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ABSTRACT. The X-ray crystal structure of pyruvamide-activated yeast pyruvate decarboxylase (YPDC)
revealed a flexible loop spanning residues 290 to 304 orptdemain of the enzyme, not seen in the
absence of pyruvamide, a substrate activator surrogate. Site-directed mutagenesis studies revealed that
residues on the loop affect the activity, with some residues redkgifigm by at least 1000-fold. In the
pyruvamide-activated form, the loop located on h@omain can transfer information to the active center
thiamin diphosphate (ThDP) located at the interface ottlady domains. The sigmoidab—[S] curve

with wild-type YPDC attributed to substrate activation is modulated for most variants, but is not abolished.
Pre-steady-state stopped-flow studies for product formation on these loop variants provided evidence for
three enzyme conformations connected by two transitions, as already noted for the wild-type YPDC at
pH 5.0 [Sergienko, E. A., and Jordan, F. (20@9)chemistry 413952-3967].'"H NMR analysis of the
intermediate distribution resulting from acid quench [Tittmann et al. (2@8themistry 42 7885-

7891] with all YPDC variants indicated that product release is rate limiting in the steady state. Apparently,
the loop is not solely responsible for the substrate activation behavior, rather it may affect the behavior
of residue C221 identified as the trigger for substrate activation. The most important function of the loop
is to control the conformational equilibrium between the “open” and “closed” conformations of the enzyme
identified in the pyruvamide-activated structure [Lu et al. (20BQ). J. Biochem267, 861—868].

The X-ray structure of yeast pyruvate decarboxylase side of the dimerdimer interfaces is packed much tighter
[YPDC carries out a thiamin diphosphate (ThDP)-dependent than the other side and the 222 symmetry is totally abolished
decarboxylation of pyruvate to acetaldehydge2)] revealed (Figure 1). Unlike in form A, where all four active sites are
a structural change on addition of the substrate activator equivalent, in form B of YPDC, two active sites on the tightly
surrogate pyruvamide (a pyruvate analogue that cannot bepacked side are closed (called C for closed subunit) and two
decarboxylated)J). In the absence of pyruvate or pyruva- on the other side are exposed (called O for open subunit) to
mide, YPDC exists in form A, sometimes called the the solvent as a consequence of the structural rearrangement
unactivated form; in the presence of pyruvamide, the YPDC (3).
tetramer is converted to form B, sometimes called the
activated form. In form A, four monomers are assembled in
a 222 symmetry with two dimers loosely packed together.

In form B, the two dimers are twisted by 6:8.2° in the regions are disordered and highly flexible. Interestingly, in

relative orientation of th domain in one subunit to the ”
domain in the other subunit, while the orientation of the other Fhe form B structured), loop 296-301 becomes organized

; s oo the subunit on the side of the tetramer where dimers are
two domains ¢ andy, which jointly create the ThDP binding n .
site and supply the active center catalytic residues) remains_tlghtly packed (the closed C subunit) and the loop 1043

similar in the A and B forms. With pyruvamide present, one is ordered in the subunit on the other side of the tetramer
' ' where dimers are loosely packed (the opened O subunit).

Therefore, these two regions may have importance in the
substrate activation of YPDC, reflected by a sigmodiat

Two loop regions (encompassing residues-1043 and
290-301) were found to have no interpretable electron
density in the form A structurel( 2), indicating that these
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at Saxony-Anhalt. [S] plot (4, 5), with a Hill coefficient near 2.0. The spatial
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Ficure 1: The pyruvamide-activated structure of YPLC®). Upper
subunits are closed. Lower ones are open. The-38Q loop is
red; the 104-113 loop is green; ThDP in space-filling presentation.

410-415) to G413 (forms a conserved hydrogen bond with
the amino group of ThDP), to S414 and to 1415 (this residue
was termed the conformational pivot ensuring the stabiliza-
tion of the reactive “V” conformation of ThDP).

Previous evidence for the importance of this loop was
obtained from studies on the autoregulation of YPLOO)(
that identified the mutant yeasisdc-8 (with a D291N
substitution) andpdc-803(with a S29&AF297A deletion).

Using site directed mutagenesis, two variants D291N and | ;;a;

S29\F297A were created to mimic these genetic findings
(11, 12). Although these two variants displayed extremely
low activity (0.0022 U/mg forpdc-8and 0.0016 U/mg for
pdc-803, compared to 5660 U/mg for wild-type enzyme,

Joseph et al.

were purchased from Sigma (St. Louis, MO) or USB
(Cleveland, OH). The BL21 (DE3) competent cells were
from Novagen Inc. (Madison, WI).

Construction of D291A, N293A, T294A, S298A, S300A,
L111A,L111V, and L111Q Variants of YPD&lte-directed
mutagenesis experiments to produce the D291A, N293A,
T294A, S298A, S300A, L111A, L111V, and L111Q variants
used the QuikChange site-directed mutagenesis kit follow-
ing the manufacturer’s instructions. The plasmid ofHis
wild-type YPDC was used as the template for all variants
(13). The primers designed for the mutagenesis experiment
are listed below (the new codons in place of the original
codons are typed in bold face and the mutated sites are
underlined):

D291A1 5’-GTGCTTTGTTGTCTGCTTTCAACACCGGTTCTTTC-3’
D291A2 5’-GAAAGAACCGGTGTTGAAAGCAGACAACAAAGCAC-3’
N293A1 5’-CTTTGTTGTCTGATTTCGCCACCGGTTCTTTCT-3’
N293A2 5’-GAGAAAGAACCGGTGGCGAAATCAGACAACAAAG-3’
T294A1 5’-GTTGTCTGATTTCAACGCCGGTTCTTTCTCTTAC-3’
T294A2 5’-GTAAGAGAAAGAACCGGCGTTGAAATCAGACAAC-3’

