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ABSTRACT: Brewers' yeast pyruvate decarboxylase (EC 4.1.1. l ) ,  a thiamin diphosphate and Mg(I1)-dependent 
enzyme, isolated from Saccharomyces cereuisiae possesses four cysteines/subunit a t  positions 69,152,22 1, 
and 222. Earlier studies conducted on a variant of the enzyme with a single Cys at  position 221 (derived 
from a gene that was the product of spontaneous fusion) showed that this enzyme is still subject to substrate 
activation [Zeng, X., Farrenkopf, B., Hohmann, S., Jordan, F., Dyda, F., & Furey, W. (1993) Biochemistry 
32, 2704-27091, indicating that if Cys was responsible for this activation, it had to be C221. To further 
test the hypothesis, the C221S and C222S single and the C221S-C222S double mutants were constructed. 
I t  is clearly shown that the mutation at  C221, but not at  C222, leads to abolished substrate activation 
according to a number of kinetic criteria, both steady state and pre steady state. On the basis of the 
three-dimensional structure of the enzyme [Dyda, F., Furey, W., Swaminathan, S., Sax, M., Farrenkopf, 
B., Jordan, F. (1993) Biochemistry 32,6165-61701, it is obvious that while C221 is located on the pdomain, 
whereas thiamin diphosphate is wedged at  the interface of the (Y and y domains, addition of pyruvate or 
pyruvamide as a hemiketal adduct to the sulfur of C221 can easily bridge the gap between the p and (Y 

domains. In fact, residues in one or both domains must be dislocated by this adduct formation. It is very 
likely that regulation as expressed in substrate activation is transmitted via this direct contact made between 
the two domains in the presence of the activator. One can, in addition, also speculate that covalent attachment 
of large molecules to C221 will result in larger distortions, which will lead to greatly diminished activity, 
as is seen with conjugated substrate analogs, such as XC6H&H=CHCOCOOH, explored by the authors. 

Pyruvate decarboxylase from brewers' yeast (PDC,' EC 
4.1.1.1) is one of the simpler enzymes that involve nonoxidative 
functions of thiamin diphosphate (ThDP) and converts 
pyruvate to acetaldehyde and carbon dioxide [for reviews, see 
Krampitz (1969), Sable and Gubler (1982), Kluger (1987), 
Schellenberger and Schowen (1988), and Bisswanger and 
Ullrich (1 99 l ) ]  . The enzyme also has a requirement for a 
divalent cation, and Mg(I1) can best fulfill the function. The 
presence of divalent cations as part of the diphosphate binding 
locus on all three ThDP-dependent enzymes whose structures 
have been determined to date has been confirmed (Muller et 
al., 1993). According to the three-dimensional structure of 
PDC, the protein consists of four subunits of 563 amino acids 
each, and according to the gene sequence, in the enzyme 
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isolated from Saccharomyces cerevisiae, each subunit possesses 
four cysteines at  positions 69, 152, 221, and 222 (Hohmann 
& Cederberg, 1990), none of which participate in disulfide 
bridges. We have been interested in the potential function of 
these Cys thiol groups for a number of years, since according 
to chemical modification of PDC (Ullrich, 1982), thiols are 
about the only side chains in the enzyme whose modification 
has reliably been shown to lead to altered enzyme activity 
[see also Zeng et al. (1991, 1993) and references therein]. 
While earlier several groups (including one of ours) had 
believed that there may be a thiol in the reactive center of 
PDC, the X-ray structure has once and for all dispelled that 
notion; the nearest Cys to ThDP is 20 A away from the reaction 
center, the C2 atom of the thiazolium ring (Dyda, 1992; Dyda 
et al., 1993). Even more surprising is the finding that, while 
ThDP resides in a cleft between the a and y domains is different 
subunits, the two Cys side chains at positions 221 and 222, 
most favorably positioned for a regulatory function, reside on 
the @ domain. The finding that PDC from brewers' yeast is 
subject to substrateactivation (Boiteux & Hess, 1970; Hiibner 
et al., 1978), coupled to the hypothesis that a cysteine side 
chain may be responsible for this activation (Sieber et al., 
1983; Schellenberger et al., 1988), makes a study of this 
problem of particular interest. 

