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ABSTRACT: Oligonucleotide-directed site-specific mutagenesis was carried out on pyruvate decarboxylase
(EC 4.1.1.1) fromSaccharomyces cereVisiaeat E91, located on the putative substrate activation pathway
and linking theR andγ domains of the enzyme. While C221 on theâ domain is the residue at which
substrate activation is triggered [Baburina, I., et al. (1994)Biochemistry 33, 5630-5635; Baburina, I., et
al. (1996)Biochemistry 35, 10249-10255], that information, via the substrate bound at C221, is transmitted
to H92 on theR domain, across the domain divide from C221 [Baburina, I., et al. (1998)Biochemistry
37, 1235-1244], thence to E91 on theR domain, and then on to W412 on theγ domain [Li, H., and
Jordan, F. (1999)Biochemistry 38, 10004-10012] and to the active site thiamin diphosphate located at
the interface of theR andγ domains [Arjunan, D., et al. (1996)J. Mol. Biol. 256, 590-600]. Substitution
at E91 with Q, D, or A led to modest reductions in the specific activity (4-, 5-, and 30-fold), as well as
in both the turnover number and the catalytic efficiency, in that order. Interestingly, the Hill coefficient
was only slightly reduced for the E91D variant, but cooperativity was virtually abolished for the E91Q
and E91A variants. The thermal stability of the variants was reduced in the following order: wild type
> E91Q> E91D > E91A; circular dichroism and fluorescence experiments also demonstrated that the
tertiary structure of the enzyme was affected by these substitutions. The variants could be purified as
apoenzymes, demonstrating their impaired ability to bind thiamin diphosphate. Apparently, the charge at
residue 91 is quite important for maintaining optimal cooperativity. To maintain strong domain-domain
interactions, the length of the side chain at position 91 with hydrogen bonding potential to W412 is
sufficient.

Yeast pyruvate decarboxylase (PDC,1 EC 4.1.1.1) is one
of several enzymes that participate in nonoxidative functions
of thiamin diphosphate (ThDP, the vitamin B1 coenzyme).
PDC converts pyruvate to acetaldehyde and carbon dioxide
(see Scheme 1; for reviews, see refs1-7). The enzyme also
has a requirement for a divalent cation, best fulfilled by
Mg(II), and its presence as part of the diphosphate binding
locus had been earlier confirmed by structural studies of
ThDP-dependent enzymes (8).

PDC from yeast is subject to substrate activation (9, 10),
and it was proposed that a cysteine side chain may be
responsible for this activation (11, 12). PDC fromSaccha-
romyces cereVisiae (scpdc1;13) is comprised of 563 amino

acids, and each subunit possesses four cysteines at positions
69, 152, 221, and 222, none of which participate in disulfide
bridges. The three-dimensional structures of PDC from
Saccharomyces uVarum (supdc1;14) and scpdc1 (15) have
revealed that C221, the cysteine nearest to ThDP, is>20 Å
away from the reaction center, the C2 atom of the thiazolium
ring on ThDP. The ThDP resides in a cleft between theR
andγ domains on different subunits. The Cys side chains at
positions 221 and 222, most favorably positioned for a
potential regulatory function, reside on theâ domain (14,
15). In earlier studies from these laboratories, it was first
shown that a pdc1-6 fusion enzyme (consisting of amino
acids 1-45 derived from thePDC1 gene and 46-563
derived from thePDC6 gene) with its single cysteine at
position 221 can still be activated by pyruvate (16). Next,
the C221S and C222S (single-site) and C221S/C222S (two-
site) mutant yeasts were constructed, and then the genes were
transferred into a high-expression levelEscherichia coli
vector for further mutagenesis studies. It was convincingly
shown that substitution of C221, but not of C222, with serine
(17) or alanine (18) leads to the abolition of substrate
activation, thereby identifying C221 as the site at which
substrate, or the substrate surrogate pyruvamide (that can
also activate the enzyme but cannot be decarboxylated; see
ref 10), is bound, via either a covalent or a noncovalent
linkage. A third cysteine, C152, while accessible, is not
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favorably positioned to interact with substrate. FT-IR and
isoelectric focusing experiments were carried out with several
variants of scpdc1, providing evidence that of the four
cysteines, only C152 is undissociated near pH 6 (19). Protein
chemical evidence also points to the unique high reactivity
of C221 (20).

According to isoelectric focusing experiments, residue H92
is probably protonated at pH 6.0, the pH optimum of the
enzyme. Molecular modeling (15) suggested that pyruvate
bound to C221 could reach over to, and interact with, H92.
Directed mutagenesis carried out at H92 on theR domain,
across the domain divide from C221, showed that substitution
at H92 with G, A, or C leads to great reduction of the Hill
coefficient (from 2.0 in the wild-type enzyme to 1.2-1.3),
while substitution for Lys affords an active enzyme with a
Hill coefficient of 1.5-1.6. 1,3-Dibromoacetone, a potential
cross-linker when added to the H92C/C222S variant at a
concentration of 0.1 mM, abolished substrate activation while
reducing the activity only by 30%. Therefore, 1,3-dibro-
moacetone may cross-link C92 and C221. It was concluded
that H92 is on the information transfer pathway during the
substrate activation process and the interaction between C221
on theâ domain and H92 on theR domain is required for
substrate activation. Extensive pH studies of the steady-state
kinetic constants provided support for the interaction of C221
and H92 and the transmission of regulatory information to
the active center via this pathway and pKa values for the
two groups, approximately 5.2 for C221 and 6.4 for H92
(18, 20).

The molecular modeling study (15) also suggested that if
C221 forms a hemithioketal with theR-keto group of
pyruvate, unfavorably short contacts are formed with H92
of theR domain, which should make either the C221, H92,
or both move to accommodate the adduct. Perturbation of
the side chain of H92 would displace the adjacent E91
somewhat. The side chain of E91 makes numerous van der
Waals contacts with a short segment containing residues
410-415 of theγ domain, as well as a hydrogen bond to
the main chain NH of W412, the latter of which in turn can
transmit subtle distortions to the adjacent G413, whose main
chain carbonyl oxygen provides one of the conserved
hydrogen bonds to the 4′-aminopyrimidine of ThDP at the
active site. Our current working hypothesis is that the
consequences of binding substrate at C221 are propagated
to the active site via the pathway H92f E91 f W412 f
G413f ThDP.

