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ABSTRACT. The three-dimensional structure aymomonas mobilipyruvate decarboxylase shows that

the carboxyl-terminal region of the protein occludes the active site. This observation is consistent with
earlier suggestions that the active site is inaccessible to solvent during catalysis. However, the carboxyl-
terminal region must move aside to allow entry of the substrate, and again to permit the products to
leave. Here we have examined the role of the carboxyl terminus by making 15 variants of the enzyme
with serial deletions. The activity is largely unaffected by removal of up to seven residues but deletion of
the next two, R561 and S560, results in a drastic loss of activity. Five of these deletion mutants were
purified and fully characterized and showed progressive decreases in activity, in the ability to discriminate
between pyruvate and larger substrates, and in cofactor affinity. Several substitution mutants at residues
R561 and S560 were prepared, purified, and fully characterized. The results indicate important roles for
the side-chain of R561 and the backbone atoms of S560. It is suggested that the carboxyl-terminal region
of pyruvate decarboxylase is needed to lock in the cofactors and for the proper closure of the active site
that is required for discrimination between substrates and for decarboxylation to occur.

Pyruvate decarboxylase (PD&C 4.1.1.1) is a member On the basis of the first yeast PDC structu?g, (obell
of a large family of enzymes that use thiamin diphosphate and Crout 4) suggested that residues 10613, 292-301,
(ThDP) as a cofactordj. The three-dimensional structures or the carboxyl terminus might participate in closure of the
of several members of this family have now been determined, active site by acting as a “lid” since each of these regions is
including PDC from yeastX-4) and Zymomonas mobilis invisible in the structure and therefore presumed to be
(5). In all cases, the active site of ThDP-dependent enzymesflexible. This was a reasonable proposal because the residues
is at a domain interface and, with the exception of pyruvate: at the boundaries of these regions (e.g., 105 and 114) were
ferredoxin oxidoreductases), these domains are derived ot far from the position of ThDP in the structure. Candy

f_rom_ diffe_r_ent subunits._One domain contgins t_he ThDP motif 54 Duggleby 1) nominated residues 16813 as the critical
firstidentified by Hawkins et al.q) and which binds a metal  «;y» region but the determination of the structure &f

ion that in turn anchors ThDP to the enzyme via coordmauop mobilis PDC () suggests a more likely alternative.
to two of the phosphate oxygen atoms. The other domain

contains the catalytic glutamate that is believed to promote ~ ThiS structure shows that the carboxyl-terminal region
the reactivity of the C2 atom of the thiazole ring).( consists of ana-helix (E546-S560) connected to a tail

C(R561—K566) that together span the subunit interface (Figure
is inaccessible to solvent-derived protons during catalysis 1A). ThDP is wedged in this interface but is inaccessible to

(9—11). This notion of a closed active site agrees with earlier solvent with only C2 of the ThDP 'Fh|azo|e ring, the atom
studies {2, 13) in which it was proposed that a hydrophobic that attack; the substrate, protrudlng from the underlying
environment is required for the decarboxylation step in the Surface (Figure 1B). However, it should be noted that the
reaction. Modeling 14) and kinetic (5, 16) studies have position of C2 has been deduced from the locations of the
further reinforced the idea of a cyclic opening and closing rémaining atoms of the thiazole ring; in the published
of the active site during catalysis. Active site closure would Structure, ThDP has undergone some degradation so that it
provide the right environment for catalysis to occur and might iS missing C2. For this reason, the enzyme cannot possibly
also prevent decompositiod?) of ThDP adducts that are be active. It is conceivable that these two features are
intermediates in the PDC reaction. connected and that the carboxyl-terminal region does not
close over the active site when the true cofactor is present.
T This work supported by the Australian Research Council (Grant However, a.s nOI.ed.above’ there. are Several lines of ev_ldence
A09800834). that the active site is closed during catalysis and Dobritzsch
* To whom correspondence should be addressed. Phbfi&7 3365 et al. 6) proposed that the carboxyl-terminal region moves

4615. Fax: +617 3365 4699. E-mail:duggleby@biosci.ug.edu.au.  aside to allow substrate access and then closes during
1 Abbreviations: bp, base pairs; PCR, polymerase chain reaction;