Recently it became possible to further examine in greater 
detail the potential roles of cysteines in PDC. Our first 
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approach took advantage of the fact that in addition to the 
PDCl gene expressed in yeast, there appear to be a PDCS and 
a PDC6 gene, and PDCl and PDC6 undergo spontaneous 
gene fusion, the product of which has the first 45 N-terminal 
amino acids derived from PDCZ and the 520 C-terminal ones 
derived from PDC6. One consequence of interest to us is that 
the enzyme expressed from this fusion gene has only a single 
Cys, that at position 221. The fusion enzyme was still subject 
to activation by the nondecarboxylatable substrate surrogate 
pyruvamide [known to activate the enzyme; see Hiibner et al. 
(1978)l; therefore, if any Cys had any impact on catalysis 
and/or regulation, it would by necessity have to be C221 (Zeng 
et al., 1993). The obvious next question that one would like 
to resolve is What is the effect of single amino acid mutations 
involving Cys on PDC derived from the PDCl gene. 

We have constructed yeast with the mutations C221S, 
C222S, and the double mutation C221S-C222S and here 
report kinetic studies on all three and on the wild type (WT) 
enzyme addressing this issue. Since C221 and C222 are 
adjacent to each other and at least partly exposed, mutation 
at both sites was deemed desirable, if for no other reason than 
to serve as a solid control experiment. Consistent with the 
behavior of the fusion PDC, Cys69 is totally buried and is not 
accessible from the protein surface. The residue Cys152, while 
accessible, is not favorably positioned to interact either with 
ThDP or with any of the other protein domains. For ease of 
producing significant amounts of protein, the genes were all 
transferred into a high expression vector in Escherichia coli, 
and all three mutant enzymes were purified to homogeneity, 
along with the wild type enzyme. 

EXPERIMENTAL SECTION 

Construction of in Vitro Mutated PDCl Genes 

The procedure followed essentially the instructions for the 
Altered Sites in vitro Mutagenesis System of Promega. In 
this system, a fragment of the gene of interest is subcloned 
into the plasmid pALTER1. This vector has a mutation in 
its ampicillin resistance gene, and transformants are selected 
on tetracycline plates. For the mutagenesis reaction two 
primers are used: one is designed to mutate the gene of interest; 
theother, supplied with the kit, repairs the ampicillin resistance. 
This procedure guarantees that a very high percentage of the 
transformants isolated subsequently on ampicillin plates 
contain the mutation. 

A 3.4-kb SphI/SalI fragment of PDCZ (Schaaff et al., 
1989) was subcloned into the SphI/SalI digested vector 
pALTER1. The following primers were used to introduce 
the mutations from cysteine to serine at positions 221 and 
222, respectively. 

Ser22*: 5' CTGGAACAAGAAGCATCAG 3' 
changing codon 221 from TGT to TCT 

Ser222: 5' GTGTCTGGAAGAAC.4AGCATC 3' 
changing codon 222 from TGT to TCT 

(double mutant): Ser221,222 

SCGTCGTGTCTGGAAGAAGAAGCATCAGCCAAG3' 
changing codons 221 and 222 from TGT to TCT 

Ampicillin resistant clones were checked by sequence 
analysis on both strands using the following two primers: 5' 
GACAGATGTATCAGAACC 3' (nucleotide positions 448- 
466 of the coding region) and 5' AAGAGAAAGAACCG- 
GTG 3' (nucleotide positions 895-879). For the single 

FIGURE 1: Restriction map of the expression plasmid PET 1120: 
PDC1. 4T7 and T 4  represent the promoter and the transcription 
terminator of gene 10 of the bacterial phage T7. The gene coding 
for PDC (YSCPDCI) is cloned directly at the ATG starting codon 
of gene 10. The position of Cys221/Cys222 is also marked. 

mutants, the correct mutation was identified among the first 
two clones checked already; for the double mutant, eight clones 
had to be sequenced to identify the desired one. 