S298A1 5’-CAACACCGGTTCTTTCGCTTACTCTTACAAGACC-3’

S298A2 5’-GGTCTTGTAAGAGTAAGCGAAAGAACCGGTGTTG-3’

S300A1 5’-CACCGGTTCTTTCTCTTACGCTTACAAGACCAAG-3’

S300A2 5’-CTTGGTCTTGTAAGCGTAAGAGAAAGAACCGGTG-3”

5’-CAAGCTAAGCAAGCGTTGTTGCACCACACCTTAG-3’

L111A2 5’-CTAAGGTGTGGTGCAACAACGC TTGCTTAGCTTG-3’

L111v1 5’-CAAGCTAAGCAAGTGTTGTTGCACCACACCTTAG-3’

no structure-function explanation had been provided. We Li11v2
here report detailed studies of loop 29801. Among the

12 residues stretching from 290 to 301, D291, T294, N293, L111Q1
S298, and S300 were selected and singly substituted byLllle
alanine since an examination of this loop (Figure 3) revealed

5’-CTAAGGTGTGGTGCAACAACAC TTGCTTAGCTTG-3’

5’-CAAGCTAAGCAACAGTTGTTGCACCACACCTTAG-3’

5’-CTAAGGTGTGGTGCAACAACTG TTGCTTAGCTTG-3’

some interesting interactions in which these particular

The Escherichia colistrain BL21 (DE3) cells were

residues might be involved. Steady-state kinetic constantsi.,nsformed with the mutated plasmids, and the cells were

were determined for each variant in the pH range of activity
(5.1-7.5). In addition, mechanistic studies were carried out

allowed to grow on LB-ampicillin agar plate overnight16

to elucidate the effects of these substitutions, distant from DNA SequencingDesired mutations were confirmed by

the active center, on events taking place at the active center

The results provide insight to the role of tiedomain, not
directly involved in binding ThDP, unlike the. and y

means of fluorescence-based DNA sequencing. Plasmids of
the variants extracted from 10 mL of culture were sequenced
by use of the Dye Terminator Cycle Sequencing Ready

domains. Studies were also carried out for the L111 residue Reaction kit on an ABI 373 sequencer.

from loop 104-113. The L111A,L111V, and L111Q YPDC

Enzyme Expression and Purificatio8ingle colonies of

variants were constructed, and their kinetic parameters Were,o celis were incubated in LB medium containing &9

determined in the same pH range (57L.5).

EXPERIMENTAL PROCEDURES

Materials. The QuikChange site-directed mutagenesis kit
was from Stratagene (La Jolla, CA). The Wizard 373 DNA
purification system was from Promega Inc. (Madison, WI).

Primers were synthesized by Integrated DNA Technologies,

Inc. (Coralville, 1A). Talon metal affinity resin was from
Clontech Laboratories, Inc. (Palo Alto, CA). All chemicals

mL ampicillin at 37°C with shaking at 300 rpm and induced
with 0.5 mM IPTG whenAgso reached 1.61.2. After 4-5

h of induction, the cells were collected, washed with 20 mM
KPi by centrifugation, and stored at20 °C.

Since the plasmid of Hiswild-type YPDC was used as
the template for mutagenesis, all variants have a Hig
attached to their C-terminus. The procedure for purification
of Hise tag YPDC variants is identical to the purification of
Hiss tag wild-type YPDC described elsewherEs).
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FiGure 2: Pictorial representation of the connectivity of the regulatory site (Cys221) with respect to the loop9and the active site.
The pdb file 1qpb 3) was used to generate the model.

5296 1 while data showing substrate inhibition were fitted to eq 2
using the Sigma Plot program from SPSS, leading to the
values for ke, S5 kealSs Kol S8, and ny (the Hill

coefficient).

Differential scanning calorimetrymeasurements were
carried out using the Perkin-Elmer Pyris 1 calorimeter at a
scan rate of 1°C/min in 20 mM MES buffer (pH 6.0).
N293 Samples (20 mg/mL) were scanned from 25 to°@5 and
the midpoint melting temperaturd@{) was determined.

Determination of the Pre-Steady-State Kinetic Parameters.
92 The progress curves of product (acetaldehyde) formation
v299 N . were recorded via a yeast alcohol dehydrogenase/NADH
) coupled assayld) on an Applied Photophysics SX18 MV
stopped-flow spectrophotometer (Leatherhead, U.K.). Pyru-
vate decarboxylase (wild type, 84 ug/mL or 0.171.43
uM active sites, or variants) was premixed with NADH (0.3
mM) and ADH (350 units/mL). This solution was then mixed
in a 1.1 ratio with pyruvate at different concentrations
Ficure 3: Pictorial representation of the loop residues in pyruva- dissolved in the same buffer. The temperature was maintained
mide activated YPDC. .. represents hydrogen bonds formed 4 39 ¢ with a Lauda MGW water bath. The absorbance
within the loop giving rise to 6 H-bonds within the loop. The pdb . . .
file 1qpb @) was used to generate the model. change at 340 nm was measured Wlth a light path of either
2 or 10 mm. The data (total of 4000 points) were transferred
Steady-State Kinetic AnalysiBhe NADH/ADH coupled to a PC and treated with the SigmaPlot software according
assay was used to determine the enzyme activif) ( toeq 3:
monitoring the depletion of NADH at 340 nm by using a

............ T294

5300 :
D291

COBAS-BIO automatic centrifugal analyzer (Roche Diag- Kotz — vg) + Kia (0o — 1)

nostics Corp., Indianapolis, IN). A triple buffer (50 mM P = oo, — k) [1 — exp(kyt)] +
MES, 100 mM Tris, 50 mM acetic acid with 2 mM Mgg! SR