To investigate the function of E91 on theR domain in the
substrate activation process, E91 was substituted with D, Q,
or A via site-directed mutagenesis. In the accompanying
paper, we complete exploration of this putative substrate
activation pathway by also examining effects of substitution
on kinetics, thermostability, and tertiary structure at residue
W412.

EXPERIMENTAL PROCEDURES

Materials. NdeI and ScaI restriction enzymes and the
corresponding buffers were purchased from Promega.Pfu
DNA polymerase and T4 DNA ligase were purchased from
Stratagene. Coomassie Plus Protein Assay Reagent was
purchased from Pierce. Centriprep-30 and Centricon-30
devices were purchased from Amicon. Superdex 200 and
DEAE-FF were purchased from Amersham Pharmacia Bio-
tech. Bis-Tris and Amberlite MB-150 were purchased from
Sigma.

Construction of the E91A PDC Variant.Site-directed
mutagenesis of thePDC1 gene to convert E91 to A was
carried out according to the instructions of the Chameleon
Double-Stranded Site-Directed Mutagenesis Kit from Strate-
gene (21). The pET22b(+) vector containing thePDC1gene
was heat denatured and annealed with two oligonucleotide
primers. One primer (selection primer), 5′-CTGTGACTG-
GTGACGCGTCAACCAAGTC-3′, changed the uniqueScaI
restriction site on the Amp gene to aMluI restriction site,
by changing the nucleotide sequence from AGTACT to
ACGCGT (italics). Another primer, 5′-GCCGGTTCATAT-
GCTGCCCACGTCGGTG-3′ (the mutagenic primer),
changed the glutamic acid at position 91 to alanine by
mutating codon 91 from GAA to GCC (bold), and created a
NdeI restriction site for mutant screening, via silent mutations
from TCTTAC to TCATAT (underlined). The plasmid was
denatured, and primers were annealed to the plasmid. The
plasmid DNA was digested with theScaI restriction enzyme;
the resultant DNA digest was transformed intoE. coli XL1-
Blue competent cells, and the cells were grown overnight at
37 °C on the LB-ampicillin agar plates (10 g of NaCl, 10
g of tryptone, 5 g ofyeast extract, 20 g of agar, and 100 mg
of ampicillin per liter).

The colonies were screened for the desired mutations by
restriction digestion and DNA sequencing. Single colonies
were picked from the plates, inoculated into 3 mL of LB
medium, and grown overnight at 37°C with shaking at 250
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rpm. The plasmids from five ampicillin-resistant single
colonies were screened for the presence of the desired
mutation by digestion with theNdeI restriction enzyme. The
pET22b(+):PDC1 fragment contains only oneNdeI restric-
tion site and produces a linear fragment upon digestion with
NdeI. Because one additionalNdeI restriction site was created
by site-directed mutagenesis for the E91A variant, the
restriction digestion of pET22b(+):PDC1-E91Agives a 6.9
kb fragment and a 0.28 kb fragment. Two of the fragments
were identified to have the correct mutation. The mutation
was confirmed by DNA sequence analysis using the primer
5′-CCGCGAAATTAATACGACTCACTATA-3′. Cultures
of E. coli strain BL21(DE3) were transformed with the
mutated plasmids for protein overexpression.

Construction of the E91D and E91Q PDCVariants was
based on the PCR megaprimer method (22), which needs
two flanking primers, one mutagenic primer, and two rounds
of PCR. A pET22b(+) vector containing thePDC1 gene
was used as the template in the PCR. In the first round of
PCR, the oligonucleotide 5′-CCGCGAAATTAATACGACT-
CACTATA-3′ was used as a flanking primer, and oligo-
nucleotides 5′-AACACCGACGTGATCAGCGTAAGAACC-
3′ [changed the Glu at position 91 to Asp (bold) and
eliminated one AflIII restriction site for mutant screening
(underlined)] and 5′-AACACCGACGTGCTGAGCGTAA-
GAACC-3′ [changed the Glu at position 91 to Gln (bold)
and eliminated oneAflIII restriction site for mutant screening
(underlined)] were used as mutagenic primers. In the second
round of PCR, 5′-GTTATGCTAGTTATTGCTCAGCGGT-
3′ was used as a flanking primer, and the mutagenic DNA
fragment (0.3 kb) produced by the first round was used as a
second primer (called megaprimer), giving one 1.8 kb
fragment containing the desired mutation. Both the product
of the second PCR and the plasmid pET22b(+):PDC1were
digested byXbaI-SacI. The digested reaction mixtures were
analyzed on a 0.7% low-melting point agarose gel. The
desired fragments [a 1.8 kb mutagenicPDC1 fragment and
a 5.4 kb pET22b(+) fragment] were purified from the gel.
The XbaI-SacI-digested mutagenicPDC1 fragment was
ligated into theXbaI-SacI-digested pET22b(+) fragment.
The ligation mixture was transformed intoE. coli DH5R
competent cells. The mutation was screened by digestion with
AflIII. The pET22b(+):PDC1fragment possesses fourAflIII
restriction sites and produces four fragments (3.7, 2.1, 1.1,
and 0.28 kb) upon digestion. While one of theAflIII
restriction sites is destroyed by site-directed mutagenesis in
the E91D and E91Q variants, the restriction digestion gives
three fragments with sizes of 3.7, 2.1, and 1.4 kb, respec-
tively. The mutations were confirmed by sequence analysis
using the same primer that was used for the E91A mutation.
Cultures ofE. coli strain BL21(DE3) were transformed with
the mutated plasmids for protein overexpression.