The mutated genes were originally cloned into the multicopy 
vector YEplacll2 (Gietz & Sugino, 1988) on a 3.4-kb SphI/ 
BamHI (PDCl) fragment. Then a 512-bp NdeIIScaI 
fragment from pT7-PDCZ-Bl (Candy et al., 1991) plus a 
1273-bp ScaI/NcoI fragment from YEplacll2 was ligated 
into the NdeI/NcoI double-digested PET1 120 (Studier et 
al., 1990) to yield PET1 120-PDCZ, which gives an intact 
PDCZ gene cloned under control of a T7 promoter (see plasmid 
map in Figure 1). Compared to the PDCZ gene in pT7-PDC1- 
B1, a 1.4-kbp noncoding region is removed. The BL2 1 (DE3) 
strain of E. coli was used for the expression, as recommended. 
Expression levels of PDC as high as 80% of total cellular 
protein could be achieved by inducing the cells grown in LB- 
amp-ThDP with 0.1 mM IPTG at its late log phase. The 
PDC was found active and in the soluble fraction of the cell 
lysate. Further details of this procedure, along with a 
purification protocol devised for the expressed protein, will be 
reported elsewhere. 

Purification and Kinetic Studies 

Enzyme Purification and Assay. The enzyme was purified 
according to Farrenkopf s protocol (Farrenkopf & Jordan, 
1992), with an improved resolution over the procedure of Kuo 
et al. (1986). Protein assay was performed by the Bradford 
(1976) method, and the enzyme was assayed by the pH-stat 
method (Schellenberger et al., 1968) or the aldehyde dehy- 
drogenase coupled assay (Holzer et al., 1956) by monitoring 
the depletion of NADH with time at 340 nm, either on the 
COBAS-BIO (Roche Diagnostics) automated assay system 
or on a HI-TECH Scientific PQ-SF53 stopped-flow spec- 
trophotometer. All kinetic assays were done at 30 "C. One 
unit of activity is defined as the amount of PDC required to 
convert 1 pmol of pyruvate to acetaldehyde per minute at 30 
"C at pH 6.0. 

SDS-PAGE Electrophoresis. Polyacrylamide gel elec- 
trophoresis was run under denaturing conditions in the presence 
of sodium dodecyl sulfate (SDS-PAGE) according to the 
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protocol of Laemmli (1970). The gel was stained with 
Coomassie Brilliant Blue R. 

Baburina et al. 

RESULTS AND DISCUSSION 

The wild type (WT) PDC from S .  cereuisiae and the mutant 
enzymes were all purified to homogeneity according to SDS- 
PAGE. The turnover numbers/subunit (s-l) and specific 
activities (IU/mg) for the four enzymes were as follows: WT, 
54.3 f 0.77 and 55; C221S, 8.3 f 1.7 and 4.8; C222S, 29.8 
f 0.36 and 30; C221S-C222S, 8.3 f 1.06 and 5 . 5 .  The WT 
enzyme expressed and purified according to the protocol used 
was of sufficient quality to enable crystallization. 

The steady-state u0-S kinetic data are shown in Figure 2 
for WT, C221S, and C222S. Data for the double mutant 
C221S-C222S are not shown since those were virtually 
superimposable within experimental error with those for 
C221S. It is instructive to look at three different representa- 
tions of the data: top panels (UO vs S ) ,  Michaelis-Menten; 
middle panels, double reciprocal (l/uo vs l /[S]) or Lin- 
eweaver-Burk; and bottom panels (uo/[S] vs UO), Eadie- 
Scatchard plots. In addition, the Hill equation was used to 
generate the following Hill coefficients: 2.05 f 0.09 for WT, 
0.82 f 0.07 for C221S, 1.66 f 0.06 for C222S, and 0.887 f 
0.067 for the C221S-C222S double mutant. The Hill 
coefficients deduced from nonlinear least squares fit of the 
progress curves (top, using the program Ultrafit from Biosoft) 
gave the same numbers within experimental error. 