1 mM ThDP, and 1 mM EDTA) provided constant ionic (v1 — Vo)t (1 — explk ] + ot @)
strength in the entire pH range. The-[S] data were fitted Ky — Kyo)Kepo P2 2

to the Hill equations:

whereuwg, v1, andw, depict activities of three distinct enzyme
v/[Eql = keof SIS 5" + [S]) 1) states, b, E;, and B. The rate constark pertains to the
transition from kg to E; andk, to the transition from Eto
vl[E] = keadSI"{ S 5" + [SI"(A + [SVK)} (2 E.. When we wished to compare the results with those given
by the earlier model involving just two enzyme states, eq 4
Data that exhibited no substrate inhibition were fitted to eq was used:
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— S298A, S300A, L111A, L1211V, and L111Q. All desired
K mutations were confirmed by DNA sequencirig)
rl Expression and PurificatianAll variants could be over-

where all parameters have the same meaning as in eq 3_expr_essed in the BL21(DES3) cells after IPTG induqtion and
Equation 3 leads to eq 4 by setting= v,. These equations  Purified to apparent homogeneity (SBBAGE) with a
were developed16) to account for the complex activation subunl_t molecular weight near 60 000, spmewhgt higher t_han
behavior observed with wild-type YPDC at pH values Non-His tag YPDC due to the C-terminal fusion protein
different from that in the optimal range. including the six histidines.

The data were also treated with the equations derived by
Krieger et al. 6) where similar issues on activation were
also found with PDC fronKluyveromyces lactis

Rapid chemical quench experimemtsre carried out in a The steady-state parameters of variants D291A, N293A,
Kintek instrument. Enzyme, 15 mg/mL, with 1:1 molar ratio  T294A, S298A, and S300A were determined in the pH range
of active sites to ThDP is placed ia 1 mLsyringe and  of 5.1-7.5 (5.4-7.5 for N293A) and are compared to those
injected onto sample loop A at the port indicating sample of the wild-type YPDC at pH 6.0 in Table 1. The plots of
A, and 100 mM pyruvate (in 0.1 M MES, pH 6.0) is injected  the pH dependence of the parameters for the five variants
onto sample loop B. MES buffer, pH 6.00, is injected into are presented in Supporting Information Figures SEAand
drive syringes A and B while quench solution (12.5% sypporting Information Tables S1-4E.
trichloroacetic acid1 M HCI, 50% DRO) is injected into Effects of Substitution on Substitutions at D291, N293,
drive syringe_ C Via the computer, the requisite time and T294, and S298 dramatically reduce tkg of YPDC by
the loop position could be set. A 1.5 mL Eppendorf tube 34_18000-fold, suggesting that these four residues function

with & pinhole on top is held at the exit line to collect the i, he stabilization of transition states of the steps after
quenched reaction sample. The experiment is repeated ifg,psirate binding and most likely starting with the decar-

larger sample volume is needed. The solution was Cemrifuge%oxylation of LThDP. The pH profiles foke of all five
for 5 min at 14 000 rpm to precipitate the protein, and the \ 4jants are similar to that observed with wild-type YPDC.
supernatant was used for intermediate analysis by NMR.  Tthe ik reaches its optimum value at pH 6.6 in wild-type
For slower reactions, the quenching was performed manu-yppc while the pH optima okes in all five variants are
ally. Pyruvate (12qiL of 100 mM) was added to 120l of ~ gjighly shifted to the alkaline side by about 0.3 unit, to
enzyme. The reaction mixture was quenched with ZR0 approximately pH 6.9. Thé., of S300A reaches 91% of

of quench solution (12.5% trichloroacetic acidM HCI, wild-type YPDC activity at pH 6.0, and the activity is
50% D,O). The mixture was centrifuged for 5 min at 14 000 virtually unaffected by this substitution.

rpm, and the NMR spectrum of the supernatant was recorded. Effects of Substitution ond(S, s and k./S, &". On the basis

Determlnanon of Microscopic Rat_e Cons_tanT:he M= of the Rutgers modell§) for multiple substrate binding,
croscopic rate constants are determined using the foIIowmgthe termkea/S, £ approximately accounts for transition state
formulas (7): energies starting from binding the first substrate and termi-
nating with the first irreversible step, decarboxylation. In the
earlier SchellenbergeiHubner—Showen (SHS) model for
the wild-type YPDC 19), which assumes two substrate-
binding sites per subunit, the corresponding terrkigA.
The quantityk../S s approximately represents the transition
state energy of steps starting with theSEEomplex (probably
after the substrate activation step) and culminating with
decarboxylation 15).

Substitution on S300 had no effect &a/S s, the value
for the S300A variant is even greater than that of wild-type
YPDC. Substitutions at the remaining four positions pro-
foundly affected thek../Ss of YPDC by reducing this
parameter 2006000-fold. All five variants display bell
where k, and ks correspond to formation of LThDP and  shaped behavior in thie./S.s—pH plots. The N293A and
decarboxylation, respectively, while the rate constagts S300A variants reach their optimiak/S s value at pH 6.0,

a composite including the unimolecular forward rate constant as does wild-type YPDC. The optimkl./S s was shifted

U v
0 1
P=

[1 — expCkind] + oit (4)

(a) Steady-State Kinetic Analysis for Loop 2801
Variants

[ThDPJ/[LThDP] = ky/k, = a
[ThDPJ/[HEThDP]= k,g/k, = b
Keat = (kokakoe { (k) + (Kokae) + (Koo}
k, = k.(a+ b+ ab)/ab
ks = k(a+ b+ ab)/b

ks = Kk.{a+ b+ ab)/a

for protonation of the enamine/@2carbanion (step 4) and
elimination of acetaldehyde (step 5); all rate constants and
steps refer to the numbering in Scheme 1.