DNA Sequencing. DNA sequence analysis was performed
on an ABI 373 DNA Sequencer using dye-labeled dideoxy-
nucleotide terminators. The sequencing reaction was per-
formed using the ABI PRISM Dye Terminator Sequencing
Ready Reaction Kit, with AmpliTaq DNA Polymerase, FS,
supplied by Applied Biosystems-Perkin-Elmer.

PDC OVerexpression and Purification. TheE. coli BL21-
(DE3) cells harboring pET22b(+):PDC1 were used for the
expression of the recombinant PDC protein (23). The cells
were grown in LB medium (containing 100µg/mL ampi-

cillin, 1 mM thiamin chloride, and 1 mM MgSO4) at 37°C
with shaking. PDC expression was induced in late log phase
(OD600 ) 0.4-0.6) by the addition of 0.2 mM isopropylâ-D-
thiogalactopyranoside. The cells were harvested by centrifu-
gation at 8000 rpm and 4°C for 10 min on a Beckman J2-
21 centrifuge (Beckman Instruments). The cells were
resuspended in 40 mL of 20 mM potassium phosphate buffer
(pH 6.8) containing 1 mM EDTA-2Na, 2 mM MgSO4, 1
mM PMSF, 1 mM ThDP, 5 mM (DTT), and 0.05% (w/v)
reduced Triton X-100. The cell suspension was disrupted at
20 kHz in an ice bath for 6 min on a 550 Sonic Dismembrator
(Fisher Scientific) and centrifuged at 18 000 rpm and 4°C
for 30 min. The precipitate was discarded, and ammonium
sulfate was added to the supernatant to a final concentration
of 1.5 M. The solution was stirred at room temperature for
15-30 min and then centrifuged at 18 000 rpm at 4°C for
15 min. The supernatant was saved, and ammonium sulfate
was added to the supernatant to a final concentration of 2.8
M under continuous stirring at room temperature for 15-30
min. The pellet containing the crude enzyme was collected
by centrifugation at 18 000 rpm and 4°C for 15 min. The
pellet was resuspended in 3-5 mL of 20 mM Bis-Tris (pH
6.8) containing 1 mM EDTA-2Na, 2 mM MgSO4, 0.5 mM
PMSF, and 1 mM ThDP and dialyzed against the same buffer
at 4°C overnight. The desalted enzyme solution was loaded
onto a DEAE-FF column (26 cm× 10 cm; on a Pharmacia
FPLC system with the FPLC Director computer program)
equilibrated with 20 mM Bis-Tris (pH 6.8) containing 1 mM
EDTA-2Na, 2 mM MgSO4, and 0.5 mM PMSF. The protein
was eluted by a linear gradient with 1 M NaCl at a flow
rate of 5.0 mL/min. Fractions (4.0 mL) were collected and
were evaluated for protein content and PDC activity, and
then checked for purity using SDS-PAGE. The preparation
was concentrated to 10-20 mg/mL protein and exchanged
into 100 mM potassium phosphate (pH 6.10) containing 1
mM EDTA-2Na, 20 mM MgSO4, 1 mM PMSF, 20 mM
ThDP, and 0.05% (w/v) NaN3 using Amicon Centriprep-30
devices. For long-term storage, glycerol was added to the
preparation to a final concentration of 30% (v/v), and the
preparation was stored at-20 °C.

The assay for PDCwas the NADH/alcohol dehydroge-
nase-linked coupled assay (24).

Steady-state kinetic analysiswas carried out at a variety
of pH values and assessed as described previously (7, 18,
25).

Preparation of the Apoenzyme. The PDC enzyme obtained
by ion-exchange chromatography (2 mg/mL, 5 mL) was
diluted 10-fold with 100 mM Tris/NaOH (pH 8.9), which
also contained 1 mM EDTA, and then stirred for 10 min at
room temperature. The protein was precipitated by making
the solution 2.8 M in ammonium sulfate. The precipitate was
resuspended in 0.5 mL of 20 mM Tris/NaOH (pH 8.9) which
also contained 1 mM EDTA, and the solution was dialyzed
against several changes of the same buffer overnight at 4
°C. The protein was separated from the cofactors by gel
filtration on a Superdex 200 column (Pharmacia, 1.0 cm×
30 cm) equilibrated with 100 mM MES/NaOH (pH 6.0).

Thermostability Studies. The purified WT PDC or E91
variant was dialyzed against 50 mM potassium phosphate
(pH 6.10) containing 2 mM EDTA, 10 mM MgSO4, 10 mM
ThDP, and 0.5 mM PMSF. Next, the total protein concentra-
tion was adjusted using the same buffer to 0.5 mg/mL. The
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solution was incubated in a polymerase chain reaction
thermocycler (MiniCycler, MJ Technologies) for 5 min at
the indicated temperature and then stored on ice until assayed
for activity on a Varian DMS 300 UV-Visible Spectropho-
tometer at 25°C.

ThDP concentrationswere measured at room temperature
in 100 mM MES (pH 6.0) using a molar extinction
coefficient of 8550 M-1 cm-1 at 267 nm (26).

Intrinsic PDC fluorescencewas measured on a SLM 8100
spectrofluorimeter in a 0.8 mL quartz cuvette. The excitation
wavelength was 300 nm (bandwidth of 4 nm), and the
emission spectrum was recorded in the 305-400 nm range
(bandwidth of 4 nm). The purified WT PDC or E91 variant
was dialyzed against 100 mM MES (pH 6.0) containing 1
mM ThDP and 10 mM MgSO4, and then the total protein
concentration was adjusted to 0.1 mg/mL using the same
buffer. The extent of binding of ThDP was measured by
monitoring the quenching of the apoenzyme intrinsic fluo-
rescence after addition of increments of coenzyme at 25°C
in 0.8 or 3.5 mL quartz cuvettes in 100 mM MES buffer
(pH 6.0), with a final concentration of apoenzyme of 0.1
mg/mL. The emission maximum at 338 nm was recorded
for each solution. Each emission value was the average of
three consecutive measurements. All fluorescence intensity
measurements were corrected for the inner-filter effect due
to the absorbance of the ThDP by the following formula (27)-
whereFc andF are the corrected and measured fluorescence