PDC, pyruvate decarboxylase; SDBAGE, sodium dodecyl sulfate catalysis. Presumably, it then opens again to release the
polyacrylamide gel electrophoresis; ThDP, thiamin diphosphate. reaction products.
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Several workers have suggested that the active site of PD
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Ficure 1: Structure ofZ. mobilisPDC. In panel A, two of the
four subunits are shown with one of the pair in schematic form
and the other in a surface rendition. The carboxyl-terminal region
of the former subunit comprising ar-helix (E546 to S560) and a
tail (R561-K566) are indicated, together with ThDP which is
partially eclipsed by thex-helix. The positions of the last two
residues of the protein (L567 and L568) are not defined in the

published structure. Panel B shows an expanded view of the

carboxyl-terminal region with the-helix and tail (residues E546
to K566) of the left subunit shown in ball-and-stick representation
with the positions of S560, R561, and K566 indicated. The

remainder of the left subunit is shown as CPK spheres. ThDP'is
buried in the underlying surface, apart from the deduced location
of C2, which is shown by an arrow. Coordinates were determined

by Dobritzsch et al. %) and taken from the Protein Data Bank
(1ZPD).
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Terminator Cycle Sequencing Kit from Perkin-Elmer Applied
Biosystems.

Bacterial culture, plasmid DNA preparations, restriction
endonuclease digestions, ligations, and transformations were
carried out according to standard protocdl8)( Escherichia
coli strain JM109 was obtained from Promega (Madison,
WI). The pPLZM-PDC plasmid for heat-inducible PDC
expression has been described previougB).(All E. coli
cultures containing the wild-type and the mutant constructs
were maintained on Luria broth plates with 10@/mL
ampicillin. For long-term storage, liquid cultures were kept
in 15% glycerol and stored at70 °C.

MutagenesisMutants with serial deletions at the carboxyl
terminus were constructed using a protocol developed from
Promega’s Erase-a-Base System. pPLZM-PDC, which con-
tains aXhd site 22 bp downstream of the PDC gene stop
codon, was cut wittXhd and the linearized DNA with 5
overhangs was subjected to limited digestion with exo-
nuclease lll to generate a family of fragments that have 20
100 bases removed. The resulting collection of DNA
fragments was treated with S1 nuclease to remove the 5
overhangs and yield blunt-ended DNA fragments. These were
then ligated in the presence of a double-stranded linker DNA
with the palindromic sequencé-5GACTCGAGTCA-3 to
provide a stop codon (TGA). DNA sequencing of clones
obtained in this way identified those that contained the stop
codon in the correct reading frame, and these were used for
PDC expression without further subcloning.

Variants with seven residues deleted and the next residue
(R561) replaced by another amino acid were constructed
using the complementary pair of primers shown belSad!,
EcARV, andSpH recognition sites are underlined, the residue
561 codon is double-underlined, and lowercase lettets 5
the 561 codon indicate a change from the wild-type sequence.

SacII 561 EcoRV Sphl
5’ -GTTGCcGCgGCCAACAGCNNnsTGAGATATCGCATGCACGC-3"
TATAGCGTACGTGCG-5"

The B-overhang was filled in using the Klenow fragment
of E. coli DNA polymerase I. The resulting DNA was cut
with Sadl and SpH and then ligated t&adl/ SpH-digested
pPLZM-PDC. Positive clones were identified by the presence
of the introducedecaRV site in the primer. DNA sequencing

To investigate this hypothesis we have made a series ofjjgngified the actual base changes at the degenerate positions.

carboxyl-terminal deletions of the enzyme and find that the
activity is largely unaffected by removal of seven residues
but deletion of a further two (R561 and S560) results in a
drastic loss of activity. The lowered activity is accompanied

The additional deletion mutantA7 and A9 were con-
structed by PCR, using the primers shown in Table 1. A
DNA fragment, which comprises the second half of the PDC
gene, was generated by PCR using the forward primer F/P1

by a decreased affinity for the cofactors and a relaxation of \;iih R/A7 or R/AQ as the reverse primer. The PCR product

substrate specificity so that the enzyme shows a reduce

dyhich contains a singl&lcd and Xhd site, was cut with

ability to discriminate between pyruvate, 2-ketobutyrate, and inese enzymes and used to replace the corresponding

2-ketovalerate. The nature of the residue at position 561, bUtfragment of the wild-type gene in pPLZM-PDC. The mutants
not at 560, appears to be important as shown by mutatedag Ag+E, andA8+L were constructed in a similar way

enzymes in which each of these residues was substitutedusing the forward primer F/P2 and the reverse primex&y/

EXPERIMENTAL PROCEDURES

R/A8+E, or RIA8+L, respectively.
Expression, Protein Purification, and Preparation of

