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Activation: The Substituent at Position 221 Can Control the State of ActiViation
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ABSTRACT. Substrate activation of yeast pyruvate decarboxylase has been studied extensively in the authors’
laboratories providing strong evidence that interaction of substrate with residue C221 provides the trigger,
and the information is then transmitted along the C221 to H92 to E91 to W412 to G413 pathway to the
4'-amino nitrogen of the thiamin diphosphate cofactor. Earlier, it was found that the C221S substitution
reduced the Hill coefficient from 2.0 to 0:8.9, the C221A substitution to 1.0, even though C221 is
located on the8 domain some 20 A from the active center thiamin diphosphate cofactor, which is at the
interface of thea andy domains. Here are reported experiments on the C221D/C222A and C221E/
C222A variants, in which a negative charge is built onto the C221 side chain, to better mimic the effect
of a pyruvate molecule covalently bonded to C221 as a thiohemiketal. Both variants were purified to an
optimal activity of 70% of the wild-type enzyme, higher activity than that with the earlier uncharged
substitutions at this position. The Hill coefficient for both variants is exactly 1.0. The deuterium solvent
kinetic isotope effects (SKIE) ok.o: for these variants were similar to that for the wild-type enzyme and

the C221A/C222A variant, suggesting that starting with the first irreversible step (decarboxylation) the
rate-limiting transition states are very similar for all of these enzyme forms. In contrast, such SKIE on
kealKm are quite different for the C221A/C222A variant (0.62) than for the C221E/C222A or C221D/
C222A variants (0.860.82), clearly indicating the effect of the C221 substitutions on transition states
starting with the binding of the first substrate to the enzyme and terminating with the decarboxylation
step. The results provide strong additional evidence for the involvement of residue C221 in the substrate
activation process and suggest that the C221D (C221E) substitution shifts the enzyme into a conformation
that resembles the activated conformation. A comparison with SKIE for the wild-type enzyme provides
insight to changes in hydrogen bonding at the active center as a result of substrate activation.

The thiamin diphosphate (ThDPjependent enzyme homotropic activation. The substrate activation can also be
pyruvate decarboxylase (E.C. 4.1.1.1) isolated from most deduced from pre-steady-state kinetic measurements, if the
sources excepZymomonas mobilisappears to display alcohol dehydrogenase/NADH coupled assay is used to
sigmoidal steady-state.,-[S] plots, i.e., it is subject to  monitor the rate of formation of the acetaldehyde via its
subsequent reduction to ethanol, by monitoring the time-
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pyruvate decarboxylase gene isolated fi@atcharomyces cersiae .

YPDC, yeast pyruvate decarboxylase (EC.4.1.1.1) fBarmcharomyces The X-ray structures of YPDCs from two yeast strains

cerevisiae overexpressed iEscherichia colti C221A/C222A, C221S/ (10, _‘]_1) confirmed the existence of 0n|y four CysteineS, at

C222S, C221S, C221D/C222A, and C221E/C222A are variants created " : ;
by mutations on thecpdcl SKIE, deuterium solvent kinetic isotope positions 69, 152, 221, and 222, with C221 on firomain

effects;Pkeay kearat the pH plateau measured in water divideckhyat being the nearest to the active center, some 20 A from ThDP
the pD plateau measured in deuterium oxitlea/Km, kealKm at the located at the interface of theandy domains. Systematic

pH optimum measured in water divided ky/Kn at the pD optimum ; ey (i S
measured in deuterium oxida;, the Hill coefficient; ZmPDC, pyruvate studies demonstrated the following: (i) Substitution of C221,

decarboxylase isolated froymomonas mobit®FD, benzoylformate ~ but not of C222 (or the remaining two cysteines), abolished
decarboxylase. cooperativity {, 2) and indicated that likely C221 is

10.1021/bi0112964 CCC: $22.00 © 2002 American Chemical Society
Published on Web 12/14/2001



452 Biochemistry, Vol. 41, No. 2, 2002 Wei et al.

dissociated, while H92, across the domain divide onahe concentration range, that pertain to transition states starting
domain, is protonated near the pH optimum of the enzyme with substrate-activated enzyme and culminating in decarbox-
(3). (i) The information from pyruvate bound at C221 is ylation, are not inverse.

transmitted to H924). (iii) The residue C221 was shown to

form a covalent product with the cinnamaldehyde produced  Working hypothesis: €221 forms C21E €221D

from a mechanism-based inhibitor/alternate substrate, likely ::"hemlkml vithpyruate "

via a Michael addition, signaling the high reactivity of C221 >__/s ot o 00"

(5), and providing the only protein chemical evidence for . .00><0H O_)_/\ 0=«,>—_/
possible reaction at C221 so far. (iv) It was shown that
substitution at E916) and W412 7) also would lead to
abolition of substrate activation. The curious behavior of the
C221S and C221S/C222S variants with Hill coefficients
1.0 prompted further mutagenesis work and led to creation
of the C221A, C222A, and C221A/C222A variants, of which
those with the C221A substitution gave a Hill coefficient of
1.0 within experimental errodj. Parenthetically, the doubly
substituted variants with the C222A substitution are used
for the present work as well, to make certain that there would
be no ambiguity introduced by any interactions with the C222
residue. Importantly, all of the C221 variants are active
enzyme forms, even though they show no activation, counter
to the notion that enzyme with no activation is inactive,
advocated with the earlier accepted kinetic model for YPDC
(12).