intensities, respectively, andAex and Aem are the solution
absorbances at the excitation and emission wavelengths,
respectively. The quenching data were fitted to the following
equations by using the programs KaleidaGraph from Synergy
Software (Reading, PA) and DeltaGraph4.0 from DeltaPoint:

where∆F/F0 × 100 is the percent quenching (percent change
in fluorescence relative to the initial value) following addition
of quencher at a concentration [Q] andKd is the dissociation
constant. The modified Stern-Volmer equation (28)

whereF0 is the intrinsic fluorescence of the protein in the
absence of quencher,F is the observed fluorescence at
quencher concentration [Q], andKsv is the Stern-Volmer
collisional quenching constant (determined from the slope
of the Stern-Volmer plot at lower concentrations of
quencher) can be used to analyze the conformational changes
in protein and the accessibility of fluorophore. In this
formulation, fa is the fractional number of accessible fluo-
rophores which was determined from a plot ofF0/(F0 - F)
versus 1/[Q].

Mass Spectrometry. Homogeneous WT PDC and the E91D
variant were desalted by gel filtration on a PD-10 column
(Pharmacia, 1.5 cm× 5 cm). The enzyme solution (1µL, 2
mg/mL) was mixed with 1µL of sinapinic acid. The
molecular mass was determined on a Voyager-DE (PerSep-
tive Biosystems, Inc.) time-of-flight (TOF) mass spectrometer
with matrix-assisted laser desorption ionization (MALDI),
using bovine serum albumin as the standard.

Circular dichroism (CD) spectroscopywas carried out at
25 °C on a AVIV model 202 circular dichroism spectrometer
equipped with a thermoelectric temperature controller, using
1 mm path length quartz Suprasil cuvettes containing 50 mM
potassium phosphate buffer (pH 6.0) and 10 mM MgSO4.
Experimental conditions for data collection were as fol-
lows: wavelength range, 240-360 nm; repeat, 3; wavelength
step, 1 nm; averaging time, 1.0 s; filter setting time, 0.33 s;
bandwidth, 1.0 nm; and slit width, 0.043 nm. Data treatment
and calculations utilized the AVIV software or the Kaleida-
Graph program. CD data are presented in units of millide-
grees.

RESULTS

Construction of the E91A, E91D, and E91Q Variants of
PDC. To investigate the functional importance of glutamic
acid 91 in a possible signal transmission pathway from the
C221-bound substrate on theâ domain to the ThDP, glutamic
acid 91 was replaced with alanine (E91A), aspartic acid
(E91D), and glutamine (E91Q) via site-directed mutagenesis.
The desired mutation in the E91A gene was identified by
NdeI restriction digestion, and the correct mutations in the
E91D and E91Q genes were screened by restriction digestion
with AflIII. All mutations were confirmed by DNA sequence
analysis (29). No base change other than that desired was
detected.

Expression and Purification.The E91A, E91D, and E91Q
variants of PDC were expressed inE. coli strain BL21(DE3).
Both WT and variants were overexpressed in similar amounts
and found in the soluble fraction after cell lysis, and then
purified to apparent homogeneity by DEAE anion-exchange
chromatography following the same procedure. The purified
enzymes migrated as a single band with a molecular mass
of 60 000 Da in SDS-PAGE gels (Figure 1). A molecular
mass of 61 320.1( 60 Da for the WT and 61 223.7( 60
Da for the E91D variant was determined by mass spectrom-
etry (MALDI-TOF; 29). The theoretical molecular mass
calculated from the nucleotide sequence of thePDC1 gene
is 61 468 Da.

Fc ) F antilog[(Aex + Aem)/2] (1)

(∆F/F0 × 100)) [(∆Fmax/F0 × 100)[Q]]/(Kd + [Q]) (2)

F0/(F0 - F) ) 1/(faKsv[Q]) + 1/fa (3)

FIGURE 1: SDS-PAGE analysis for the purification of WT and
its E91A, E91D, and E91Q variants. High-molecular mass markers
with molecular masses denoted on the left: myosin (200 kDa),
â-galactosidase (116.3 kDa), phosphorylaseb (97.4 kDa), serum
albumin (66.2 kDa), and ovalbumin (45 kDa).
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Steady-State Kinetic Analysis of WT and E91 Variants of
PDC. The kinetic data were fitted to the Hill equation{Vo/
E0 ) (kcatSn)/[(S0.5)n + Sn]}, and the parameters were
determined from a linear least-squares fit. The data were also
treated according to the mechanism depicted in Scheme 2,
upper left, specific to PDC, and assuming two pyruvate sites,

one regulatory and one catalytic, as developed by Schowen
and collaborators (30):

from which instead of the conventionalVmax, Km, andVmax/

Scheme 2

Vo ) VmaxS
2/(A + BS+ S2) (4)
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Km (for the current substrate-activated case,Vmax, S0.5, and
Vmax/S0.5), the constantsVmax, Vmax/B, andVmax/A are deduced
(and if accurate enzyme concentrations are known,kcat, kcat/
B, andkcat/A, corresponding to a collection of rate constants
that are zero-, first-, and second-order inS). Representative
Vo-Splots for WT and E91 variants at pH 6.0 are shown in
Figure 2, with the Eadie-Scatchard plots in the inserts. The
derived steady-state kinetic parameters at pH 6.0 are
presented in Table 1. At this pH, the specific activities
decreased in the following order: WT> E91Qg E91D.
E91A (4-, 5-, and 30-fold, respectively); the turnover
numbers (kcat) decreased in the same fashion. At pH 6.0, the
S0.5 changed little in the E91D and E91Q variants, but
exhibited a 4.5-fold increase for the E91A variant, a result
of a shift in theS0.5-pH plots. The catalytic efficiency (kcat/
S0.5) decreased in the same order as the specific activity.
While the Hill coefficient of the E91D variant was nearly
as large as that of WT, it was very much reduced in the
E91A and E91Q variants.