Materials.Restriction enzymes, T4 DNA ligase, T4 DNA  Apoenzymekor expression of PDCroa 2 Lscale, the cells
polymerase, and Klenow fragment were purchased from Newwere grown in 2YT medium18) containing 100ug/mL

England Biolabs (Beverly, MA). Exonuclease Ill and S1

ampicillin at 30°C. When the cell culture reached Agoo

nuclease were obtained from Promega (Sydney, Australia)of 0.5 the temperature was increased rapidly t@2and

and deoxyribonucleotides from Perkin-Elmer (Norwalk, CT).

the induction was maintained for 3 h. The cells were

For sequencing we used the Prism Ready Dye Deoxy harvested by centrifugation at’€ for 15 min at 2506 and
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Structure

Table 1: Oligonucleotide Primers Used for PCR Mutagefesis

Primer Sequence

Sequence

F/P1 5’-CCGCATTTGATGCTATCGG-3’ T EELVEKEWGEKRVAAANSREKPVNKLL®
F/P2 5-GACCGGCAAGCGCATTGTTCA-3’

Activity .+ s e s s s
R/AT 3’-GCGCAACGACGGCGGTTGTCGGCAACTGAGCTCGCC-5’ _ . P A S

1 I L J L1 |

R/A8 3’"-TTCGCGCAACGACGGCGGTTGTCGACTGAGCTCGCC-5’ 0.0 t0 0.5% 07t04.0%  40% =100%
R/AO 3. CCATTCGCGCAACGACGGCGGTTGACTGAGCTCGCC-5 FiGure 2: Carboxyl terminus oZ. mobilisPDC and the activity

of serial deletion mutants. The structure is represented in cartoon
R/A84E  3"-CGACGGCGGTTGTCGeUACTGAGCTCCGGAGC-5 form above the sequence from T545 to L568. The activity of

. 5 deletion mutants, relative to that of wild-type, is then shown as

R/A8+L  3'-CGACGGCGGTTGaAWACTGAGCTCCGGAGC- high [(+++) ~100%], moderate f-+) ~40%)], low [(+) 0.7—

4.0%], and indetectable{() <0.5%]. If no symbol is shown, that

a Reverse primers are showh-35" with the complement to the stop mutant was not tested

codon (TCA) double-underlined. Lowercase letters indicate a change

from the wild-type sequence in the region preceding this stop codon. ..
The restriction site foXhd is in italics and underlined. buffer (pH 6.6) containing 0.15 M NaCl. The column was

calibrated using as standards apoferritin (443 k[Dagmy-
lase (200 kDa), ADH (150 kDa), albumin (66 kDa), and
carbonic anhydrase (29 kDa).

Data Analysis.Most experiments were repeated two or
. : . three times, and we observed good agreement between
to yield the apoenzyme was performed using our published replicate experiments. The results reported represent the
proce.d_ure21, 22). o ) combined results from these replicates.

Activity Assay for PDCPDC activity was measured in a Kinetic parameters were determined by fitting the ap-
coupled enzyme assay in which the rate of acetaldehydep qpyriate equation to the data by nonlinear regression using
_product|on.fror.n 5 mM pyruvate was determined py follow- |hpIot (GraphPad Software, San Diego, CA), GraFit (Erith-
ing the oxidation of NADH at 340 nm and 3T in the acus Software, Staines, U.K.) or an adaptation of the
presence of alcohol dehydrogenag)( Reactions were  pNRP53 program 25). The best fit values and standard
started by addition of PDC using an amount of enzyme o5 obtained from these analyses are reported. Substrate
chosen so that a steady decrease of NADH concentrationyg cofactor saturation curves were fitted to eq 1 to obtain
could be monitored over 5 min. In cell extracts and during 51yes ofV,, andK, where the latter represents the Michaelis
enzyme purification, assays were performed with and without constanti,,) when X is a substrate, or the cofactor activation
addition of alcohol dehydrogenase. The latter was taken as;gnstant Ko) values when X is a cofactor. Values kix
a measure of the lactate dehydrogenase activity that is presenfyere calculated fronVy, using the known concentration of

in cell extracts but is separated during purificati@2)( The enzyme (see below) that was present in the assay.
Km value for pyruvate was determined in the standard assay

mixture with varying concentrations of substrate. This V,,[X]
standard assay contains concentrations of ThDP (0.1 mM) v= K+—[X]
and Mg" (5 mM) that are saturating for wild-type PDC.