In an earlier paper, we found that reaction of the C222S/
H92C variant with 1,3-dibromoacetone gave an enzyme
species that appeared to be converted to an activated forrEXPERIMENTAL PROCEDURES
of the enzyme4). Also, recently we used the C221A/C222A . . o o
variant to gather more support for our working hypothesis, Materials. The Quick-change site-directed mutagenesis kit
that information from C221 is transmitted to the active center Was purchased from Stratagene. BL21(DE3) competent cells
(8). Most notably, the rate of C2H/D exchange of ThDP, as Were purchased from Novagene. Dye Terminator Cycle
an indicator of the rate of the first obligatory step in catalysis, Seguencing Ready Reaction kit was obtained from Applied
was shown to be slower for the C221A/C222A variant than Biosystems. The Wizard plasmid miniprep kit was obtained
for the wild-type YPDC. The deuterium solvent kinetic from Promega. Pyruvic acid sodium sa_llt, alcohol dehydro-
isotope effects (SKIE) were determined for the same variant, 9enase (ADH), and-NADH were from Sigma. Talon metal
providing a normal value foPke (ca. 1.30), but a strongly afflnlty resin was from CI_ontech Laboratories, Inc. All of
inverse one foPke{Km (0.62). This experiment in essence the primers were synthesized by Integrated DNA Technolp—
ruled out the possibility that C221 was responsible for the 9ies. 99.9% RO was purchased from Isotech. Other materi-
inverse SKIE reported for the wild-type YPDC, and also als, mclydmg the ghemlcals to prepare the buffers, were all
suggested that tH¥... SKIEs are quite similar for all species  Of the highest purity commercially available.
of pyruvate decarboxylase, both YPDC and fragmomonas Construction of C221D/C222A and C221E/C222A Vari-
mobilis (ZmPDC; 13) and indeed for the related enzyme ants.Mutagenesis to produce the C221D/C222A and C221E/
benzoylformate decarboxylase (BFD4). C222A variants was performed with the QuickChange site-

Equipped with this information, we here report results of directed mutagenesis kit following the manufacturers’
a study of the C221D/C222A and C221E/C222A variants, instructions. In the PCR reaction, the pET22b) (vector
with the expectation that the lengthened side chain may With the gene corresponding to the YPDC C222A variant

bring the negative charge sufficiently proximal to the H92 Wwas denatured and annealed with two mutagenic primers.
imidazolium ring to afford a good mimic of the putative, These primers were'&TT ATC TTG GCT GAT GCT

covalent thiohemiketal adduct formed between C221 and GAT GCT TCC AGA CAC GAC GTC-3and 3-GAC GTC
pyruvate. We here summarize preparation of, steady-stateGTG TCT GGA AGCATC AGC ATC AGC CAA GAT
kinetics with, and SKIEs on the C221D/C222A and C221E/ AAC-3' for C221D/C222A and '5SGTT ATC TTG GCT
C22A variants. The variants are nearly as active as the GAT GCT GAA GCT TCC AGA CAC GAC GTC-3and
wild-type enzyme, yet show no substrate activation in 9-GAC GTC GTG TCT GGA AGCTTC AGC ATC AGC

the steady-state kinetics. Perhaps most significantly, the CAA GAT AAC-3' for C221E/C222A

Pk.ofKm SKIEs are less inverse on these variants than on The cysteine at the position 221 was changed to aspartic
the C221A/C222A variant, a somewhat less active variant. acid in the C221D/C222A variant, and to glutamic acid in
Such SKIE studies were also carried out on the wild-type the C222E/C222A variant by changing the nucleotide
enzyme over a broad pH/pD range, so that the resultssequence at position 221 from TGT to GAT and GAA,
could be reliably compared with those on the variants. While respectively. The resulting PCR product was digested with
our results are in accord with those reported fortka/Km Dpnl restriction enzyme and transformedEscherichia coli
and Pk, i.e., at very low and at saturating substrate XL 1-Blue competent cells. The cells were grown on LB-
concentrations1(2), our values at the intermediate substrate ampicillin agar plates overnight.

The SKIE results are found to be effective in signaling
subtle changes in the structure. The results are consistent
with the proposed role for C221, even though the substrate
surrogate pyruvamide was not found at this position in the
X-ray structure of YPDC in the presence of 300 mM
pyruvamide 15). Experiments were presented elsewhere to
show that pyruvamide and pyruvate are different enough as
to make such comparisons ambiguol§)(Indeed, it is also
shown here that addition of pyruvamide signals inhibition,
rather than activation of the C221D/C222A and C221E/C22A
variants. The SKIE results atl substrate concentrations are
pertinent to hydrogen bonding changes at the active center,
rather than originating from C221, and provide insight to
changes in fractionation factors resulting from substrate
activation.
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DNA Sequencinglhe desired mutations were confirmed on a Pharmacia Hiload Q Sep (HP) column using a
by DNA sequencing. Single colonies were picked from the Pharmacia FPLC system with the FPLC Director computer
plates and grown in 10 mL of LB-ampicillin at 3T with program. Steps of harvesting, cell washing, and sonication
shaking at 300 rpm for 14 h. Plasmids were purified with were exactly the same as with the WT YPDC purification,
the Wizard Plasmid Miniprep kit from Promega according except the sonication buffer consisted of 20 mM KPi,
to manufacturers’ instructions. The purity of the plasmid was 1 mM EDTA, 2 mM MgCh, 1 mM ThDP, and 1 mM PMSF.
checked on a 0.8% agarose gel, and the concentration wa#\fter sonication, the cells were centrifuged at 23 203 rcf
determined by comparing to Lamb&ad -+ Hindlll markers for 30 min. The precipitate was discarded and ammonium
(from Promega). Sequencing of the plasmids was carried outsulfate was added to the supernatant to a final concentration
with the Dye Terminator Cycle Sequencing Ready Reaction of 1.5 M. The solution was stirred on an ieater bath
kit from Applied Biosystems on an ABI 373 sequencine for 15-20 min, and then centrifuged at 23 203 rcf for
entire gens of both mutants were sequenced using the 20 min. Ammonium sulfate was added to the supernatant
primers listed below, and no mutations other than those to a final concentration of 2.8 M, and the solution was stirred
desired were detected. for 15—-20 min in an ice-water bath. The solution was
centrifuged at 23 203 rcf for another 20 min. The pellet