The pH dependence of steady-state kinetic parameters was
determined for WT and for the E91D, E91Q, and E91A
variants and is summarized in Figures S1-S4 and Tables
S1-S4 in the Supporting Information. The values of pKapp

deduced from the shapes of the kinetic curves are shown in
Table 2. The substitutions at position 91 in PDC resulted in
significant perturbations in several parameters. The shapes
of kcat versus pH for WT and the E91 variants are similar,
but the two pKappvalues are closer to each other for the E91
variants; i.e., the bell-shaped curves are much narrower.
Compared to those of WT, thekcat/S0.5 versus pH curves for
all E91 variants are shifted to lower pH by at least 0.4-0.5

FIGURE 2: Vo-S plots for WT (A) and the E91A (B), E91D (C), and E91Q (D) variants. Experiments were carried out in 100 mM MES
at pH 6.0 and 25°C. The insets are Eadie-Scatchard plots.

Table 1: Comparison of the Steady-State Kinetic Parameters of WT
and E91 Variants of PDC in 0.1 M MES Buffer at pH 6.0 and
25 °C

specific
activity

(units mg-1) S0.5 (mM) kcat (s-1)
kcat/S0.5

(mM-1 s-1) nH

WT 60 ( 5 1.09( 0.17 73.1( 1.4 67.1( 9.4 2.18( 0.05
E91A 2.0( 0.2 4.70( 0.19 3.1( 0.5 0.65( 0.09 1.31( 0.05
E91D 11( 1 1.79( 0.22 17.5( 0.2 9.81( 1.08 1.86( 0.14
E91Q 16( 1 0.89( 0.02 20.4( 0.2 22.95( 0.23 1.09( 0.02

Table 2: Apparent pKa Data for WT and Its E91A, E91D, and
E91Q Variants Estimated from pH-Dependent Kinetic Parametersa

WT E91A E91D E91Q

kinetic constant pKa1 pKa2 pKa1 pKa2 pKa1 pKa2 pKa1 pKa2

kcat 5.4 7.0 5.8 6.5 5.4 6.7 5.5 6.3
kcat/S0.5 5.3 6.5 NDb 6.1 NDb 6.0 5.4 6.3
V/A 5.5 6.5 NDb 6.4 NDb 6.0 NDb NDb

V/B NDb NDb NDb 6.4 5.5 6.5 5.41 6.30
a The results were obtained from both semilog (kinetic constant-

pH) and log-log [log(kinetic constant)-pH] plots; pKa1 and pKa2 refer
to the apparent values determined on the acid and alkaline side of the
curves, respectively. The estimated error is(0.3 unit on fitting the
data from Tables S1-S4 and Figures S1-S4 to a Dixon-Webb
equation by a nonlinear least-squares method.b No values could be
estimated from the data due to the absence of an apparent pH
dependence in the pH range that was examined, or the pH dependence
not being readily interpretable.
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pH unit, with the maximum values at pH∼5.5, whereas the
V/B versus pH plots are shifted to the alkaline region by 0.5
pH unit for the E91 variants. The most striking differences
are observed in the Hill coefficients. The Hill coefficients
for the WT PDC and the E91D variant exhibit a pronounced
pH dependence with the maximum at pH∼6.0, while those
for the E91Q and E91A variants are almost pH-independent
(Figure 3).

Thermostability.To test the effect of substitution at
position 91 on the tertiary structure, the thermostability of
the WT and E91 variants was studied under the same
experimental conditions (Figure 4). The thermostability of
all E91 variants was significantly reduced compared to that
of the WT. TheTm for WT PDC was 59.5°C, while theTm

values were reduced by 14°C for the E91Q, 17°C for the
E91D, and 21°C for the E91A variants.

Intrinsic Fluorescence Measurements.The intrinsic fluo-
rescence emission spectra of WT PDC and the E91 variants
are shown in Figure 5. The E91D variant has the same
fluorescence emission maximum at 328 nm as the WT PDC
upon excitation at 300 nm, while the fluorescence emission
maximum of the E91A is red-shifted by 5 nm (333 nm) and
that of E91Q by 3 nm (331 nm).

RelatiVe Cofactor Binding. For WT PDC, less than 1%
activity was obtained when the apoenzyme was assayed
without added cofactors [ThDP and Mg(II)] compared to the
fully reconstituted enzyme. This confirms that the experiment
successfully removed both cofactors. However, the enzyme
fully reconstituted with saturating ThDP and Mg(II) has only
87-95% of the activity of the native enzyme, showing some

loss of catalytic activity during resolution of cofactors in
producing the apo-PDC. For all the E91 variants, the
cofactors could be separated by DEAE anion-exchange
chromatography at pH 6.8; therefore, the E91 variants were
purified as apoenzymes. Full catalytic activity could be
recovered after the mutant enzymes were preincubated with
10 mM MgSO4 and 10 mM ThDP in 100 mM potassium
phosphate (pH 6.0) for 30 min at 25°C. Binding constants
for binding of the cofactors to the native apoenzyme and
apo-E91 variants were determined from the quenching of
intrinsic fluorescence on addition of increasing concentrations
of cofactor to the apoenzymes in the presence of saturating
concentrations of the second cofactor at pH 6.0 (Figure 5).
The enzyme exhibits a fluorescence emission maximum at
338 nm upon excitation at 290 nm, suggesting that it very
likely corresponds to a buried tryptophan in PDC (31). The
quenching of apo-PDC fluorescence by cofactors is concen-
tration-dependent and saturable, following a typical hyper-
bolic binding curve (data not shown). The values ofKd and
the percent quenching were extracted for low and high
concentrations of ThDP (Table 3), indicating that the affinity
of the E91D, E91Q, and E91A variant apoenzymes for
ThDP‚Mg(II) decreased significantly compared to that of
WT.