However, for all studies on thé15 mutant (including Results of tryptophan fluorescence quenching experiments
increased to 1 and 20 mM, respectively. _ Briefly, the fluorescence value§{ as a function of time

~ Measurement of Cofactor Aetition and Cofactor Bind-  (t) were fitted using exponential decay curve (eq 2) from an
ing. Cofactor activation studies were carried out by measur- initial fluorescence K,) to a final value F.,) to obtain an

ing the activity of the reconstituted holoenzyme. The apparent first-order rate constari)(at a given cofactor

the cell pellet was stored at20 °C. The purification of PDC
was based on the protocol described previougly).(The
purified enzyme was stored a0 °C. Removal of cofactors

(1)

apoenzyme was preincubated for 15 min at °8D with concentration.

NADHY/alcohol dehydrogenase and a saturating concentration

of one cofactor while varying the concentration of the other. F.= (F, — F.) exp=k't) + F,, (2)

The reaction was started by addition of 5 mM pyruvate and

the data obtained were analyzed as described below. The slope of the linear relationship (eq 3) between this rate

Cofactor binding was measured by monitoring the quench- constant and the cofactor concentration [C] represents the
ing of tryptophan fluorescence of PDQ]_O as a function of rate constant for associatioko,(), while the rate constant
time using a Jasco model FB-770 spectrofluorimeter. Excita- for cofactor dissociationky) is obtained from the intercept
tion was at 300 nm (band width 5 nm) and emission was ©n the ordinate.
measured at 340 nm (band width 5 nm). .

Protein AnalysisSDS-PAGE was performed as described K= KonlC1 + kot (3)
by Laemmli 3) and proteins were detected by staining with RESULTS
0.1% (w/v) Coomassie blue. For routine measurements of
protein concentrations, the dye-binding method of Sedmac Serial Carboxyl-Terminal Deletiongnitially, a series of
and Grossberg?d) was used. Gel filtration chromatography carboxyl-terminal deletion mutants were constructed, ex-
was performed on a Pharmacia FPLC system using apressed, and assayed for PDC activity in cell extracts (Figure
Superdex 200 HR 10/30 column in 50 mM sodium phosphate 2). Deletion of seven residues, up to and including K562,
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Table 2: Kinetic Properties of Wild-Type and Deletion Mutants of PDC

enzyme wild-type A7 A8 A9 All Al15
specific activity (units/mg) 95 103 24.3 4.5 3.4 0.12
pyruvate
Keat (571 113+ 1 135+ 1 28.6+ 0.1 5.29+ 0.02 3.80+ 0.02 0.18+ 0.00
Km (MM) 0.68+ 0.02 1.35+ 0.02 1.39+ 0.02 0.82+ 0.01 0.51+ 0.01 0.50+ 0.03
KealKm (MM~1s71) 166+ 4 101+1 20.5+ 0.2 6.43+ 0.08 7.40+ 0.10 0.35+ 0.01
2-ketobutyrate not determined
Keat (571 61.4+ 0.4 82.2+ 0.4 30.1+ 0.2 10.3+0.11 26.0+ 0.6
Km (MM) 2.86+ 0.06 4.44+ 0.07 8.86+ 0.18 16.1+0.4 15.3+ 0.8
KealKm (MM~1 s71) 215+ 04 18.5+ 0.2 3.40+ 0.05 0.640+ 0.010 1.70+ 0.06
2-ketovalerate not determined
Keat (S71) 13.7+0.1 14.6+ 0.1 4.81+ 0.05 1.97+ 0.03 4.64+ 0.06
Km (MM) 129+ 0.2 15.0+ 0.3 148+ 0.4 19.3+ 0.7 17.5+ 0.6
KealKm (MM~1s71) 1.07+£0.01 0.98+ 0.01 0.325+ 0.007 0.10%t 0.002 0.271 0.005
ThDPK (uM) 1.96+ 0.07 1.55+ 0.03 8.68+ 0.19 21.7+0.6 453+ 1.3 >500
Mg?t K¢ (uM) 8.66+ 0.58 10.3+£ 0.3 193+ 5 410+ 6 451+ 13 >6000