TP S-CCGCGAAATTAATACGACTCACTATA-3 containing crude enzyme was dissolved in 20 mM Bis-
T7T 5-GTTATGCTAGTTATTGCTCAGCGGT-3 T (png 80), 06 KA EDTA, 2 mM MgGl 1 mM
AAG7 5-TGTCTTGTATCATCACCACCTTCG-3 V) ’

' ThDP, and 0.5 mM PMSF, and dialyzed against the same
AALT9 S-AAGTTGTTGCAAACTCCAATGAC-3 buffer at 4°C overnight. The desalted protein was applied

AA2T76 5:'CCGTTGAATCTGCTGACTTGATT'3 to a Pharmacia Hiload Q Sep (HP) column equilibrated
AA376 5’-ACTTCTTGCAAGAAGGTGATGTTG-'3 with 20 mM Bis-Tris, 0.5 M EDTA, and 2 mM MgG)
AA483  S-CCAAAGGCTCAATACAACGAAAT-3 and the protein was eluted by a linear gradient with 2 M

Enzyme Expression and Purificatiomhe BL21(DE3) NaCl at a flow rate of 5.0 mL/min. Fractions (4 mL) were
competent cells were transformed with plasmids containing collected, and then the procedure in the previous paragraph
the DNA precursors of the C221D/C222A and C221E/ was followed.

C222A variants for protein overexpression. Steady-State Kinetic Analysigas carried out on a CO-

The BL21(DE3) cells with the mutated plasmids were BAS-BIO automatic centrifugal analyzer (Roche Diagnostics
grown in LB medium (10 g of tryptoné g ofyeast extract,  Corp., Indianapolis, IN) using the NADH/ADH coupled
10 g of NaCl, and 50 mg of ampicillin/L) at 37C with assay. A triple buffer was used (consisting of 50 mM MES,
shaking at 300 rpm to Asoo Of 1.0—1.2. Overexpression of 100 mM Tris, 50 mM acetic acid, 2 mM Mggll mM
the YPDC genes was induced by adding 0.5 mM IPTG, 0.5 ThDP, and 1 mM EDTA) at the pH values indicated in the
mM thiamin chloride, and 1 mM MgGJ and the cells were  figures and tables. This triple buffer system provides a
grown for an additional 34 h with shaking at 37C. constant ionic strength in the entire pH range us&g).(

The wild-type YPDC with a His tag attached to its  Pyruvate, NADH, and ADH were dissolved in Milli-Q water.
C-terminus 8, 18) was purified on a Talon metal affinity = YPDC was diluted into the pH 6.0 triple buffer to prevent
resin. The cells were harvested and washed with 20 mM pH-dependent denaturation. The final concentrations of
potassium phosphate buffer (pH 6.8), containing 0.5 mM pyruvate in the steady-state kinetic study ranged from 0.05
EDTA-2Na. The washed cells were resuspended in sonicationto 75 mM for the C221D/C222A and C221E/C222A variants
buffer containing 50 mM NaPi, 100 mM NaCl, 2 mM Mggl and from 0.1 to 60 mM for WT YPDC. NADH concentration
and 1 mM ThDP. The cell suspension was disrupted at 20 was selected to give an initi#s of 1.2—1.4. The ADH
kHz in an ice-water bath for 4 min (10 s on, 10 s off) on concentration was 011 units/mL, calculated to be suf-

a model 500 Sonic dismembrator (Fisher Scientific), then ficient at all pH values to avoid the coupling enzyme being
centrifuged at 23 203 rcf at4C for 30 min. The supernatant  rate limiting.

was applied to Talon metal affinity resin equilibrated with The v,-[S] data were fitted to the Hill equation:
sonication buffer. The column with the YPDC protein

complexed to it was washed with sonication and washing v JIE] = k._.[S]V + s 1

buffer (50 mM MES, 100 mM NacCl, 2 mM MggJl and 1 /IEd = kel STSs + 1ST) )

mM ThDP) stepwise, then eluted by eluting buffer (200 mM v J[Eq] = k. t[S]n/{S; ot [S]"(1 + [SVK.)} )
a . 1

imidazole, 50 mM NaPi, 2 mM MgG) and 1 mM ThDP).
Fractions (2 mL) were collected and checked for protein
content and YPDC activity. SDSPAGE was used to check
the purity of the fractions. The combined fractions were
dialyzed against dialysis buffer (pH 6.0, 20 mM MES, 20
mM NaPi, 5 mM MgC}, 1 mM ThDP, and 0.1 mM EDTA)
at 4 °C overnight and concentrated to less than 1 mL by
using an Amicon Centriprep-30 device. Glycerol was added
to the preparation to a final concentration of-30% for
long-term storage. It was shown elsewhere that YPDC
carrying the C-terminal Higag is identical in every respect 5 5
to the wild-type enzyme without the tag®). Vo = VimadSI/(A + B[S] + [S]") 3)
The C221D/C222A and C221E/C222A variants did not ) 2
carry the C-terminal Histag. These variants were purified Vo= Vnad SI{A + B[S] + [S](1 + [S)/K)}  (4)

Data that showed no substrate inhibition were analyzed with
eq 1, those that did display substrate inhibition were analyzed
with eq 2. The Sigma Plot program from SPSS was used
for fitting the entire curve, leading to values &g, S,
NH, andkealSs.

The data for WT YPDC were also fitted to the following
equation developed by Alvarez et all2j, assuming two
pyruvate-binding sites on each monomer:
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FIGURE 1: v, vs [S] data for WT-PDC (A), C221D/C222A variant (B), and C221E/C222A variant (C) at pH 6.0. Insg{S] at low
pyruvate concentration.