RESULTS

Construction of the VariantsThe residues D291, N293,
T294, S298, S300 of YPDC were successfully replaced by
alanine, while L111 was replaced by alanine, valine, and
glutamine via site-directed mutagenesis, yielding single
amino acid-substituted variants D291A, N293A, T294A,

to ~pH 5.4 for the D291A and te-pH 6.6 for the T294A
and the S298A, indicating perturbation on the active center
acid—base groups patrticipating in steps culminating with
decarboxylation in the D291A, T294A, and S298A variants.
At pH 6.0, the variants show a 560 7000-fold decrease
in keal S.8" compared to théd./A of wild type, again with
the exception of S300A which has slightly greater value than
wild type.
Effects of Substitution ong$ S5 for D291A, N293A,
and S300A are similar to that of wild-type YPDC whifgss
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Scheme 1: Mechanism of Pyruvate Decarboxylase, YPDC
NH, H
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Table 1: Steady-State Kinetic Parameters for Wild-Type YPDC and the Loop3®D Variants at pH 6.0

KealS0.8" (MM s72) or KealSo5
YPDC variant Keat (S71) S5 (MM) N keal A for WT (MM 2 s71) (mM~ts) Ki (mM)
WT 37.54+ 0.32 1.80+ 0.05 1.66+ 0.05 22.04+ 1.85 20.81+ 0.58
D291A 0.0074+ 2e-4 1.83+0.13 1.25+ 0.04 0.0034 0.0036 2e—4 551.9+ 135.5
N293A 0.0020+ 7e-5 1.40+0.11 1.31+0.10 0.0013 0.0015% 1e-3 659.6+ 432.2
T294A 0.24+ 3.5e-3 15.34+ 1.28 1.35+ 0.05 0.0060 0.016-1e-3 244.0+ 46.8
S298A 1.23+ 0.09 11.35+1.39 1.34+ 0.08 0.047 0.1%0.03 272. 7+ 84.1
S300A 34.20+ 0.56 1.16+ 0.04 1.37+ 0.06 27.99 29.56 1.2 867.3+ 288.2
D291N 0.0022+ 0.00F
AS296AF297 0.0016t 0.00F
aFrom refsllandl12
Table 2: Kinetic Parameters Deduced from Activation Cutves
variant vo (Units/mg) v1 (units/mg) v2 (Units/mg) ket (579 k2 (579
D291A 0 0.117+0.078 0.029Gt 0.0003 0.112+ 0.079 0.113+ 0.077
N293A NA 0.00652+ 0.00009 0.00872 0.00012 NA 0.0436: 0.0062
T294A 0 2.904+ 0.03 1.12+0.01 0.9174 0.042 0.225+ 0.003
S298A NA NA 7.17+ 0.08 NA 0.140+ 0.0038
S300A 0 23.8:0.3 39.5+ 04 NA 0.261+ 0.0052
WT YPDC 0 9.65+ 0.02 39.2£ 0.4 NA 0.337+ 0.0026

@ The rates, v1, andv, represent steady-state rates of corresponding enzyme statés &d E (Scheme 2). The transition rate constats
andky, are associated with the transitions fromtg E; and B to E,. All experiments were carried out at pH 6.0. Data from Figure® 4vere
analyzed using eqs 3 and 4 as described iiBeNA: Not apparent from curves hence not determined; where the numeral zero is inserted implies
that the number was near zero and could not be determined with precision.

for T294A and S298A are increased 8- and 6-fold, respec- wild type; thek../S s values are 18%, 3%, and 39% of that

tively, suggesting that D291 and N293 may have functions of the wild type;k.a/S 2" values are 0.2%, 2%, and 5.8% of

in modulating the substrate binding. the keafA of the wild type; S ss were increased by 2.6-, 6-,
Effects of Substitution on the Hill CoefficieAtl variants and 1.9-fold. Thenys are virtually unaffected by the

showed modestly reduced positive cooperativity; the values substitutions on the L111 position compared to the wild-

of ny are relatively smaller than those for wild-type YPDC type YPDC in the entire pH range.

in the entire pH range. Significantly, the cooperativity

according to this criterion was not abolished in any of the (€) Stability of Loop Variants

loop variants. Overall, the T,s determined by differential scanning
(b) Steady-State Kinetic Analysis for Loo 3 calorimetry (in°C) were little changed by the loop substitu-

; y / y p ¥ tions: wild-type YPDC (70.20), D291A (68.46), N293A
Variant L111A (V/Q) (71.71), D294A (70.50), and S298A (69.67).

The steady-state kinetic parameters for the L111A(V/ L .
variants in thye pH range of g.—]? .5 are listed in SupportgngQ) (d) Pre-Steady-State Kinetics of Substrate #atfon
Information Tables S2.AC with corresponding plots in The rate constants deduced from these studies are sum-
Supporting Information Figures S2-/C. marized in Table 2.

At pH 6.0, for the L111A, L111V, and L111Q respec- Wild-type YPDCALt substrate saturation, the shape of the
tively, thek. values are 47%, 21%, and 73% of that of the progress curve for wild-type YPDC was similar to the one
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10 15

Time (sec)
Ficure 4: Progress curve for acetaldehyde formation by WT YPDC
at the optimal pH of 6.00. WT YPDC (28g/mL) dissolved in
MES buffer (pH 6.00) containing 35 units/mL of ADH, 0.46 mM
NADH, 5 mM MgCl,, and 2 mM ThDP was mixed in a 1:1 ratio
with 100 mM pyruvate dissolved in MES (pH 6.00). Acetaldehyde
release was monitored via the coupled assay.
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Ficure 5: Progress curve for acetaldehyde formation by the S300A

variant at pH 6.00. The S300A YPDC variant (2g/mL) dissolved

in MES buffer (pH 6.00), containing 35 units/mL of ADH, 0.46
mM NADH, 5 mM MgCl,, and 2 mM ThDP, was mixed in a 1:1

ratio with 100 mM pyruvate in MES (pH 6.00). Acetaldehyde
release was monitored via the coupled assay.