gave very similar activities to the wild-type. Deletion of R561 each about 4% of wild-type whilA15 is a mere 0.2%. For
caused a drop to about 40% of wild-type and further deletion the most part, the effects di, dominate the changes in
of S560 reduced the activity to just a few percent of wild- kea/Kn, because th&, values of the mutants are fairly similar
type. Deletion of the next five residues also yielded enzymesto that of wild-type.
with a small fraction of wild-type but deletion of R554 and We have shown previously26) that wild-typeZ. mobilis
beyond gave no detectable activity. PDC is capable of catalyzing the decarboxylation of both
E. colicell extracts contain lactate dehydrogenase activity 2-ketobutyrate and 2-ketovalerate, albeit with lower ef-
that can be mistaken for PDC. Corrections for this activity ficiency than its activity with pyruvate. The ability of the
cause no great inaccuracy for the high PDC activity observed various truncation mutants (excefpl5) to use these alterna-
with wild-type but are not reliable when PDC activity is low. tive substrates was therefore tested. THe value for
Consequently, five of the deletion mutants were chosen for 2-ketobutyrate tends to increase through the deletion series
purification and further characterization. These were the while k.o rises above the wild-type valuA{) and then falls
enzymes with seven residues deleted (designAf&d A8, below (A8, A9, andA11). Although thek../{K, for 2-keto-
A9, Al11, andA15. This series covers the range from the butyrate is in all cases lower than that for pyruvate, it is of
largest deletion yielding an enzyme with apparently normal interest thatA8 has the samile., for 2-ketobutyrate as it has
activity (A7) through to the smallest deletion that appeared for pyruvate, whileA9 andA11 each has a highdg,, for
to abolish activity A15). Enzymes with deletions larger than 2-ketobutyrate than it has for pyruvate by factors of 1.9 and
A15 tended to aggregate and proved to be too unstable t06.8, respectively. Trends were less obvious for 2-ketovalerate
purify. Each of the proteins that was purified appeared to although thek../Kn for this substrate, compared to that for
be close to purity, as indicated by SBBAGE (data not pyruvate, is higher for all mutants than it is for wild-type.
shown). In gel filtration chromatography, wild-type PDC For example, wild-type shows a preference for pyruvate over
eluted just beforgg-amylase (200 kDa) suggesting that the 2-ketovalerate (as judged by the ratiokgfK.,) by a factor
enzyme is a homotetramer of its 60.8 kDa subunits. The of 155, while the corresponding values a7, A8, A9, and
deletion mutants tested\{, A8, A9, andA11) also eluted A1l are 103, 63, 64, and 27.
at a similar position and it is concluded that these deletions Removal of the cofactors, ThDP and Rig abolishes
do not alter the quaternary structure of the enzyme. activity and this can be fully restored by addition of the
Kinetic Properties ofA7, A8, A9, Al11, andA15. The cofactors. The dependence of activity on the concentration
kinetic properties of these enzymes are summarized in Tableof each cofactor added can be used to calculate a cofactor
2. The specific activities ankl, values broadly confirmed  activation constanti() that is an approximate measure of
the observations made with cell extracts. Deletion of seven the affinity of the enzyme for ThDP and Mg (Table 2).
residues does not decrease the specific activity; indeed, aVery clear trends are obvious in the datg/ is similar to
small increase was observed. Removal of R588)(caused wild-type but A8, A9, A1l and A15 show progressive
the specific activity to drop substantially and deletion of S560 increases in th&. values. For the last member of this series,
(A9) resulted in a specific activity that is about 5% of wild- the values were too high to measure accurately but are
type. A1l has slightly lower specific activity thaf9 and certainly several hundred-fold higher than those of wild-type.

A15 has a very low, but clearly nonzero, activity. Substitution Mutations at R561 and S56lhe results
The Ky, value for pyruvate shows only small variations described above established that the last seven residues of
across the series of mutants and ranged from Q15 to PDC are unimportant and that the next few are critical for

1.39 (A8) mM. The data show a discernible trend witfi7 activity, cofactor binding and substrate specificity. We
and A8 having aKn, that is approximately double the wild-  therefore went on to prepare specific mutants at positions
type value followed by a gradual decrease throaghA11, 560 and 561 to determine the influence of the particular
andA15 to a value that is 74% of wild-type. Although these residues. As with the deletion series described earlier, we
changes are relatively small, they were quite reproducible. first assayed for PDC activity in cell extracts (Table 3). In
The k.ofKm values of the truncation mutants are all lower the nomenclature that we have adopted for these mutated
than that of wild-type withA7 andA8 showing values that  enzymesA8+X represents deletion of eight residues but
are 61 and 12% of wild-type, respective9 andA11 are with amino acid X added at the carboxyl-terminus. In this
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Table 3: Activity of S560 and R561 Substitution Mutants of PDC ' ' '
enzyme activity specific (% wild-type)

