

Measuring temperatures o and addition of 1 mM DTE

whereN is a number of experimental points ahgys) and
o(s) are the experimental intensity and its standard deviation,

to all Sample buffers guaranteed residual activities above 90%respective|y_ The Scattering curves from the atomic models

of the original ones for all sample&)( All protein concen-

are calculated using the program Crys28B)( which sur-

trations and pH values used for parameter calculation werergunds the macromolecule in solution by a hydration layer
determined with the original samples after the measurementsof a thickness of 0.3 nm with an adjustable dengityThe

The solution scattering data were collected following
standard procedures with the X33 came28-22) of the
EMBL in HASYLAB on the storage ring DORIS of the

Deutsches Elektronen Synchrotron (DESY) at Hamburg using

multiwire proportional chambers with delay line read@8)(

Data were collected at three different camera lengths (1.3,

2.7, and 4 m) covering ranges of momentum transfer
47 sin 6/4 (26 is the scattering angle and= 0.15 nm is
the wavelength) between 0.1 and 2.6 inBovine serum
albumin (Merck) and DNA from calf thymus (Sigma

Aldrich) were used as calibration substances for the calcula-

scattering from a particle in solution is

1(9) = OALD) — pALD) + 0pADITy  (3)

whereAy(s) is the scattering amplitude from the patrticle in
vacuo, Ay(s) and Ay(s) are, respectively, the scattering
amplitudes from the excluded volume and the hydration
layer, both with unitary densityypr = pp — ps ps iS the
density of the bulk solvent, aridg denotes the orientational
average in reciprocal space. Given the atomic coordinates,
the program either predicts the solution scattering profile or

tion of molecular masses and mass/length ratios, respectivelyfits the experimental data by adjusting the excluded volume

Protein concentrations of 7 mg/mL for the enzyme frBm
sativum, 3—15 mg/mL for the enzyme frord. mobilis,and
5—-24 mg/mL for that from recombinant wild type and
mutants ofS. cereisiaewere used during the measurements.
The experimental data were normalized to the intensity of

of the particle and the contrast of the hydration lages.

For the rigid-body refinement of the position of the dimers
in the atomic model of the yeast PDC, a dimer was oriented
so that the 2-fold axis transforming it to the other dimer
coincided with theY axis, and its scattering amplitude was

the incident beam and corrected for the detector responsegvaluated using Crysol. Any arbitrary configuration of the
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Table 1: Comparison of the Molecular Masses Calculated from the Forward Scattering, Radii of Gyration, and Volume Fractions of Pyruvate
Decarboxylases from Different Organisms at pH 6

volume fraction (%)

molecular mass radius of gyration
organism (kDa) (nm) dimer tetramer
Saccharomyces cerisiae, brewer’s yeast 226 14 4.17+ 0.06 0+5 100+ 5
Saccharomyces cerisiae, recombinank. coli 239419 3.954+ 0.04 8.7+ 2.6 91.3+ 1.8
Pisum satitumcv. Miko, germinating seeds 5@b 55 6.55+ 0.1 ndt nd
Zymomonas mobilizecombinank. coli 245412 3.984+ 0.06 8+ 2 9243

and, not determined.

dimers in the tetramer can be obtained by moving the dimer ' ' ' : '
away from the 2-fold axis, rotating it, and generating the 10k
symmetry-related one. The scattering amplitude of the latter
and the intensity from the entire tetramer are rapidly
calculated by shifting the dimer along tEeaxis (17), thus
allowing us to perform an automated search of the positional 081
parameters providing the best fit to the experimental scat-
tering curve from the tetramer.

RESULTS AND DISCUSSION

Integral Parameters of PDCsScattering measurements
at pH values corresponding to the maximal catalytic activity
(pH 6—6.5) provide a first characterization of the native
structures. The molecular masses estimated from the forward
scattering of the recombinant yeast enzyme and the bacterial
enzyme in Table 1 correspond to a tetramer, as also
calculated from the cDNA and measured by different 00 ¢
analytical methods (native PAGE, gel filtration, and ultra- . . . . )
centrifugation). The radii of gyration are, in general, some- 0 2 4 6 8
what lower than those obtained from solutions of the wild-
type yeast enzyme, which tend to be more polydisperse. The _ o ) _
only exception is the enzyme from germinating pea seeds. FIGURE 1. Distance distribution function of the cross section of
Gel filtration experiments indicate that the molecule elutes Eg%grom germinating seeds &fisum saum at pH 6. The fit
. . ponds to a rodlike model.
in the void volume and thus must have a molecular mass
around 1 MDa 14). Electron microscopy suggests that the Tapie 2. pH Dependence of the Forward Scattering (shown as
subunits form a tubular structure with varying lengths and molecular mass), Radius of Gyration, and Oligomer Content for the
diameters of 1620 nm (Micke, unpublished). The radius Recombinant Wild-Type of PDC frorBaccharomyces cerisiae
of gyration of the cross section (around 3 nm, Figure 1) and
the mass per unit length from the SAXS patterns are