Scheme 2: Two-Step Phenomenological Model of YPBC (

Substrate

a Referencel5.

reported earlierZ0), with a lag phase and a steady state

Joseph et al.
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FIGURE 6: Progress curves for acetaldehyde formation by the S298A
variant at pH of 6.00 at the indicated concentrations of pyruvate.
The S298A YPDC variant (0.1 mg/mL) dissolved in 0.1 M MES
buffer (pH 6.00), containing 35 units/mL of ADH, 0.46 mM NADH,

5 mM MgCl,, and 2 mM ThDP, was mixed in a 1:1 ratio with
pyruvate in MES (pH 6.00) resulting in the indicated concentrations
of pyruvate. Acetaldehyde release was monitored via the coupled
assay.
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FiIGUrRe 7: Progress curves for acetaldehyde formation by the

T294A variant at pH 6.00. The T294A YPDC variant (0.2 mg/

mL) dissolved in MES buffer (pH 6.00), containing 35 units/mL

of ADH, 0.46 mM NADH, 5 mM MgCh, and 2 mM ThDP, was

mixed in a 1:1 ratio with pyruvate in MES (pH 6.00) resulting in

the indicated concentrations of pyruvate. Acetaldehyde release was

monitored via the coupled assay.

10 30

S298A YPDCThe S298A variant is about 10 times slower
than the wild-type YPDC, and it showed a similar progress
curve as the wild-type and S300A variants indicating the
existence of two enzyme conformations and two steady states
(Figure 6). Nonlinear regression treatment of the data indi-
cated negligiblevy and v, compared withw, in this case.

T294A YPDCThe T294A is about 1000 times slower than

(Figure 4). Nonlinear regression analysis (SigmaPlot) enabledthe wild-type YPDC, and it showed a similar progress curve
determination of the rate of both phases. The progress curvess the wild type at lower substrate concentration. However,
could be treated according to eq 4 assuming the existenceat substrate saturation we could clearly observe three distinct

of two enzyme conformations,Bnd B, with corresponding
distinct steady-state rates of and v, undergoing corre-
sponding transitions £~ E; as shown in Scheme 2. The
value of the steady-state rate was smaller than ofy.
S300A YPDCThe activity of S300A was similar to that

steady-state ratesq v1, andv,) suggesting three enzyme
conformers undergoing consecutive transitions{EE; —

E;) (Figure 7). The first steady-state rat®, is negligible
compared to the second and third steady-state raies)d

v,. Data treatment enabled determination of the steady-state

of wild-type PDC. At substrate saturation, the shape of the rates and the transition rate constakis andk, for enzyme

progress curve for S300A was similar to that of wild-type

conformational changes.

YPDC with a lag phase and a steady state indicating the N293A YPDC.The N293A variant is approximately
presence of two steady states and two corresponding enzyméd 0000-fold slower than the wild-type YPDC, and it showed
conformations (Figure 5). Nonlinear regression treatment of a similar progress curve as the wild type at lower substrate

the data indicated somewhat smallgthanw,, reminiscent
of the behavior observed with the wild-type YPDC.

concentration (Figure 8). However, at substrate saturation
we could clearly observe two different steady-state rates (



B Domain Loop Affects Pyruvate Decarboxylase Activity

0.82

0.80 A

0.78

0.76 A

0.74 1

Absorbance @ 340 nm

0.72 1

0.70

20 3 40
Time, sec

Ficure 8: Progress curves for acetaldehyde formation by the

N293A YPDC variant pH 6.00. The N293A YPDC variant (5 mg/

mL) dissolved in MES buffer (pH 6.00), containing 35 units/mL

of ADH, 0.46 mM NADH, 5 mM MgC}, and 2 mM ThDP, was

mixed in a 1:1 ratio with pyruvate in MES (pH 6.00) resulting in
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for several loop variants leading to rate constants for the
key reaction steps (Table 3). The premise of the method is
that (a) all of these intermediates such as LThDP and
HEThDP are stable on acid quench; and (b) the resonance
corresponding to CeH has a different chemical shift in
ThDP, LThDP, and HEThDP (see Scheme 1 for numbering
and abbreviations) under acid quench conditions, hence these
resonances could be integrated to provide levels of each
intermediate under different conditions. The NMR-based
intermediate analysis has shown that, for all cases studied,
the HEThDP accumulated predominantly at steady state. This
in turn implies that elimination of acetaldehyde from
HETHhDP is rate limiting for overall catalysis.

DISCUSSION

Two regions were well conserved in YPDC in a compatri-
son of the amino acid sequence of YPDC with other ThDP

the indicated concentrations of pyruvate. Acetaldehyde release wasdependent enzymes21). One sequence stretches from

monitored via the coupled assay.

10

09

08

07

06

05

Absorbance @ 340 nm

0.4

03

B0 &
Time, sec
Ficure 9: Progress curves for acetaldehyde formation by the
D291A YPDC variant at pH 6.00. The D291A YPDC variant (2.3
mg/mL) dissolved in MES buffer (pH 6.00), containing 35 units/
mL of ADH, 0.46 mM NADH, 5 mM MgC}, and 2 mM ThDP,
was mixed in a 1:1 ratio with pyruvate in MES (pH 6.00) resulting

0 20 40

residues 212 to 374 in tiiedomain, and the other is between
residues 436 and 483 in thg domain, implying the
importance of these two regions in the ThDP cofactor binding
and function. A common ThDP binding motif has been found
in all ThDP-dependent enzyme®1(-23). This region,
comprising about 30 residues, starts from -GDG- and ends
with -NN-. In YPDC, this motif spans residues G448471,
within the scope of ther domain conserved region. This
region and the key active center residues have been ex-
plored thoroughly by several groups including our two
groups. In this study, we explored the loop region from 290
to 301, which is located within a conserved region of fhe
domain.