Circular Dichroism Measurements. While ThDP alone has
no optical activity, upon binding to the native apoenzyme,
it experienced a distinct spectral change. Two new peaks
were induced with characteritsic maxima at 263 and 283 nm,
as previously reported by Killenberg-Jabs and co-workers
(32). All three E91 variants exhibited significant differences
in their near-UV CD spectra with respect to those of the
WT, although the CD spectra of the four apoenzymes were
very similar (Figure 6). For all the E91 variants, the minimum
at 283 nm almost disappeared, and the CD signal could not
be observed even in the presence of a great excess of ThDP.
The maximum at 263 nm exhibited a distinct broadening,
as well as being shifted to shorter wavelengths in the spectra
of the variants.

DISCUSSION

As can seen in Figure 7, the side chain of E91 makes
numerous van der Waals contacts with the short loop in the
γ domain comprising residues 410-415 leading to the active
site, including a hydrogen bond from the E91 side chain to
the main chain nitrogen of W412. It needs to be emphasized
that all of the residues examined so far on the putative
substrate-activation pathway emanating from C221 (C221,
H92, and E91) are on the same subunit, albeit on different
domains. The last three residues of this segment (413-415
also on the same subunit) provide some of the key conserved
interactions between ThDP enzymes and ThDP, while
residues 410-412 are connected to the regulatory site pocket
through direct and indirect interactions with E91. Therefore,
substitutions at E91 are expected to cause significant
perturbations in the substrate activation process and the active
site, as reflected by steady-state kinetics, thermostability,
cofactor binding, and tertiary structural changes of the
enzyme. The E91 variants could be purified by the same
protocol optimized for the WT PDC (33), although the
variant enzymes were purified as apoenzymes. It is reason-
able to conclude that the variants folded in the correct

FIGURE 3: pH dependence of the Hill coefficient for WT and its
E91 variants: WT PDC (9), E91A (b), E91D (2), and E91Q ([).

FIGURE 4: Thermostability of WT and its E91 variants: WT (9),
E91A (b), E91D (2), and E91Q ([).

9998 Biochemistry, Vol. 38, No. 31, 1999 Li et al.



conformation, consistent with the finding that all E91 variants
are able to bind the cofactors and exhibit varying levels of
activity.

Effects of Substitution at E91 on Steady-State Kinetic
Parameters and Their pH Dependence. Hill Coefficient.The
most telling kinetic parameter undergoing the most dramatic
changes with substitution of E91 is the Hill coefficient; it is
2.2-1.8 for WT and E91D, and it is reduced to 1.1-1.3 for
E91A and E91Q. These results support the hypothesis that
E91 is on the information transfer pathway during the
substrate activation process. The E91D variant, with the
negative charge conserved, results in an active enzyme with
a Hill coefficient of 1.8-1.9, suggesting that the negative
charge at position 91 is very important in maintaining the
activity and cooperativity. Although the E91A and E91Q
variants are unstable under the normal storage conditions

compared to the WT, with loss of most of the activity and
cooperativity within 1 week, the E91D variant is relatively
stable with little change in activity and cooperativity within
1 week, also supporting the hypothesis. This hypothesis is
also supported by the results that the Hill coefficients for
WT and E91D variant are pH-dependent and their curves
are bell-shaped with the maximum at pH∼6.0, while those
for the E91A and E91Q variants are nearly pH-independent.
Elsewhere, we suggested that the ascending part of the curve
is due to ionization of C221 (pKa ∼ 5.2), and the descending
part to H92 (pKa ∼ 6.4). It is interesting to note that several
of the interactions identified among domains and subunits
in PDC tend to involve at least one charged residue as seen
here, and in some cases two, as seen in the C221S-H+H92
ion pair (19), implying that the forces responsible for these
interactions are electrostatic in origin. The substitution of
E91 with A leads to great reduction in both activity and
cooperativity. In contrast, the E91Q variant has a dramatic
effect only on the Hill coefficient rather than on the activity
andS0.5. This comparison suggests that the length of the side
chain at position 91 is also very important in both substrate
binding and catalysis of the enzyme; i.e., the side chain Q
can still form a hydrogen bond with W412, but apparently,
the initial velocity of this variant no longer responds to
substrate concentration in a sigmoidal manner. This could
be the result of one of two scenarios; either the E91Q variant
can no longer be activated, or it exists in its activated form.
The low values ofS0.5 suggest the latter possibility.

FIGURE 5: (A) Effect of ThDP on the tryptophan fluorescence emission spectrum of WT. The enzyme (0.1 mg/mL) was preincubated with
10 mM Mg(II) in 100 mM MES (pH 6.0), and then the following concentrations of ThDP were added: (1) 0, (2) 1.55, (3) 3.10, (4) 6.20,
(5) 12.38, (6) 24.74, (7) 30.90, (8) 162.93, and (9) 228.81µM. (B) Effect of ThDP on the tryptophan fluorescence emission spectrum of
E91A PDC. The enzyme (0.1 mg/mL) was preincubated with 10 mM Mg(II) in 100 mM MES (pH 6.0), and then the following concentrations
of ThDP were added: (1) 0, (2) 2.78, (3) 8.35, (4) 16.68, (5) 33.29, (6) 68.30, (7) 156.65, (8) 362.12, and (9) 508.31µM. (C) Effect of
ThDP on the tryptophan fluorescence emission spectrum of E91D PDC. The enzyme (0.1 mg/mL) was preincubated with 10 mM Mg(II)
in 100 mM MES (pH 6.0), and then the following concentrations of ThDP were added: (1) 0, (2) 2.78, (3) 8.35, (4) 16.68, (5) 33.29, (6)
69.52, (7) 161.50, (8) 375.43, and (9) 527.62µM. (D) Effect of ThDP on the tryptophan fluorescence emission spectrum of E91Q PDC.
The enzyme (0.1 mg/mL) was preincubated with 10 mM Mg(II) in 100 mM MES (pH 6.0), and then the following concentrations of ThDP
were added: (1) 0, (2) 5.57, (3) 11.13, (4) 22.22, (5) 44.33, (6) 136.31, (7) 258.67, and (8) 472.01µM. The wavelength of excitation was
290 nm.