05

Prei(R)

r [nm]

. . i 0,
molecular mass radius of gyration _ Yolume fraction (%)

. . . : pH (kDa) (nm) dimer tetramer
consistent with a diameter of 8.4 nm, corresponding to 2

subunits/10 nm 6.1 214+ 2.0 3.98+ 0.04 87426 91.3+18

: 6.5 210+ 1.8 3.97+ 0.05 6.1+2.8 939+18

pH Dependence of the Quaternary Structure of the 7 190+ 2.1 3.93+ 0.04 77425 923+1.7

Recombinant Wild Type and Mutants E51Q, E51A, and 7.8 152+ 1.8 3.90+ 0.04 36.7+3.1 63.3+21

G413W of PDC from Saccharomyces aés@me. SAXS data 8.3 95+ 1.0 3.60+0.05  86.0+2.4 14.0+16

8.9 96+ 1.2 3.50+ 0.06 97.3+2.4 27+16

on brewer’s yeast PDA( 2) indicate that the native tetramer
at pH 6 progressively dissociates into dimers at higher pH
values. Above pH 9, more than 70% of the enzyme is in the very similar and reveal a pH-dependent equilibrium between
dimeric form. The cofactors TDP and Nigstabilize the oligomers. There are, however, some differences in the radii
tetramers in the alkaline region. Although the brewer’s yeast of gyration and molecular mass estimates as a function of
PDC is the one that has been studied most extensively, it ispH (Tables 1 and 2). The calculated molecular mass was
not yet precisely known which of the three known structural about 230 kDa and thus corresponds to a tetramer for protein
genes (PDC1, PDC5, or PDCS6) is translated into protein. concentrations above 10 mg/mL, but this value drops to
There are several isoform29) consisting of two different, 180-200 kDa at concentrations between 3 and 5 mg/mL.
o andf, subunits with a molecular mass of 59 and 61 kDa, This phenomenon was not observed during the measurements
respectively 18), but the dominant species .. Theay on brewer’s yeast PDCL( 2). At the catalytic optimum (pH
form has been isolated and its crystal structure determined6), more than 90% of the recombinant wild-type enzyme
(3, 4. The amino acid sequence of the smaller subunit of are tetramers. However, the alkaline dissociation into dimers
brewer’s yeast PDC corresponds to the structure of the PDClis almost complete at pH 9 (compared to 70% dimers for
gene (Patzlaff, unpublished), and the recombinant enzymethe brewer’s yeast enzyme at the same pH). The estimated
described below is exclusively the product of this gene. It molecular masses and radii of gyration suggest that there is
has kinetic and chemical properties that are very close toa further dissociation into monomers. The cofactors (TDP
those of the wild-type yeasB(). The SAXS curves are also  and Mg™") have no effect on the pH stability of the tetramers
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(also in contrast to the brewer’s yeast enzyny);(the lg 1. relative
scattering patterns of the recombinant yeast PDC in the
presence and absence of cofactors are identical (not shown).
These results are in good agreement with the molecular mass
determination by gel filtration and kinetic experimer2g) 3r
The brewer’s yeast enzyme is 5 times more stable than the
homotetrameny (30).