Location and Potential Interactions of Loop 29801.An
inspection of the pyruvamide-activated YPDC crystal struc-
ture (form B) revealed that numerous interactions of this loop
are involved, either directly or indirectly, with some other
important residues such as (a) the regulatory site pivot C221,
(b) residues involved in dimerdimer assembly, (c) residues

in the indicated concentrations of pyruvate. Acetaldehyde releaseparticipating in the intraloop interactions, and (d) the active

was monitored via the coupled assay.

and »,) suggesting two enzyme conformers undergoing
consecutive transitions (E> E,) while lacking the lag phase.

Data treatment enabled determination of the steady-stat

rates,v; and v,, and the transition rate constankg,, for
enzyme conformational change.

D291A YPDC.The D291A variant is approximately
10000-fold slower than the wild-type YPDC, and it showed

a similar progress curve as the wild type at lower substrate
concentration. Again, at substrate saturation we could clearly

observe three distinct steady-state rateg (1, and v,)

suggesting three enzyme conformers undergoing consecutiv

transitions (E— E; — E,) (Figure 9). The first steady-state
rate, vo, is negligible compared to the second and third
steady-state rates; andv,. Data treatment enabled deter-

mination of the steady-state rates and the transition rate

constantsky: andki, for enzyme conformation changes.

The results of these studies are summarized in Table 2.

(e) Intermediate Distribution at Steady State
Using the method of Tittmann and "Hoer (L7), the

center residue H1148). These potential interactions are listed
in Table 4.

First, the residue G286 is located four residues upstream
from loop 296-301, and the distance of its backbone oxygen

&rom the backbone nitrogen of C221 is 2.93 A, the typical

length of a hydrogen bond (Figure 2). Previous studies have
suggested that C221 is the trigger in the substrate activation
of YPDC. Based on the results of a series of studies of the
regulatory sites, a putative activation pathway was proposed
(6—8, 15, 25-30). Residues involved in this pathway include
H92 and E91 from thet domain, C221 from thg domain,

and V410, L411, W412, G413, and 1415 from theomain,

e@.1mong which G413 and 1415 provide two of the three

conserved hydrogen bonds to theadninopyrimidine ring

of the ThDP (the third one is E51). Upon pyruvate binding
the signal from C221 is propagated through the pathway to
the active center. This substrate activation pathway involves
interactions among all three domains. Inhibition studies and
model building had demonstrated that the interactions
between the domains are balanced in a very delicate manner.
Any disturbance could cause distortion of the active center
as well as abolition of cooperativity2h, 28). Substitution

distribution of intermediates at steady state was determinedor deletions of the residues on the loop certainly changed



13524 Biochemistry, Vol. 45, No. 45, 2006 Joseph et al.

Table 3: Microscopic Rate Constants for the Loop Variants from Analysis of Intermediate Distribution

kas (s7)

ko (s ks (s acetaldehyde
variant Keat (571 C—C bonding CO; releask release
wTa 45+ 2 294+ 20 105+ 6 105+ 6
D291A 0.0075+ 3e-4 0.0527+ 2e-3 0.0450+ 2e-3 0.0109+ 4e-3
N293A 0.0307+ 5e-3 0.842+0.13 0.969+ 0.16 0.0330t 5e-3
T294A 0.535+ 0.07 4.86+ 0.63 5.59+ 0.89 0.674+ 0.09
S298A 0.893+ 0.05 10.2+ 0.57 7.49+ 0.42 1.13+0.06

aRate constants for pyruvate bindinkp)( decarboxylationks), and the composite rate constant (see tek) @s calculated by using theéd
NMR intermediate distribution shown in Figure 10 using the method il7eP These values for the variants represent a lower limit on the rate

constants in view of the low population of LThDP.
R YN SWSNS NSOV A J—M r
Sex298Ala
A DY, W, J l ——
Thr294A1a N
Asn293Ala n
PPV A AL ™ At A Ao a

Rsp291Ala Buff
uffer
c-6' ThoP C-6' HEThDP
b0
rlefetence Spectrum 7.33 ppm N
T T T T T T T T
ppm (fl) B.00 7.50

Ficure 10: 'H NMR determination of intermediate concentrations at steady state by YPDC and variants. SthbRdR spectra display

the chemical shift range of 7.18.20 ppm for intermediate distribution in steady state of acetaldehyde release from pyruvate (50 mM)
using YPDC loop variants. The spectra were recorded at pH 0.75 withd3 the solvent using a Varian 500 MHz spectrometer. The
reaction mixture was acid-quenched at®half-lives of the reaction, centrifuged, and filtered with a Quibfilter to isolate the intermediates.
Qualitative analysis was performed using the chemical shift of tHeH2gnal of the ThDP analogue of the intermediate, and quantitative
analysis was done with the integration of the relativé-Béntegrals (7). Resonance at 7.7 ppm with the Thr294Ala variant is of unknown
origin.