The different uo vs [pyruvate] behavior of the two mutants 
with C221S (hyperbolic) compared to the WT or the C222S 
(both sigmoidal) is clear, but perhaps most dramatic are the 
differences according to the Eadie-Scatchard representation. 

The plots observed for the wild type and C222S mutant 
enzymes are consistent with substrate activation or positive 
cooperativity (Segel, 1975; Hammes, 1982; Bell & Bell, 1988) 
whereas those for the C221S and C221S-C222S mutant 
enzymes show kinetic behavior devoid of substrate activation 
within experimental error. To the contrary, there is a hint of 
negative cooperativity resulting from the conversion of Cys22 1 
to a Ser, more pronounced in the single mutant. 

To gain further insight concerning the kinetic behavior of 
these enzymes, we performed a coupled enzyme assay for 
activation of the four PDC variants. We would load one 
syringe of the stopped flow with the PDC, the second with 
alcohol dehydrogenase, NADH, and pyruvate prior to mixing. 
The panels in Figure 3 demonstrate rather convincingly that 
the wild type PDC and the C222S mutant show substrate 
activation characterized by a lag in NADH depletion, while 
C221S and C221S-C222S show no such lag phase within the 
experimental error limits. Such results on the WT enzyme 
had been reported repeatedly by Schellenberger and his co- 
workers. 

We conclude that C221 is the site of substrate activation 
in this strain of PDC. 

Several other relevant issues need mentioning. PDC from 
some other sources (e.g., from Zymomonas mobilis) have not 
been reported to be subject to substrate activation. Also, 
protein chemical techniques have identified C221 as the site 
of alkylation of PDC that leads to substantial inactivation by 
"mechanism-based" inactivators of the CPB type (XC6H4- 
CH=CHCOCOOH, where X = p-C1, Dikdan, unpublished 
results). Zeng et al. (1991) reported that inactivation by such 
compounds led to modification of one cysteine of the four per 
subunit. We now also suspect that our previous model, 
developed to convert PDC to pyruvate oxidase (an FAD- 
dependent enzyme that has in common with PDC the steps 

through decarboxylation) by covalently attaching I-acetyl- 
1 O-methylisoalloxazine to PDC, resulted in covalent modi- 
fication of C221 as well, since it totally abolished the activity 
for acetaldehyde formation, but resulted in the slow formation 
of acetateinstead (Annan & Jordan, 1990). The 3D structure 
of PDC is consistent with this idea in that C221 and the C2 
and S atoms of ThDP (Dyda, 1992) are clearly accessible to 
substrate and inhibitor. 

It is worth recalling some of the accumulated evidence 
concerning possible consequences of substrate activation. Some 
of these effects were noted for pyruvate itself, some others for 
saturating pyruvamide. (1) In a comprehensive summary of 
the activation kinetics of the enzyme, Alvarez et al. (1991) 
summarized the rate constants for the formation of the 
activated PDC by substrate, deducing a slow unimolecular 
kinetic step for the interconversion of the unactivated to the 
activated forms of the enzyme. (2) It was shown that, from 
alternate conjugated substrates with the structure XCaH4- 
CH=CHCOCOOH, the enamine/2-a-carbanion intermedi- 
ate that is the immediate product of decarboxylation is formed 
slowly in the absence of pyruvamide, but at rates consistent 
with the pyruvate turnover number in its presence; hence, for 
those substrates at least, decarboxylation is definitely ac- 
celerated by substrate activation (Menon-Rudolph et al., 
1992). (3) Zengdemonstrated(Zengetal., 1991; Zeng, 1992) 
that the enamine/2-a-carbanion formed from such conjugated 
alternate substrates can be protonated at both the a and y 
positions (unlike that from pyruvate, which has only the a 
position available for protonation), leading to preference for 
protonation at the y position in the absence of pyruvamide 
but for the a position in its presence. We interpreted this 
regiochemical paradox to mean that enamine protonation is 
misaligned in the absenceof the activator/substrate surrogate 
and corrected in its presence. (4) In a very recent publication 
the formation of acetoin from acetaldehyde by PDC was 
reexamined and found to proceed at a modestly faster rate in 
the presence of pyruvamide than in its absence (Stivers and 
Washabaugh, 1993). 