ThekeafA andk./B values were calculated from fitting the  Table 1: Steady-State Kinetic Parameters of Wild-Type YPDC and
data to these equations. Again, egs 3 and 4 were used in théhe Variants at pH 60

absence and presence of substrate inhibition, respectively. kealSos
All the apparent K, values were determined by fitting ka(sh)  Ss(mM) (mMis™) Ny
the data to eq 5, as an example: WT 37.544 0.32 1.80+ 0.05 20.81+ 0.58 1.66+ 0.05

C221D/C222A 20.57& 1.12 2.40+ 0.29 8.56+ 1.25 0.98+ 0.04
(5) C221E/C222A 18.21#+ 0.20 1.47+0.04 12.38+ 0.36 1.05+ 0.02

aWild-type YPDC parameters were obtained by fitting the data to

_ , eq 1. For the variants, the parameters were calculated by fitting the
Similarly, the apparentk,'s from the pH dependence of a4 to eq 2. All of the errors are standard deviations from the data

Keat KealSos Keal S5 KealA, and kefB were determined  fitting.

using the same form as in eq 5, and sugiypare listed in

Table 6. . L L each construct. No base changes other than those expected
Sobent Deuterium Kinetic Isotope Effect Determinations \yere detected.

on WT YPDC and Its C221D/C222A, C221E/C222A Vari-  gypression and PurificationBoth WT YPDC and the

ants. 99.9% DO was used to make buffers ranging from \ariants were expressed i coli BL21(DE3) cells. YPDC
pD 5.4 to pD 7.5. Pyruvate, NADH, and ADH were also a5 found in the cell lysate. After purification, the enzymes
dissolved in RO. v,-[S] data were fitted to the same eypipited a single band on SBPAGE with the protein
equations as mentioned under the steady-state kinetic analymgjecular weight near 60 000, as compared to the theoretical
sis. Parallel analysis in # (pH ranging from 5.0 to 7.5)  0lecular mass of 61 486 Da.
and in DO was carried out with the same enzyme prepara-  gieady-State Kinetic AnalysiBhe v,-[pyruvate] plots at
tion. A particularly useful method to produce reproducible pH 6.0 are presented for WT YPDC and the variants in
data was to alternate collecting-[S] data first in O, and Figure 1, along with the detailed plot at low pyruvate
then in HO at the same pL value. A complete steady-state concentration in the insets. The specific activities of the
kinetic data set in the entire pL range in both light and heavy ariants and wild-type YPDC, along with steady-state kinetic
water could be produced in 1 day. parameters, are compared at pH 6.0 and@5n Table 1.
RESULTS The S5 of the C221D/C222A and C221E/C222A variants
at the corresponding pH values is similar to that for the wild-
MutagenesisThe alanine residue at position 221 in the type enzyme. The Hill coefficient of 1.66 for WT YPDC is
C221A/C222A variant was replaced with aspartic acid (D) consistent with positive homotropic cooperativity, i.e.,
and glutamic acid (E) via site-directed mutagenesis, yielding substrate activation. The substrate activation of WT YPDC
substitutions at residues 221 and 222 resulting in the C221D/can also be seen from Figure 1A from the sigmoidicity of
C222A and C221E/C222A variants. All desired mutations the vo-[S] plot. For the two variants, substrate activation is
were confirmed by DNA sequencing of the entire gene for abolished, as seen in Figure 1B,C from the hyperbghfS]

V=V, /(1 + 10 PY[H] + [H]/107P<aY
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Table 2: Steady-State Kinetic Parameters for Wild-Type YPDC (A) i@%and (B) in BO°

(A) In H,0?
kca[&).s kca{A kca{B
pH Keat (S71) S5 (MM) Ny (mM~1sh (mM—2s71) (mM~ts™) Keal S 5 Ki1 (mM) Ki2 (mM)

50 3.31+£0.04 0.96+0.02 1.26+£0.03 3.46:0.10 20.84+2.52 4.03+0.22 356 185.7+17.39 84.1+12.9
54 21.61+0.17 1.66+0.03 1.60£0.03 12.99+-0.24 15.514+0.82 24.82+2.52 9.55  413.3:40.56 295.2+ 32.0
57 29.91+0.24 153+:0.04 1.73+:0.06 19.53+:0.49 19.74-157 52.81+1251 1431 2222 2394
6.0 37.54£0.32 1.80+£0.05 1.66+0.05 20.81+0.58 22.04-1.85 39.1%H6.32 14.13
6.3 41.79£1.23 2.39%+0.14 1.55+0.08 17.48:1.29 18.4%H2.30 26.32+4.67 10.87
6.6 42.44+0.35 3.08:0.07 1.56+0.04 13.80£0.38 10.82:-0.85 21.8%-2.57 7.32
6.9 40.58+0.26 4.76:0.08 1.65£0.03 8.52+-0.18 3.34+0.13 18.2A4 1.07 3.11
7.2 38.11+042 7.73:0.18 1.67+0.05 4.93t0.19 117+£1.14 11.15£1.20 1.26

(B) In D,O°
KealSo5 KealA kealB
pD keat(S7Y) S.5(MM) Ny (mMM~tsh (mMM—2s7%) (MM klSs K (MM) K2 (mM)