Table 4: Possible Interactions in Which the Loop 23801 Might of all '009 Variam,S compa@re_d ,to that of t,h,e wild-type YRDC
Be Involved are consistent with the diminished positive cooperativity.
interaction possible interactiorts distance Second, the loop itself folds into a hairpin conformation
categories residue. atomresidue. atom A with a few intraloop interactions (Figure 3, Table 4),
dimer—dimer D291 (A). OD-K304 (C). NZ 3.3(3.6) implying a highly organized and stable structure. In fact, the
D291 (A). OD-N318 (C). ND 3.8 (4.6) loop has a well-defined secondary structure that consists of
D291 (A). OD-N318 (C).OD 4.2 two antiparallef3-strands and has close contact with another
N293 (7). ND-N318 (C).0 3.5 loop, 104-113 from th bunit. Both loops fold
N293 (A). OD-N318 (C) ND 4.3 oop, rom the open subunit. Both loops fold over
S300 (A). OG-N318 (C). ND 3.5 and create a closed conformation for the two active centers
S300 gAg. OG-N318 ((C)) oD 4.9 in the closed form subunits (Figure 1). On the other hand,
S300 (A). 0OG-K304 (C). NZ 38 ini ive sites i its wi
intraloop D201 (A). OD-S300 (A). OG 3.1 (2.8) the remaining two active sites in the_open subunits with the
D291 (A). OD-Y301(A). N 3.3 (4.9) corresponding loops disordered are in an open conformation
N293 (A). OD-S298 (A). OG 3.4 and are accessible to the solvent. No important interactions
N293 gAg. OD-Y299 ((A)). N 4.4 were revealed by the X-ray structure around residues S296
N293 (A). OD-F 297(A). O 4.9 i i i
N293 (A) ND—S298 (A). OG 4.5 gnth297. Deletion of these t\;\;]o {?Eldlljes ;ﬁsultg ;r;] a nearlyt
with active center  T294 (A). O6H114 (B). ND 4.1 Inactive enzyme, suggesting that the length and the correc

*Letters in the parentheses (A. B, C. and D) represent different folding (or proper conformation) of the loop are essential to
subunits: A and C are C-subunits, and B and D are O subunits. O: enzyme function.
backbone oxygen. N: backbone nitrogen. OD: delta oxygen. ND: delta  Third, loop 296-301 is stabilized only upon the binding
nitrogen. OG: gamma oxygen. NZ: epsilon nitrogen. of the substrate or substrate analogue, as a more closely

contacted interface is formed between the two C-subunits.

the loop properties. Since G286 is only 4 residues away from Therefore, a plausible conjecture is that the loop plays an
the loop, these loop substitutions would also affect the important role in the formation of the asymmetric active
H-bond interaction between G286 and C221. This perturba- tetramer. Two residues from one C-subunit, K304 and N318,
tion alters the position of residue C221 and somehow are found to closely interact with D291, N293, and S300 in
weakens its pivotal functions in both substrate activation and the loop of the opposite C-subunit and vice versa (Table 4).
domain-domain interactions. The smaller Hill coefficients Substrate activation of the YPDC involves a major tetramer
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The S sfor T294A is 15.3 mM at pH 6.0, greater than those
of any other variants (Table 1). The results of the kinetic
G477 analysis and an examination of the crystal structure suggest
the impact of the loop 296301 on the active center and
also confirm the important role H114 plays in the substrate
binding.
5 The steady-state results for the L111 variants are not very
‘) dramatic, hence no firm conclusion could be reached
concerning this residue or the loop 10%13.
Deductions from Substrate Agdition Progress Cures and
Intermediate Trapping Studie$he evidence for existence
of three conformers of YPDC has been reinforced by the
study of the flexible loop variants. The residue S300 does
not form any hydrogen bond while the main-chain oxygen
His115 of S298 forms a hydrogen bond with the nitrogen of T266.
The nitrogen of S298 also participates in an intraloop
hydrogen bond with the oxygen of F292.
Ficure 11: Loop residue T294 and its proximity to residue H114 substltutlon of 5298 CO.UId cause a minor aIterat_lor_1 n the
and other active-site residues with the coenzyme ThDP. The pdb'esidue’s hydrogen-bonding pattern leading to diminished
file 1gpb (ref3) was used to generate the model. activity. While not altering the substrate activation behavior,
the diminished activity induced by the S298A substitution
structural rearrangement. The dimelimer interface between is the result of a reduced product release rate according to
the two closed form subunits is much larger than in the the *H NMR study. Both the S300A and S298A variants
unactivated form (form A). The importance of this confor- behave similarly to the wild-type YPDC at pH 6.00 so far
mational change, which leads to an active enzyme, wasas substrate activation is concerned. The other variants
demonstrated3(l, 32). The interactions between K304, N318, displayed anomalous activation behavior even at pH 6.00,
and the loop from the opposite subunit are probably among reminiscent of the behavior displayed by the wild-type YPDC
the numerous packing interactions on the dimdimer at pH 5.0 (5 and reported from Halle on the pyruvate
interface and are critical in the form B structure. decarboxylase fronKluzeromyces lentig16). Substrate
Deductions from Steady-State Kineti€be results of the  saturation is required to observe the three steady-state rates
steady-state measurements for the loop-28R2 variants  for the T294A and D291A variants. The N293A variant
show dramatic decrease in bdth:andk../S s (exceptthose  behaves differently from any of the other enzyme forms,
for S300A), in spite of the fact that these variant enzymes essentially eliminating substrate activation and giving rise
were highly expressed i&. coli to a level comparable to  to two conformers at pH 6.00.
wild-type enzyme. In a previous study, two other variants, = The main-chain oxygen of T294 forms an intraloop
pdc1—-8 (D291N) andpdcl-803 (S296AF297A) were cre- hydrogen bond with the nitrogen of F297 (3.37 A) while
ated (L1, 12). Thek.ss determined fopdc1-8 and pdcl— the nitrogen of T294 forms a hydrogen bond with the oxygen
803 were 0.0022 and 0.0016, respectivelyl,(12). As this of F297 (2.86 A). In addition to these intraloop bonds, T294
loop is not directly involved in the active center environment, also participates in van der Waals interactions with the active-
and may or may not participate in the substrate-activation site residue H114 (4.11 A, Figures 2 and 11), located adjacent
mechanism, the approximately 20000-fold lower activities to H115. Variants of both of these residues resulted in drastic
found in D291A, N293A, pdcl—-8, and pdcl—803 in reduction of YPDC activity 13), while corresponding
comparison with wild-type YPDC are so far the lowest residues of PDC fronZymomonas mobiligrere shown to
activities detected among all the YPDC variants studied in participate primarily in post-decarboxylation steps according
our laboratories. This includes the active center varidt8s ( to the intermediate distribution studiek7}. Both of these
24) and the variants along the putative substrate-activationresidues participate in hydrogen bonds with residues along
pathway leading from C221 to ThDR,(8, 25). Therefore, the putative activation pathway. The H114 is H-bonded to
substitutions at these specific sites not only cause distur-V410 (2.87 A) and L411 (3.64 A), while His115 is H-bonded
bances of local interactions but also induce a conformationalto L411 (3.06 A), W412 (3.58 A), and G413 (3.37 A).
distortion of the entire enzyme structure. This altered We had seen above that the T294A variant has a
conformation could affect the enzyme function in several considerably reduced activity displaying a substrate activation
respects, such as formation of the functional tetramer, bindingbehavior similar to that for wild-type YPDC at pH 5.0,
of the ThDP cofactor, protection of the active center suggesting the presence of three enzyme states. Since with
environment, etc. this variant the interaction with His114 is affected, conse-
Finally, the interaction between the gamma oxygen of quently the entire activation pathway could be affected. This
T294 and the delta nitrogen of H114 is indicated by the cascade of effects would not only disrupt the activation
crystal structure (Figures 2 and 11). The role of H114 as an pathway but could also affect the activity by hindering the
acid—base group at the active center is confirmg, (L7). release of the product as shown by the steady-state rapid-
The residue H114 is one of the two histidines (the other one quench*H NMR studies.
is H115) that were found to be essential in the substrate The main-chain nitrogen of N293 forms two intraloop
binding in the YPDC and PDC fror@ymomonas mobilis  H-bonds, one with the oxygen of F297, the other with the
(the corresponding histidines are H113 and H1148) 23). main-chain oxygen of Y299. In the open, “O”, form of the
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functional dimer, the side-chain nitrogen of this residue forms would expect, the least active N293A variant though lacking
an unusual H-bond with the oxygen of L111, which is a part the initial activation step has the lowdst value.