Table 3: Parameters for Quenching the Intrinsic Fluorescence of
Apo-WT and Its E91 Variants upon Addition of Cofactors

apparentKd (µM) maximal quenching (%) fa

WT 20.6( 5.5a,b 29.1( 6.9a,b 0.29( 0.07a,b

22.4( 2.8c 26.2( 2.0c 0.31( 0.02c

E91A 2.7( 0.2a 2.8( 0.1a 0.03( 0.00a

264( 86b 59.9( 22.8b 0.60( 0.23b

E91D 8.4( 2.1a 6.7( 1.3a 0.07( 0.01a

259( 86b 69.9( 26.8b 0.67( 0.26b

E91Q 29.5( 57.9a 11.6( 20.3a 0.12( 0.20a

279( 97b 67.2( 28.5b 0.67( 0.28b

a Values obtained with 1-12µM ThDP. b Values obtained with 12-
500 µM ThDP. c Values obtained with 1-12 µM Mg(II).
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pH Dependence of the Steady-State Parameters. In the
Dixon-Webb formalism, apparent pKa values that modulate
V andV/S0.5 pertain to protonic equilibria involving the E‚S
complex and free E, respectively. According to the mecha-
nism derived by Alvarez et al. (30), Vmax/A reflects on the
energetics of transition states starting with the addition of
the first pyruvate to PDC (presumably at the regulatory site,
very likely C221) and terminating with the first irreversible
step, i.e., decarboxylation. The termVmax/B reflects the
energetics of transition states starting with the E‚S complex
and terminating with decarboxylation. Finally,Vmax (or kcat)
reports on transition-state energies for the decarboxylation
step (formation of the enamine or 2-R-carbanion), followed
by product release (broadly defined), including protonation
of the enamine and release of acetaldehyde from ThDP
(Scheme 1). In turn, the pKa values implied by theV/A-pH
plots refer to free enzyme (i.e., at [S], S0), those from the
V/B-pH plots to PDC‚SR with a substrate bound at the
regulatory site (C221; at [S], S0), and finally those from

V-pH (orkcat-pH) plots to SC‚PDC‚SR with substrate bound
at both the catalytic and regulatory sites (at [S]. S0).

BehaVior of S0.5. It is important to note thatS0.5 in all cases
studied to date is reduced as the solution becomes more
acidic, irrespective of whether it represents the trueKm (i.e.,
nH is 1.0). This suggests that the affinity for pyruvate at both
the regulatory and catalytic centers is more favorable at lower
pH (compare, for example, the WT and the E91Q variant),
presumably reflecting the charge on the substrate and the
sites. At higher pH, both C221 and the active center with its
E477 and D28 would be expected to develop negative
charges, accounting for this pH dependence.

BehaVior of V or kcat Versus pH.Thekcat-pH profiles are
bell-shaped for WT and E91 variants, suggesting that at least
one ionizable side chain contributes to catalysis on both sides
of the profile. The values of pKapp are closer to each other
in the variants than in the WT, implying that there is some
perturbation in the values of pKapp in the active site residues,
even though the substitutions do not influence significantly

FIGURE 6: Near-UV CD spectra of PDC and its E91 variants in the absence and presence of ThDP. (A) WT: apoenzyme (]), apoenzyme
and 0.1 mM ThDP (4), 0.1 mM ThDP (O), and 50 mM phosphate (pH 6.0) (0). (B) E91A PDC: apoenzyme (×) and apoenzyme and 1
mM ThDP (4). (C) E91D PDC: apoenzyme (×) and apoenzyme and 1 mM ThDP (4). (D) E91Q PDC: apoenzyme (×) and apoenzyme
and 1 mM ThDP (4). The apoenzyme (2 mg/mL) was preincubated with 10 mM Mg(II) in 50 mM potassium phosphate at pH 6.0 and 25
°C. Then the ThDP was added, and the spectra were recorded with a path length of 0.1 cm. (E) Composite of all four forms with 1 mM
ThDP each: WT (×), E91A (]), E91D (+), and E91Q (4).
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the active site of the enzyme, as reflected by the activities.
BehaVior of kcat/S0.5 and V/AVersus pH.The Vmax/S0.5-

pH plots have virtually the same shape as theVmax/A-pH
plots, and both are bell-shaped for the WT, again suggesting
that at least one ionizable group on both the acid and alkaline
side is involved in the rate-limiting step at low substrate
concentrations. The pH optima of thekcat/S0.5-pH (or V/A-
pH) plots for the E91 variants are shifted to the acidic region
by approximately 0.5 pH unit, implying that the pKa values
of the free enzyme are being shifted by the substitutions,
probably in the vicinity of C221 or H92. These shifts can
be attributed in large measure to the term in the denominator
of the kinetic constant (see the pH-dependent behavior of
S0.5 above).

BehaVior of V/B Versus pH.In contrast to the acid shift
of thekcat/S0.5-pH (or V/A-pH) plots, the pH optima of the
V/B plots for all E91 variants experience an alkaline shift
by perhaps as much as 0.3-0.5 pH unit. This provides strong
evidence that different ionizable groups are responsible for
the acid limbs of theV/A andV/B profiles and, of course,
that substitutions at E91 are sensed at both the regulatory
and the catalytic centers as reflected by the shifts in the

apparent pKa values. The pKa values sensed by theV/B term
under acidic conditions must apply to some active center
residue(s).