Analyses of the crystallographic model of native brewer’s
yeast PDC suggest that E51 is essential for cofactor binding
and catalytic activity ). Substitution of this amino acid by it ’
Q or A drastically lowers the substrate and cofactor binding 1
affinities of the recombinant wild-type PDC &f cereisiae T,
(19). Exchanging G413 by W completely prevents cofactor °f
binding because of steric hindrance (Killenberg-Jabs, un-
published). Although only one amino acid is substituted,
several differences were detected in the subunit interactions L
and influence of cofactors. E51Q has the highest similarity °*°
with wild type with regard to pH dependence of the radius FIGURE 2: Solution scattering curves of PDC frdisum satum

of gyration and thel apparent molecular mass c_)bta_ined fr'om(l)' Zymomonas mobili§2), and Saccharomyces cerisiae (3).
the forward scattering. As expected from the kinetic studies Dots with error bars, experimental data; solid lines, scattering from
on these specied 9), the oligomer content at different pH the restored shapes in Figure 3.

values is also very similar. The two other mutants seem to
be aggregated at pH-&he optimum for catalytic activity.

E
|’ 5 T
. -ﬂ1

2.0

-1
s, nm

G413W does not bind cofactors and E51A binds them at a
very low rate (9); both are catalytically completely inactive.
These results are confirmed by our measurements: no really
native tetrameric state of these mutants is found. Both
mutants tend to aggregate at pH 6 and form higher oligomers
than tetramers, although like all other yeast PDCs they still
dissociate into dimers. The calculated oligomer content of
the different mutants is in the same range as for the wild
type. Higher pH values result in a complete dissociation of
the PDCs into dimers. At these alkaline pH values, the co-
factors do not influence the dimer/tetramer ratio for G413W
and E51A, but they stabilize the native tetrameric structure
of E51Q. The SAXS results obtained with PDC mutants
suggest that amino acid substitutions which strongly affect
the catalytic activity and cofactor binding of PDC frogn
cerevisiae also lead to changes in the quaternary structure
of the enzyme. The lower the affinity for the cofactor, the
more unspecific aggregation of tetramers occurs at the pH
corresponding to the optimum catalytic activity of the wild-
type enzyme.

Shape Estimation of the Recombinant Wild Type of PDC
from Saccharomyces ceiisiae and Comparison with the
Crystallographic ModelThe shape of the native tetrameric
PDC from recombinant wild type frons. cereisiae at a
resolution of 2.3 nm was evaluated ab initio from its solution-

scattering curve, yielding a fit "Y'.“Z = 0.86 (Figure .2)' Ficure 3: Low-resolution envelopes of PDC froRisum satium
Standard deviations are plotted; it is seen that the fits are (jeft), Zymomonas mobiligniddie), andSaccharomyces cerisiae
within the error limits andy < 1. The corresponding (right) restored from solution scattering data. Axes correspond to
envelope in Figure 3 coincides well with the shape of the the orientation in the middle row; top row, rotated counterclockwise

tetrameric yeast PDC found earligh)(Figure 5 illustrates ~ aroundX by 9¢°; bottom row, the same rotation followed by a
its comparison with the crystallographic modé) pf the ~ Sounterclockwise rotation of SGroundy.

brewer's yeast PDC (PDB entry 1lpvd). The envelope from the crystallographic modef)using the program Crysol
obtained from solution scattering yields a fair description of (28). The comparison of the calculated curve with the
the gross structure of the enzyme, whereas finer details areexperimental data in Figure 4 revealed noticeable systematic
lost because of the limited resolution. The major difference deviations in the region of the first shoulder, indicating that
in the quaternary structure of the two models is that the the quaternary structure of the tetramer in solution may be
dimers in the crystallographic model are parallel to each different from that in the crystatsuch a difference has
other, whereas in our model they are tilted, as already recently been observed for aspartate transcarbamydase (
reported earlierd). The theoretical scattering was evaluated As the ab initio shape determination suggests that the two
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Ficure 4: Experimental scattering from the recombinant wild type
of PDC from Saccharomyces cerisiae (1), calculated scattering
from the crystallographic model of brewer’s yeastform PDC

(2), and the scattering from the model obtained by the rigid-body
refinement (3).

Ficure 5: Low-resolution model of the yeast PDC (transparent
envelopes) merged with the crystallographic model (4) (left) and
with the model obtained by the rigid-body refinement (right). The
orientation of the models is the same as in Figure 3.

dimers are tilted, rigid-body modeling of the structure of the

Biochemistry, Vol. 37, No. 15, 199%333

structure), which yields the rms displacement of 0.22 nm
between the atomic positions in the two structures. The
discrepancy with the experimental data drops fppm 1.87
for the crystal structure to 1.23 for the solution model. As
seen from Figure 5, the tilting angle between the dimers
resulting from the rigid-body modeling is close to that in
the envelope restored ab initid similar movement of the
dimers and a resulting asymmetry of the tetramer were found
in the crystallographic structure of the activated brewer’'s
yeast PDC 12).