5.7 8.88+£0.12 0.97+£0.03 1.45+0.05 9.14+0.27 26.76-2.36 14.40+ 1.28 9.26 194.1+18.9 160.2t 12.6
6.0 19.45+-0.34 1.00£0.03 1.51+0.06 19.52-0.73 48.34£4.55 33.33:3.94 19.56 149.@-159 125.0+10.4
6.3 25.86+:048 1.21+0.04 1.44+-0.05 21.40£0.88 54.62£4.90 31.83+2.92 19.68 153.816.3 126.5-9.4
6.6 27.90£052 1.27£0.05 1.55+-0.06 22.02-0.92 40.40+3.98 39.145.74 19.33 247 39.1 192.H24.8
6.9 30.11+0.68 1.67£0.07 1.49+-0.06 18.00-0.95 30.84+2.85 27.18-3.13 13.97 224.6 36.4 68.94+ 18.5
7.2 29.87+085 211+0.11 1.53+:0.07 14.13:0.97 17.82+2.15 22.00+3.78 9.48 3234850 219.4-41.4
75 29.70+£140 3.17£0.24 1.57+0.08 9.38+ 1.06 7.731.43 13.96f 3.80 4.84 144.5-35.4 352.14-189.9

8 Keat, .5 NH, Keal S5, andKi1 were calculated by fitting the data to eq 1 for pH 5.7 to 7.2 and to eq 2 for pH 5.0 t&.&A, kea/B, andKi2 were
calculated by fitting the data to eq 4 for pH 5.0 to pH 6.6 and to eq 3 for pH 6.9 to 7.2. The errors are standard deviations from da&thlditting.
error analysis was carried out on this complex functioa, So.s5 NH, Keal S5, and Ki1 were calculated by fitting the data to egk./A, kB, and
Ki2 were calculated by fitting the data to eq 4. The errors are standard deviations of data fitting.

Table 3: Steady-State Kinetic Parameters for the YPDC C221D/C222A Variant (A)0f &hd (B) in D,OP

(A) In H0?
pH Keat (57%) S5 (MM) Nk keal S5 (MM~1s72) Ki (mM)
5.0 0.85+ 0.06 0.49+ 0.09 1.02+0.12 1.72+0.31 40.9+ 9.0
5.4 3.53+ 0.07 0.74+ 0.04 1.05+ 0.03 4.77+0.25 151.9+ 18.1
5.7 9.55+ 0.13 1.56+ 0.05 1.00+ 0.02 6.124+ 0.23 163.1+ 12.0
6.0 20.57+1.12 2.40+ 0.29 0.98+ 0.04 8.56+ 1.25 134.14+39.0
6.3 21.49+ 0.32 2.80+ 0.10 1.03+ 0.02 7.68+ 0.33 303.6+ 27.1
6.6 25.214+ 0.19 4.224+0.07 1.04+ 6.9x 1073 5.98+ 0.14 352.3+ 16.5
6.9 27.57+1.37 9.34+ 0.94 0.98+ 0.03 2.95+ 0.54 158.8+ 23.7
7.2 21.16+ 1.07 13.53+ 1.33 0.97+ 0.02 1.56+ 0.33 172.4+ 26.0
7.5 12.84+ 2.28 22.24+ 6.91 0.97+ 0.05 0.58+ 0.52 81.9+ 27.6
(B) In D,OP
pD Keat (572) S5 (MM) Nk KealSos (MMt s71) Ki (mM)
5.4 0.429+ 0.01 0.22+ 0.02 1.2240.11 1.92+0.14
5.7 1.50+ 0.06 0.40+ 0.04 0.92+ 0.06 3.77+£0.40 124.9+ 25.2
6.0 4.26+ 0.12 0.84+ 0.07 0.89+ 0.03 5.07+ 0.41 101.8+ 11.7
6.3 8.69+ 0.68 0.89+ 0.17 1.05+ 0.12 9.79+ 2.00 314.14+ 245.3
6.6 13.91+ 0.10 1.34+ 0.02 1.09+ 0.01 10.40+ 0.20 728.5+ 76.7
6.9 19.31+ 0.24 2.16+ 0.06 1.02+ 0.01 8.96+ 0.31 229.5+ 14.5
7.2 19.13+ 0.5 2.57+0.18 1.03+ 0.03 7.45+ 0.62 287.8+ 49.5
7.5 19.08+ 0.52 3.69+ 0.21 1.12+ 0.03 5.18+ 0.40 329.14+ 70.2

a All of the parameters were calculated by fitting the data to eq 2, and all of the errors are standard deviations from datafitbfghe
parameters were calculated by fitting the data to eq 2, and all of the errors are standard deviations from data fitting.

curves. The elimination of substrate activation is also S3A, and S3B, respectively, of Supporting Information.
confirmed with the calculated Hill coefficients of 0.98 and Summaries of the parameters at different pH(D) of both WT
1.02 for C221D/C222A and C221E/C222A variants, respec- YPDC and the variants are listed in Tables 2, 3, and 4. The
tively. The keats of the YPDC C221D/C222A and C221E/ Pk./Kn (and related) andk.,; values are summarized in
C222A variants are only modestly reduced by substitution Table 5. The K,s deduced from the pH(pD)-dependent
at position C221, less than 2-fold at pH 6.0, and by kinetic parameters are given in Table 6.
approximately 30% at the optimal pH values. The value 0Pk for wild-type YPDC and both variants is
pL-Dependence of Steady-State Kinetic Parameters and“normal” (i.e., greater than unity). The values ¥(S s,
Sobent Deuterium Isotope Kinetic Effects (SKIEJhe or Pkeo/A for wild-type YPDC and ofPk:of/S 5 (Or PKealKnm,
steady-state kinetic parameter-pH (pD) profiles of WT YPDC since the Hill coefficient is unity) of both variants are
and C221D/C222A, C221E/C222A variants in protiated (and “inverse”, i.e., less than unity. Finally, the values ¢,/
deuterated) water are shown in Figures S1A, S1B, S2A, S2B,S s andPk../B of wild-type YPDC are nearly unity. All SKIE
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Table 4: Steady-State Kinetic Parameters for the YPDC C221E/C222A Variant (A)Oh ahd (B) in D,O?