AB+R (=A7) 100
AB+C 49-65
AB+E 48-49
A8+L 36-41
AB+P 20-30
AB+S 66-81
ABHT 6369
AB+Y 58-76
A9+S (=A8) 38-42 .
A9+L 36-39 | | |
A9 1-2

@ For each mutant, cell extracts of several clones were assayed; the . .
range of measured specific activities are reported. Time, min

Relctive fluorescence

nomenclature A8+R is the same ad7 because the last
residue (561) ofA7 is arginine. Each of these mutated
enzymes appeared to be similar to one another, with activities
(compared to wild-type) ranging from 20 to 30%8&+P)

to 66—-81% (A8+S); these activities span the value observed
for A8 (38—42%). Four of these mutantA8+E, A8+L and
A8+P, andA9+L) were selected for further study; in each
case, these represent a radical substitution in the wild-type
sequence (R to E, L or P at position 561, and S to L at
position 560).

Each of the proteins was purified and judged to be close
to purity, as indicated by SDSPAGE (data not shown). 0.0
Each of them eluted very close to wild-type in gel filtration 06 02 04 006 08 10
chromatography, suggesting that each is homotetrameric. M), mM
Their kinetic properties were determined and these are showngigure 3: Cofactor binding byZ. mobilisPDC. Panel A shows
in Table 4; to assist in comparison witk7, A8, andA9, tryptophan fluorescence as a function of time for theHD&DC
data from these mutants that were shown in Table 2 aremutant at ThDP and Mg concentrations of 0.1 and 0.2 mM,
reproduced in Table 4. No two of these substitution mutants respectively. The line represents the fitted curve using eq 2. The

identical in all ts but. for th ¢ t th apparent first-order rate constant obtained at this, and a series of
are iagentical in all respects but, Tor the most part, they are ,iner Mg+ concentrations are plotted in panel B; from the slope

quite similar toA8 and clearly different from botA7 and and intercept, respectively, of the fitted straight line (eq 3) the values
A9. Thus, any substitution of R561 is approximately of ko, andke are obtained.

equivalent to deleting R561 entirely, showing that the side-
chain of this residue plays an important role. In contrast, in the catalytic cycle. Cofactor binding in the absence of
the substitution at S560 made little difference, consistent with substrate is accompanied by quenching of the fluorescence
the proposition that it is backbone atoms rather than the sideof W487 1, 27) due to a change in the local environment
chain of this serine that control the difference betwééh at the subunit interfac@8). Measurements of the time course
and A9. of fluorescence quenching (Figure 3A) allow an apparent
Rate Constants for Cofactor Binding and Releatke first-order rate constant to be determined by fitting eq 2 to
cofactor activation constants reported in Tables 2 and 4 arethe data. A series of such analyses, at various cofactor
combined constants that depend on the rate constants foconcentrations, allow,n, andke to be determined from the
binding kon) and releaseks), as well as those of other steps resulting linear relationship (eq 3; Figure 3B). Two of the

min’'

K,

Table 4: Kinetic Properties of PDC Mutants with Substitutions at S560 and R561

enzyme A7 (FA8+R) AB+E A8+L A8+P A8 (FA9+S) A9+L A9

specific activity (units/mg) 103 33.1 27.3 17.2 24.3 21.9 4.5
pyruvate

Keat (579 135+ 1 41.7+0.3 32.5+0.2 22.9+0.1 28.6+ 0.1 27.0+0.1 5.29+ 0.02

Km (MM) 1.35+0.02 1.26+ 0.02 1.144+0.02 1.03+ 0.02 1.39+0.02 0.99+ 0.01 0.82+0.01

Keal Km (MM ™1 571 101+1 33.0+ 0.5 28.6+0.4 223+ 04 20.5+ 0.2 27.2+0.3 6.43+ 0.08
2-ketobutyrate

Keat (579 82.2+ 0.4 39.9+ 0.5 53.5+ 0.5 425+ 0.5 30.1+ 0.2 55.6+ 0.7 10.3+0.11

Km (MM) 4.44+ 0.07 6.60+ 0.22 9.19+ 0.23 10.3+£ 0.3 8.86+ 0.18 11.7£ 0.4 16.1+ 0.4

Keal Km (MM~1 571 18.5+0.2 6.05+ 0.15 5.82+ 0.10 4.14+0.10 3.40+ 0.05 475+ 0.10 0.640+ 0.010
2-ketovalerate

Keat (579 146+ 0.1 6.34+ 0.08 9.60+ 0.08 7.04+0.12 4.81+ 0.05 7.42+0.04 1.97+0.03