of the second loop not seen in the “nonactivated” structure.

Yet, as discussed above, substitution of residue L111 did SUMMARY AND CONCLUSIONS

not significantly affect the activity.

The residue N293 forms a H-bond (2.99 A) with T294 in
the “O” form. These interactions could play a pivotal role
in the activation process as well as the final product release
step since the N293A substitution drastically lowered the
activity and did not show the first step of activation, instead
revealing the other two steady-state steps.

The nitrogen of residue D291 forms an intraloop H-bond
with the main-chain oxygen of Y299. As does the N293A
substitution, the D291A substitution leads to a drastic ' . : . -

. - . part in the new dimerdimer interface formation in form B
reduction in activity but still shows the presence of three YPDC

enzyme states in the pre-steady-state activation study. Unlike . - .
the residue N293, D291 does not participate in any special, |1 catalytic activity of the S298A and S300A variants
is at par with that of the wild-type YPDC at the optimal pH

H-bond interactions for this residue in the open conformation. .
Only the above-mentioned H-bond interactions would have valge_z 0f6.0. The D29.1A and T.294A variants have very low
activity and behave like the wild-type enzyme at lower pH

an effect on the activation process since D291 is just four o

residues away from G286, implying that the D291A substitu- values as We can see two transitions and threg enzyme states

tion affects the H-bond between G286 and C221, resulting even at optimal pH. The ex_tr.e.mely low activity mutant,

in the change in the activation process and also affecting N293A, does not display the initial lag phase observed with

the rate of product release. the other variants emphasizing a perturbed conformation in
The mathematical treatment of the data required two its o_riginal state. The stopped-flow study on activation

exponentials with a linear part. Earlier, a detailed study of provides further support for the phenomenological model of

the progress curve for wild-type YPDCIZQ) in a broad pH YPDC involving multiple conformational states. The steady-

state intermediate distribution study clearly shows that the

range showed the presence of two transitions and only the I f taldehvde is S| d4d in all variant d
steady-state rates were subject to change. They suggesteﬂ3 ease ot acetaldenyde 1S slowed down in all variants an
IS the rate-limiting step in the sequence of reactions in

the existence of three enzyme conformations (denoted,as E sch 1

E;, and B) characterized by three distinct steady-state rates ¢ .eme ' )

(vo, v1, andv,), connected by two steps (E- E; — Ey). Finally, we note that, with the advent of large numbers of
The previous model for YPDC activation suggested the related protein sequences in the databases, it is clear that

presence of two enzyme states based on the data at th&is region of the domain is conserved in quite a few

optimal pH of 6.0 19, 20). There, the unregulated enzyme SPECIes, as is the C221/H92 comblnat|on, suggesting that the

was considered to be inactive and the transition from the "€Sults on YPDC should be applicable to a number of related

unregulated and regulated state was suggested to represefyruvate decarboxylases.

a slow reversible conformational change after the substrate-

binding step at the regulatory site. ACKNOWLEDGMENT
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trigger C221 would have a smaller fraction in the reactive

To summarize, loop 290301 functions in substrate
activation as well as in catalysis. According to the Hill
coefficient as a criterion of substrate activation, with most
loop variants the substrate activation is diminished but not
abolished, hence the results do not rule out C221 as the
trigger for substrate activation, notwithstanding the implica-
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