(A) In H0?
pH Keat(s™) S5 (MM) Ny KealSos (MM ~1s7Y) Ki (mM)
5.0 0.80+ 0.02 0.34+ 0.02 1.00+ 0.06 2.35+0.17 99.8+ 10.9
5.4 3.214+ 0.07 0.62+ 0.04 1.00+ 0.04 5.18+ 0.33 128.0+ 12.8
5.7 8.43+ 0.16 0.86+ 0.04 1.10+ 0.03 9.76+ 0.48 643.8+ 167.6
6.0 18.21+ 0.20 1.47+0.04 1.05+ 0.02 12.38+ 0.36 339.3+27.3
6.3 24.32+0.28 2.14+ 0.06 1.03+ 0.01 11.37+ 0.37 436.1+ 42.9
6.6 29.53+ 0.47 3.25+0.12 1.00+ 0.02 9.09+ 0.42 4545+ 56.5
6.9 31.93+0.75 4,52+ 0.24 1.00+ 0.02 7.07+0.51 360.8+ 51.5
7.2 30.10+ 0.77 7.92+0.42 1.00+ 0.02 3.80+ 0.34 357.6+ 49.6
7.5 23.00+ 1.16 13.90+ 1.31 1.00+ 0.02 1.65+ 0.35 131.2+ 16.8

(B) In D,O?
pD Keat (572) S5 (MM) Nk keal S5 (MM~1s72) Ki (mM)
5.4 0.45+ 0.06 0.21+ 0.07 1.00+ 0.34 2.15+ 0.76 68.7+ 35.6
5.7 2.17+0.10 0.39+ 0.05 1.00+ 0.10 5.49+ 0.70 75.0+ 12.8
6.0 6.50+ 0.10 0.66+ 0.03 1.02+ 0.03 9.92+ 0.42 111.2£ 7.0
6.3 13.17+0.18 0.97+ 0.03 1.01+ 0.02 13.58+ 0.52 198.6+ 14.6
6.6 20.42+ 0.50 1.44+ 0.09 1.00+ 0.03 14.214 0.96 170.7+ 18.5
6.9 21.92+ 0.34 1.45+ 0.05 1.06+ 0.02 15.15+ 0.64 398.8+ 53.2
7.2 24.81+ 0.72 2.24+0.16 1.00+ 0.03 11.07+0.91 185.7+ 23.4
7.5 23.44+0.71 2.71+£0.18 1.08+ 0.03 8.66+ 0.73 360.9+ 75.7

a All of the parameters were calculated by fitting the data to eq 2 and all of the errors are standard deviations from data fitting.

Table 5: SKIE Parameters for Wild-Type YPDC and the C221D(E)/C222A Vafiants

Okeat Pkeal So.5 Pkeal S 5 Pkeal A PkealB
WT 1.30+0.01 0.92+0.01 0.76+ 0.02 0.48+0.03 1.06+ 0.01
C221D/C222A 1.450.04 0.82+ 0.05
C221E/C222A 1.26-0.03 0.80+0.01

2 Pkeat, Pheal So5, Pheal S 5 Pheal A, PkeafB were calculated from the ratio of the maximal values of the parameters by inspecting the parameter-
pH(D) profile. The error is the average error of two sets of identical experiments.

Table 6: ApparentK, Values for Wild-Type YPDC and Its C221D/C222A and C221E/C222A Varfants

Keat pH independent keal S5 pH independent
pKal Ka2 kea(5) pK1 pKa2 keal s (MM~ 5°)
WT (H20) 5.63+0.13 7.59+0.24 52.80+ 5.52 5.86+ 0.21 6.19+ 0.20 50.174 15.47
(D2O) 6.00+ 0.12 8.17+0.34 36.214+ 3.58 6.05+ 0.19 6.97+0.18 38.214+-8.24
C221D/C222A (HO) 6.25+ 0.18 7.14+0.20 46.78+ 10.33 6.04+ 0.19 6.13+0.19 27.27+8.98
(D20O) 6.84+ 0.16 7.58+ 0.23 38.09+ 8.72 6.36+ 0.17 6.99+ 0.18 20.43+4.76
C221E/C222A (HO) 6.33+ 0.10 7.45+0.13 50.40+ 5.79 5.99+ 0.16 6.36+ 0.16 28.54+ 6.87
(D20) 6.63+ 0.17 7.75+0.30 38.99+ 8.23 6.22+ 0.12 7.18£0.13 25.36t 3.65
KealA keaf B keal ) 5
pKal Ka2 Kal Kaz2 Kal Ka2
WT (H20) 4.52+ 0.68 6.48+ 0.31 5.13f 2.62 6.65+ 2.65 5.52+ 0.32 6.28+ 0.33
(D2O) 6.09+ 0.33 6.49+ 0.35 6.13+0.30 6.86+ 0.28 6.21+ 0.27 6.53+ 0.25
C221D/C222A (HO)
(D20)
C221E/C222A (HO)
(D20)

a All pK, values were calculated from eq 5. The errors are standard deviations from the data fitting. The “pH-independent” parameters are those
given by the computer fit to eq 5.

parameters were calculated from the ratio of the maximal near S5, to normal at higher substrate concentrations. As
values of the parameter-pH(D) profile. The SKIE parameters seen in Figure 2, whether the SKIE is inverse or normal for
for the two variants represent the average of two sets of dataa particular substrate concentration range, is in little doubt,
obtained in identical experiments; the SKIE for WT YPDC as is the trend of the SKIE with increasing substrate
was carried out on two different enzyme preparations. To concentration. These plots affirm that the deduced SKIEs
demonstrate the SKIE trends with increasing substratefor the wild-type YPDC are on solid ground. This was
concentration for the wild-type YPDC, theg-pL plots were important to demonstrate, since there appears to be discrep-
superimposed for increasing (but single) substrate concentraancy with earlier data only at intermediate substrate con-
tions in Figure 2. It is clearly seen that the SKIE changes centrations, witPk:./B inverse with a value of 0:50.6 in

from inverse at low, to near 1.0 for substrate concentration the earlier studyX?), as compared to near unity in our study.
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pL

Ficure 2: Plot of v,-pL for the pyruvate concentrations indicated above each plot. Open circles in heavy water, closed circles in light
water.