pH Dependence of the Quaternary Structure and Shape
Estimation of PDC from Germinating Seeds of Pisum
sativum.As already mentioned, PDCs from plant seeds (e.g.,
maize, beans, wheat) have generally more complex oligo-
meric structures. Interestingly though, the values of the
kinetic parameters such as substrate affinity, catalytic activity,
and reconstitution rate with the cofactors are close to those
of the yeast enzymel(, 14, 15. Recent studies of enzyme
activation and thiol group modifications have, however,
revealed significant quantitative difference0), and the
SAXS experiments were aimed at correlating these with
possible structural differences. The more complex structure
of the plant enzymes considerably complicates the prepara-
tions and interpretation of the scattering patterns. The
preparative yields for pea PDC are very low, and subsequent
concentration steps lead to aggregation. The resulting solu-
tions tend to be very polydispersd4, 32. Modified
preparative conditions and new protein concentration tech-
niques (0) resulted in monodisperse solutions, yielding
interpretable scattering patterns. The best fitting results were
obtained with a rodlike system (Figure 1). At pH values
between catalysis and stability optimum (around pH 6) and
the beginning of cofactor dissociation (above pH 7.5), the
molecule seems to be a cylindrical stack of dimers or
tetramers with a diameter of 8.4 nm and 2 units/10 nm.
Transmission electron microscopy of negatively stained pea
PDC samples also indicates that the enzyme has a rodlike
structure (Meke, unpublished). Above pH 9, this complex
structure breaks down into smaller entities WiRh values
compatible with tetramers (Figure 6A). The plant PDC seems
to be a compact dimer of dimers at pH 9, like the yeast
enzyme at pH 6. The cofactors stabilize the octameric
structure even at this high pH value. Below pH 6, aggregation
already occurs during the measurement period efZMmin.
According to the molecular mass estimates, PDC from pea
seeds forms octamers at pH 6. The shape of this assembly
was evaluated from the corresponding experimental curve
as described in the Materials and Methods section. The
resulting fit to the experimental curvg € 0.92) is presented
in Figure 2, and the restored shape at a resolution of 3.8 nm
is displayed in Figure 3. As seen from this figure, the tetramer
of the pea enzyme is similar to that from yeast and bacteria,
whereas the octamer is formed by side-by-side arrangement

tetramer in solution was performed as described in the of the tetramers, leading to a rather elongated assembly.

Materials and Methods section. In keeping with the low

pH Dependence of the Quaternary Structure and Shape

resolution of the data, only two parameters were varied, the Estimation of PDC from Zymomonas mobil3espite the
distance between the centers of mass of the dimers alongsame oligomeric structure, PDC froh mobilisdiffers in

the Z axis in the orientation in Figure 5, middle row, and

its kinetic properties from all other ones. It is not activated

the tilting angle between them (opposite rotation around the by its substrate pyruvate (resulting in a hyperbofi plot)

Z axis). The solution providing the best fit shown in Figure
5 corresponds to a tilting angle of°l@nd a distance between
the dimers of 5.1 nm (i.e., 0.4 nm lower than in the crystal

but reaches twice the value for the catalytic activity (180
U/mg compared to 6680 U/mg for the other specie&3)).
The cofactors are tightly but not covalently bound. Gel
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Ficure 6: pH dependence of the forward scattering (expressed as
molecular mass) and radius of gyration of PDC from germinating
seeds ofPisum satium (A) and from the bacteriunZymomonas

mobiliz (B).

filtration experiments indicate a tetrameric structure even for
the cofactor-free apoenzym@3). The analysis of scattering
patterns as a function of pH confirms these results. If there
exists a pH-dependent oligomer equilibrium, the calculated
volume fraction of dimers is always below 18%ven under

extreme alkaline conditions. The lowest values Rarand

molecular mass were obtained at pH 8 (Figure 6B), where
the preparation of apoenzyme of this PDC species is usually
done via dialysis 3). Either the cofactors are bound in a

completely different way in PDC fronZ. mobiliswithout

need of subunit dissociation or binding is very rapid and
already completed during the incubation times used in our
experiments (1815 min). Low-resolution shape determi-

nation of the PDC fronZ. mobilisyieldsy = 0.92 (Figure

Kdnig et al.
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