Changes in Tertiary Structure with E91 Substitutions.PDC
exhibits intrinsic fluorescence characteristic of the presence
of tryptophan residues, very likely buried in the protein as
revealed by a low fluorescence emission maximum (338 nm)
upon excitation at 290 nm (31). The fluorescence emission
maximum of the E91A or E91Q variant is red-shifted
compared to that of WT PDC upon excitation at 300 nm,
implying that a conformational change brings the tryptophan-
(s) to a less nonpolar (more solvent-accessible) environment.
The quenching of tryptophan fluorescence provides a direct
tool for the determination of the dissociation constant of a
protein-ligand complex. However, the sensitivity of the
method depends on the number and location of the fluoro-
phores. It had been reported that the binding of ThDP to the
PDC apoenzyme quenches the intrinsic tryptophan fluores-
cence (34-36), suggesting that there is a tryptophan in the
ThDP binding site (active site). The residue responsible for
the source of the fluorescence quenching upon adding
cofactors was identified as W487 inZymomonas mobilis
PDC (corresponding to W493 in yeast PDC) by site-directed
mutagenesis (37). This tryptophan residue is also conserved
in all known PDCs. It was suggested that there was a direct
interaction between this tryptophan and ThDP (37). Surpris-
ingly, the crystal structure of yeast PDC showed that this
residue is some distance from the active site [11.6 Å from
the Mg(II)], but lies at the dimer interface (14, 15). It was
then proposed that an alteration of the ring stacking between
W493 and F502 of the other subunit is the source of the
fluorescence quenching when the ThDP binds to the apoen-
zyme (14). However, the F502 is not absolutely conserved.
Recently, it was reported that the F502L and F502H
substitutions inZ. mobilis PDC did not eliminate the
fluorescence quenching upon addition of the ThDP (38),
thereby ruling out the suggestion that ring stacking with Phe
is responsible for the observed fluorescence quenching.

In the presence of ThDP or Mg(II), the Stern-Volmer
plots are not upwardly curved (downward-curving plots for
WT, and nearly linear plots for all E91 variants), suggesting
the existence of only collisional quenching (39, 40). The
bimodal behavior for double-reciprocal plots of eq 2 and of
the modified Stern-Volmer plots suggests that quenching
of fluorescence by cofactors is highly affected by their
concentrations, giving linear plots for the low and high
concentration ranges. The fraction of residues accessible to
fluorescence quenching (fa ) 0.38) for ThDP in WT
suggested the participation of only one type of tryptophan
residue with similar exposure and accessibility to ThDP. The
affinity for ThDP is decreased 10-fold for the E91 variants
compared to that of WT, suggesting that the substitutions at
E91 induce a conformational change leading to loosening
of binding. The marked conformational change induced by
cofactor binding is also seen in the variation in quencher
accessibility (fa). Substitution at E91 strongly increased the
accessibility to ThDP. For the E91 variants, there is an
increase in the accessible fraction from 0.4 to 0.6-0.7,
confirming that the environment of tryptophan becomes less
hydrophobic. The fluorescence emission maximum is shifted
to shorter wavelengths when the cofactors are bound to the
apoenzyme in WT PDC, consistent with the internal and

FIGURE 7: (A) Ribbon diagram of a yeast PDC monomer showing
the location of C221 with respect to the thiamin diphosphate (in
space-filling format). (B) The putative substrate activation pathway
emanating from C221 to H92 to E91 to W412 to G413 and to
ThDP.
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hydrophobic environment of the tryptophan 493. In contrast,
the binding of ThDP to the E91 variant apoenzymes induces
a relatively large decrease in the intrisic fluorescence (the
maximum percent quenching is doubled compared to that
of WT) without changing the emission maximum wave-
length, suggesting that ThDP binding may induce a distant
conformational change of the enzyme which indirectly alters
the tryptophan fluorescence, as suggested in the case of HIV
reverse transcriptase (41).

CD provides an additional tool for monitoring significant
differences in the tertiary strctural packing of amino acid
side chains in WT and variant enzymes. CD spectra have
been used previously for ThDP-dependent enzymes: tran-
sketolase (42-44), pyruvate dehydrogenase (45, 46), yeast
PDC (32, 47, 48), andZ. mobilisPDC (38). The CD spectra
of WT PDC from different sources are similar. The CD signal
observed in transketolase is stronger than that of PDC due
to the presence of aromatic residues in the cofactor binding
pocket in transketolase (missing in PDC), which may form
a charge-transfer complex with ThDP (44, 49).

As seen from the CD spectra, ThDP alone has no optical
activity; however, addition of ThDP to the WT apoenzyme
induces two distinct peaks, a positive maximum at 263 nm,
a negative maximum at 283 nm, and a negative diffuse band
between 300 and 340 nm. The “induced optical activity” is
thought to be due to the binding of ThDP to an asymmetric
environment in the protein (44, 47, 48). In contrast, CD
spectra for the E91 variants were moved upward upon
addition of ThDP to the apoenzyme, and both peaks exhibit
extensive broadening and diffusion. Interestingly, although
substitution of E91 with D, which retains the negative charge
but shortens the side chain, shows the least effect on the
activity and cooperativity of the enzyme, the CD spectra for
E91D appear to be similar to those of the other two E91
variants. The results suggest the following: (1) Substitutions
at E91 cause conformational changes in the cofactor binding
pocket (active site), as well as in the entire enzyme; (2)
different tertiary structural change is being induced by ThDP
binding to WT than by binding to the E91 variants; (3) the
typical CD spectrum induced by ThDP binding to the WT
is not absolutely required for catalytic activity and cooper-
ativity of the enzymes.

The tertiary structural changes due to substitutions at E91
have also been confirmed by the fact that the thermostability
of E91 variants is significantly decreased. If the inherent
interactions between the E91 and the loop of residues 410-
415 are important for substate activation and catalysis, the
substitutions at E91 must break or weaken these noncovalent
bonds, resulting in a local and a more global conformational
change of the enzyme.

The results here provide convincing evidence that further
supports the proposed substrate activation pathway in yeast
PDC: from C221 to H92 to E91 to W412 to G413 to N4′H
(ThDP). We conclude that residue E91 can indeed relay the
regulatory information from the regulatory site to the active
site. Defining the role of the next amino acid W412 in this
putative pathway in the accompanying paper provides further
valuble insight into the substrate activation mechanism and
domain-domain interactions in PDC.

SUPPORTING INFORMATION AVAILABLE

Data tables (Tables S1-S4) and corresponding kinetic
curves at different pH values (Figures S1-S4) for WT PDC
and its E91A, E91Q, and E91D variants. This material is
available free of charge via the Internet at http://pubs.acs.org.
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