Effects of Pyruamide on the Kinetic Constants of the 1.16+ 0.069;Kq, 1.79+ 0.041 and 2.5A 0.34;n (Hill
Variants The vo-[pyruvate] plots were determined for the coefficient), 1.036+ 0.012 and 1.00Gt 0.054; andK;,
C221D/C222A variant at pH 6.0 in the absence and presence316 + 27 and 146+ 30. We conclude that pyruvamide has
of 80 mM pyruvamide (preincubation with pyruvamide for virtually no effect onVma causes a small increase K,

5 min), a substrate surrogate capable of activating the wild- and reduces thé;, i.e., it is an inhibitor even at this
type YPDC, and yielded the following results (first number concentration, well below the 300 mM concentration used
in the absence, second in the presence of pyruvamide;for determination of the YPDC structure in the presence of
no units are listed for simplicity)Vmax 1.23+ 0.069 and pyruvamide 15).
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A

R W12
g B8

Ficure 3: Location of C221 with respect to the regulatory signal transduction pathway to ThDP on yeast pyruvate decarboxylase. (A) A
single YPDC subunit is shown; the protein is represented as a ribbon drawing, whereas the ThDP cofactor is represented as a space filling
model. (B) The substrate activation pathway from C221 to ThDP.
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DISCUSSION active center acidbase residues D28, H114, H115, E477

(20), and E51 17). All five of these residues have significant
effects ork.y; at least 100 times larger reductions result from
their substitutions than with the C221 variants.

As seen in Figure 3, the residue C221 is located not only
>20 A from the active center with the ThDP cofactor, whose
C2 and N4 atoms (Scheme 1) constitute the key catalytic i . . .
atoms for the reaction, but C221 is also on a different domain  (0) Effects on the Hill CoefficienThe Hill coefficients
than the cofactor. The information originating from the for the C221 substituents are1.0 for Ser (0.8-0.9),
pyruvate bound at C221 must traverse a pathway over allessentially 1.0 vy|th|n experimental error for the Ala, _Glu,
three domains of the same subunit to reach the active center@nd Asp substituents, as compared to 26 (again
It is all the more impressive then that even very subtle depending on buffer, preparation) for the wild-type YPDC.
changes in substitution at this position have such dramatic These numbers are of significance for several reasons: (i)
effects on the activation, while having only more modest The most important conclusion is that YPDC with no
effects on thekey Of the enzyme. activation is still actlve. (|_|) The explangnon for a number

Steady-State Kinetic Results. (a) Effects on Specificiycti ~ <1-0 suggests complications not yet discussed for YPDC.
and k.. Depending on the preparation, the optimal specific In @ different paper, we suggested that the number is
activities are 5-10 units/mg for the C221S, 5 for the consistent with a mechanism in which a functional dimer
Ala, and 20-28 units for Asp and Glu substituents, as with more than two substrate-binding sites, rather than a
compared to 4860 units/mg for the wild-type YPDC. The ~monomer vv_ith two subs_trate-bindin_g s_ites, i_s the minimal
pH effects appear to be very similar & for the variants ~ catalytic unit (6). The important finding with the new
and the wild-type enzyme, suggesting that the rate-limiting Variants here presented is that the magnitude of the Hill
steps under conditions of saturating pyruvate concentrationcoefficient is unity (within experimental error) in the entire
are under the influence of the same groups, irrespective ofPH range.
the substitutions at residue 221. Furthermore, the results The finding that the Hill coefficient is unity could have
support once more the notion that substitutions at C221 havemultiple origins, either a fully unactivated enzyme form (or
only modest effects on the kinetic barriers starting with the a form that cannot be activated), or a fully activated enzyme
decarboxylation step in Scheme 1. Elsewhere, data have beeform. We had earlier shown that the C221S and C221A
presented on variants resulting from substitutions of the substitutions convert the enzyme into a form that can no
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longer be activated. With wild-type YPDC, the addition of
pyruvamide has the latter effect, i.e., preincubation with
pyruvamide leads to hyperbolie,-[S] plots, and it is
converted to the activated form.

Itis of particular importance that while the Hill coefficient
remains near 1.0 for all C221 substitutions, khgincreases
from Ser to Ala to Asp (and Glu), with thi€,, decreasing
successively. In fact, th& s is nearly the same for the wild-
type YPDC and the C221D/C222A and C221E/C222A
variants, and these variants achieve nearly 70% okthe
of the wild-type enzyme at their optimum pH.

(c) Effects on ki/Kn and their pH Dependencies\s
expected from the Hill coefficient, the data for the wild-
type YPDC and the C221D/C222A and C221E/C222A is normal -1.0) for all of these related enzymes. Most
variants differed mostly in events starting with binding of relevant to this paper, thitkcaiis >1 again for the C221D/
substrate and culminating in decarboxylation. In the previous C222A and C221E/C222A variants, as well as for the wild-
analysis of wild-type YPDC kinetics presented by the groups type enzyme redetermined in this laboratory. This is strong
of Schellenberger and Huer at Halle and Schowen in €vidence that (a) In the rate-determining step of the post-
Kansas (referred to as the SHS model), the steady-statedecarboxylation regime of the overall reaction hydrogen
kinetic data were partitioned into three regimes of substrate bonding is stronger in the transition state; and (b) The
concentration, saturating (substrate independtgptmidrange ~ perturbations at the regulatory site do not significantly
(first order in substratek./B), and low concentration influence the rate-limiting step in the post-decarboxylation
(approaching zero, second order in substrate to account forregime of the reaction.
the sigmoidab,-[S] plots, keafA). According to this formula- (b) Effects on /K and Related Termslypothetically,
tion, keof A accounts for transition states starting from binding results with Hill coefficients of unity could imply the
of the first substrate, presumably at C221, and culminating presence of enzyme forms, or conformations, with no
with decarboxylation, whilé.,/B includes transition states  activation (enzyme forms that cannot be activated), or full
starting with substrate binding to thubstrate-actiated activation. Therefore, the SKIEs obtained for the C221
enzyme and culminating with decarboxylation. variants here presented may correspond to any of these forms,