Km (MM) 15.0+£ 0.3 15.5+ 0.6 15.1+ 0.4 15.7+ 0.8 148+ 0.4 16.9+ 0.2 19.3+ 0.7

KealKm (MM~1s7Y) 0.980+ 0.010 0.410+ 0.010 0.640+ 0.010 0.45G+ 0.020 0.325+ 0.007 0.44G+ 0.005 0.10k 0.002
ThDPK. (uM) 1.55+ 0.03 7.424+0.15 4.13+ 0.07 6.51+ 0.12 8.68+ 0.19 5.76+ 0.06 21.7+0.6

Mgt Kc (uM) 10.3+£0.3 308+ 11 53.6+ 1.2 142+ 4 193+5 55.6+ 1.0 410+ 6
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Code Acc # Sequence Source
Zmo X59558 DGPTLIECFIGREDCTEELVKWGKRVAAANSIHK PVNKLL ] Bacterial
Huv Ul3635 STIRLIEVFLPEMDAPSSLVAQANLTAAIN‘K@D 1
Scel X77316 SKIRMIEVMLPVFDAPONLVEQAKLTAATNA
Sceb X15668 SKIRMIEVMLPVFDAPONLVKQAQLTAATNA
Sce6 X55905 SVIRLIELKLPVFDAPESLIKQAQLTAATNA
Spo AL021046 DVIQLVEVHMPVLDAPRVLIEQAKLTA-SL Fungal
Kla X85968 TRIRLIEVMLPTMDAPSNLVKQAQLTAASNA
Kma L09727 SKIRLIEVMLPVMDAPSNLVKQAQLTASINAINOE
Ncr L09125 EGPTLIECTIDQDDCSKELITWGHYVAAAN. PPRNMSVQE
Apa Uu00967 RMVEVFMERLDAPDVLMGLLNNQVLRENAQS -
Cre E15259 GELCFIMVVTHRDDCSKELLEWGSRVAAANSIKPPTTGYGGH ] Algal
Sof AJ251246 DCLCFIEVIAHKDDTSKELLEWGSRVSAANSRPPNPQ A
Zmal X17555 DCLCFIEVIVHKDDTSKELLEWGSRVSAANSRPPNPQ
Zma3l 7221722 DCLCFIEVIAHKDDTSKELLEWGSRVSAANSRPPNPQ
Osal U07339 DCLCFIEIIVHKDDTSKELLEWGSRVSAANSRPPNPQ
Osa2 U27350 DCLCFIEVIAHKDDTSKELLEWGSRVSAANSRPPNPQ
Osa3 U07338 DSLCFIEVVAHKDDTSKELLDWGSRVSAANSRPPNPQ Plant
Nta2 X81855 DCLCFIEVIVHKDDTSKELLEWGSRVCSAN RPPNPQ
Psal 2766543 DSLCFIEVFAHKDDTSKELLEWGSRVAAANSRPPNPQ
Psa2 7266544 DSLCFIEVIVHKDDTSKELLEWGSRVSAANSRPPNPQ
Athl AB005232 ESFCFIEVIVHKDDTSKELLEWGSRVSAANSISPPNPQ
Ath2 U71122 ESFCFIEVIVHKDDTSKELLEWGSRVSAANSIMPPNPQ -
* * * Conserved

Ficure 4: Alignment of the carboxyl-terminal region of various PDC protein sequences. The species abbreviations Aspaggaljus
parasiticus Ath, Arabidopsis thalianaCre, Chlamydomonas reinhardiHuv, Hanseniaspora varum Kla, Kluyveromyces lactiskma,

K. marxianus Ncr, Neurospora crassaNta, Nicotiana tabacumOsa,Oryza satia; Psa,Pisum satium Sce,Saccharomyces cersiae

Sof, Saccharum officinarumSpo, Schizosaccharomyces pomtaama, Zea maysZmo, Z. mobilis Arabic numerals following species
abbreviation indicate the products of different genes. Totally conserved residues are shown by an asterisk (*), while the residue equivalent
to R561 ofZ. mobilisPDC is highlighted.