What is also evident from our results here presented is that 
PDC that is devoid of the ability to be activated by substrate 
is by no means ti dead enzyme. This is consistent with the 
massive amount of chemical modification data directed to 
cysteines on this enzyme over a period of 50 years, which 
never resulted in total inactivation. 

An interesting question that will require further research 
is, How is the information relayed to the ThDP catalytic locus 
(located between the a and y domains fromdifferent subunits) 
on binding to substrate to C221 (located on the B domain) in 
this allosteric kinetic system? Assuming that the a-keto acid 
or its amide forms a hemiketal with C221, we constructed a 
model based on the crystallographic coordinates of the native 
holoenzyme. First, it is clear that the covalently bound 
pyruvate can bridge the gap between the @ and the a domain. 
Figure 4 shows the details of the interaction surface among 
the three domains. Several features should be pointed out. 
First, it is relevant to note that while the C 2 2 1 S H  points to 
the a domain, the C222-SH points away from the catalytic 
domains. Second, binding of additional atoms to the S atom 
of C221 will create unfavorably short contacts to H92 (a 
domain); thus, one or both of these residues must move. If the 
main chain of H92 is indeed affected, then the residue E91 
would also be displaced somewhat. The side chain of E91 
forms numerous van der Waals contact interactions with the 
y domain, as well as a hydrogen bond to the main chain N 
atom of W412. Thus one can see how the binding of substrate 
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FIGURE 3: Stopped-flow measurements of substrate activation of the PDC variants at 30 “C. Clockwise from upper left: wild type, C221S, 
C221S-C222S9 C222S. Conditions: All components, including PDC, were diluted into 0.1 M MES buffer, pH 6.0, containing 0.1% bovine 
serum albumin and 0.5 mM phenylmethanesulfonyl fluoride. One syringe contained PDC at a concentration of 0.075 IU/mL. The second 
syringe contained 10.6 IU/mL of alcohol dehydrogenase (specific activity 380 IU/mg), 1 mM 0-NADH, and 60 m M  pyruvate. On mixing, 
all of these concentrations were diluted by a factor of 2. 

FIGURE 4: Stereo drawing showing the location and environment of C22 1 in a single PDC subunit. The protein backbone is shown as a ribbon 
representation, while all atoms are shown for the cofactor and the short chain segment (residues 41 1-415) leading to it from the activation 
site. Only side chain atoms are shown for C221, C222, E91, and H92. The residues E91 and H92 are in the CY domain, C221 and C222 are 
in the /3 domain, and the stretch 41 1-415 is in the y domain. The figure was created with the program MOLSCRIPT written by Kraulis 
(1 99 1). 

to C221 of the p domain has the potential to affect both 
catalytic cy and y domains as well. These contacts, especially 
to W412, may be important as they involve part of the short 
chain segment leading to the catalytic site. In particular, the 

main chain carbonyl 0 atom of G413 forms a conserved 
hydrogen bond to N4’of the 4’-aminopyrimidnie ring of ThDP, 
while the side chain of I415 is wedged tightly between the 
cofactor rings, supporting the V conformation. The N atom 
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of I41 5 also forms a conserved hydrogen bond with N3' of the 
cofactor. 

The nature and degree of perturbation in these residues 
induced by binding substrate at the regulatory site C221, and 
how it results in enhanced activity, will be most interesting 
to examine by additional biochemical and crystallographic 
studies. Thus PDC presents an exciting case for studying the 
mechanism of homotropic activation in multidomain enzymes. 
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