Table 5: Rate Constants for Cofactor Binding and Release by not made the\8+K mutant ofZ. mobilisPDC, we anticipate

Wild-Type and by Mutants of PDC that it would be more similar téA7 than toA8.
ThDP Mg+ The carboxyl-terminal region of PDC appears to play three
ko Kor Ko Kor roles: First, it aII_ows proper closure c_)f th_e active site and
enzyme (mM-h?) (h) (MM-LhY) (h') deletion re_:sults in drastic decreaseskin with little effect
wild-type 1110+ 30  3.53£0.75 132t 3 239+ 053 on K. This means that the effect d@a/Kn parallels that
A8+L 297+ 17 10.26+ 0.67 26+ 1 7.91+ 0.56 on ke itself, an observation that can be interpreted in two
A9 110+ 10 4.57+1.62 0.85+0.08 8.34+0.47 ways. One possibility is that several rate constants are

affected and that there are compensatory changes which

altered enzymes were chosen for such an analysis, represenf-eSUIt in a reduction irks: while not affectingKm. The

ing a moderateA8+L) and large A9) decrease in affinit simpler interpretation i; that only the_ one rate con_stant
fo? cofactors ef(nd cgmparedgwi(tkh )the wild-type enz;/me common tdk.a:andkea{Knm is affected; that is, decarboxylation

(Table 5) of the lactyl-ThDP intermediate is the step that is impaired.
The raté constants for release of each cofattg) showed We have described previouslyg, 20) a quantitative kinetic
relatively small variations from wild-type. However, the model of wild typeZ. mobilisPDC (Figure 5) that agrees

| h d substantiall dsh d clear trend extremely well with the kinetic data reported in Table 2 and
values Oﬂ.<°” changed substantially and Showed clear Wenas y. .+ \yqld accommodate these results. The conclusion that
which indicate that the dominant factor in decreased cofactor

L . co - active site closure is required for decarboxylation is entirel
affinity in the mutants is a reduction in the rate of binding. consistent with earlierqstudieSL:{ 13) in v)\//hich it was y

deduced that the active site must be protected from solvent
in order for this reaction to occur.

PDC genes and/or cDNAs have been isolated and se- The second role of the carboxyl terminus is manifested in
quenced from a number of organisms and an alignment of the affinity of the enzyme for its cofactors. As more of this
the carboxyl-terminal region is shown in Figure 4. There is region is deleted there is a progressive decrease in the ability
little overall conservation of sequence with only two residues of the enzyme to bind both Mg and ThDP. We had
(D543 and L548) identical in all PDCs although sub-groups, anticipated that there would be a higher rate of release when
such as the plant sequences, are very similar to one anotherthe carboxyl terminus is deleted due to a failure to close,
However, it is noteworthy that every sequence extends to orand thereby retain the cofactors. This turned out not to be
beyond a position equivalent to R561 B#f mobilis PDC, the case; there is little change in the rate constant for release
and the residue at this position is invariably arginine or lysine. but major effects on the rate constant for cofactor binding.
These observations are fully consistent with our data in which Possibly this reflects a slowing of the locking down of the
residues beyond R561 are unnecessary for PDC function,carboxyl terminus rather than an effect on the initial enzyme-
and deletion or radical substitution of this residue affects cofactor encounter complex. In this context, we note that a
significantly the properties of the enzyme. Although we have conformational change upon cofactor binding by PDC has

DISCUSSION
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E.ThDP% E.Iactyl-ThDP%» E.hydroxyethyl-ThDP %—» E.ThDP
CO, acetaldehyde
ki = 200mM s ki = 300 s k.3 = 188s™
k, = 75s*
kat = Kiakiz/ (K2 + ki3) = 116s™
Ko = Kia(ky + ki) Kea(ke2 + ki3) = 0.72mM
keat] Km = Kirkia [(Ky + Ki2) = 160 mM's?

Ficure 5: Quantitative kinetic model of the catalytic cycle of wild-tyAemobilisPDC. This model was first suggested by Sun etH) (
and later modified by Chang et aR@). The calculated values &5 (116 s1), Ky, (0.72 mM), andk.a/Kmn (160 mM-1 s71) are in close
agreement with the experimental values (Table 2) of I23&68 mM and 166 mM! s™1,

been proposed by several groups based on solution X-rayHowever, we should stress that there is no direct evidence
scattering studies2@) and the kinetics of holoenzyme for this movement. Although the crystal structure of
reconstitution 21, 30, 31). Although the nature of this  mobilisPDC () clearly shows that access to the active site
conformational change has not been elucidated, we suggesis impeded by the carboxyl terminus, it is possible that the
that closure of the active site by the carboxyl-terminal region structure of the enzyme in solution is slightly different from
could represent an important component of the change. thatin crystals. We are now attempting to obtain more direct

The third effect of deletion of the carboxyl terminus is a evidence for movement of this region of PDC during
broadening of substrate specificity so that the enzyme showscatalysis.
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