In practical terms, while isolation of the low and high Or to anything between, e.g., frozen into an intermediate state.
substrate terms is feasible, in our hands, the B term is subjectVith a Hill coefficient near 1.0, th& s andKy, values are
to greater uncertainty, a problem accentuated in the pH-interchangeable.
dependent kinetic studies. Pragmatically, the Hill coefficient  The Pk../Ss SKIE observed with the C221A/C222A
provides less specific assignment of the rate parameters, butariant was 0.62t 0.02, with the C221D/C222A it is 0.82
the S5 and/or 58.5’ and (the derivedk.a{Ss or kca{s?).s 4+ 0.05, and with the C221E/C222A variant it is 080.01.
parameters) provide solid but “averaged” values for the Interestingly, the SKIE becomes less inverse as the activity
binding, typically leading to pH profiles that are highly of the variant increases. Possibly, installation of the negative
reproducible and consistent. We have also shown elsewherecharge mimics the charge, and its interaction with its
(16) that under certain conditions the SHS parameters andsurroundings, of a pyruvate molecule covalently bound to
Hill parameters are nearly the same: the closest Hill analogueC221 as a thiohemiketal adduct.
of keafA is kealS) 5 While the Hill analogue okcafB is Keaf To what value on wild-type enzymes shall we compare
S5 We therefore show all of these plots so that the reader our results with these variants? The values from our studies
can obtain a better appreciation of the experimental obstaclesfor the wild-type YPDC arék./A = 0.48,°V/) ;= 0.76,

(see Supporting Information). PkeofB = 1.06, andPk.{Ss = 0.92, as compared with

The steady-state kinetics of wild-type YPDC in the entire PKealKm = 1.25 for ZmPDC an®ke./{Kn = 1.5 for BFD (a
pH-range of activity (as low as 4.6, as high as 7.8) have ThDP enzyme with a phenyl group in place of the methyl
been studied extensively by several people at Rutgers overgroup of pyruvate in the substrate). Neither ZmPDC nor BFD
the past decade. While the shape of KggpH profile is is subject to substrate activation; hence, it is reasonable to
indeed similar to that reported for the SHS model (see assume that ZmPDC and BFD represent fully activated

anticipated. The number of data points is insufficient to
enable us to draw any conclusions regarding the apparent
pKa values, other than the shape of thg/K-type profiles
described in the previous paragraph. Interestingly, there
appears to be oneKp shift that is very likely outside of
experimental error: thelf, on the acidic limb of thée.cpH
profiles experiences a shift to more alkaline values on
substitution of C221 to aspartate or glutamate, further
affirming that there is signal transduced from the regulatory
to the catalytic center.

Sokent Kinetic Isotope Effects. (a) Effects op.kAs
published for YPDC12), ZmPDC (L3), BFD (14), and most
recently for the C221A/C222A variant8)( thePk.y (or PV)

Supporting Information for ref2), for wild type and several
YPDC variants, invariablpell-shaped cures result for plots
of keafKm vs pH (and similar plots for other related
parameters).This has been shown not only for wild-type

enzymes. Our newly determined values for the wild-type
YPDC of Pkeof/B =1.06, andPk.o{S s = 0.92 are in better
agreement with thé’k/K,, = 1.25 for ZmPDC, again
consistent with the notion that ti&.,/B andPk./S s values

enzyme, but for variants at residues C221, H92, E91, andon the wild-type enzyme reflect on the behavior of substrate-
W412 on the putative regulatory pathway, as well as on the activated enzyme species.

active center variants at residues D28, H114, H115, E51,

1415, and E477.
In this report, the entire pH dependence of t#h¢S] plots

At the same time, a comparison of tRk../K, for the
C221A/C222A (0.62), C221D (or E)/C222A (0.82, 0.80)

variants to the values &ke../A = 0.48 PV/S ;= 0.76) and

is described both in light and heavy water. As seen in Table Pk:/B = 1.06 Pk.o/S s = 0.92) observed with the wild type

6 and in Supporting Information, there is a shift to more

YPDC, respectively, is useful. It is plausible to conclude that

alkaline values on transfer from light to heavy water, as installation of the negatively charged residue at position 221
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“freezes” the conformational equilibrium of the YPDC, inverse SKIE orPk./A, what is the locus of the hydrogen
selecting a conformation somewhere between fully activated bonding changes/proton transfer(s) that give rise to this strong
wild-type enzyme and enzyme that cannot be activated. Letinverse SKIE? We believe that the results summarized above,
us suppose that the C221A/C222A variant is an example of supported by the data on the C221-substituted enzymes, are
the unactivated form, in which the hydrogen bonds are fully consistent with all of the SKIE observations being
stronger in the free enzyme than in the rate-limiting transition pertinent to transition state structural changes at the active
state. In the substrate-activated YPDC, the hydrogen bondscenter, rather than at the regulatory site, but that the signal
are nearly the same strength as those in the rate-limitingis indeed transduced from C221 to ThDP. There is more
transition state. With the C221D(E)/C222A variants, there evidence accumulating, supported by the recent report on
is relatively little change in hydrogen bonding as well in the C221A/C222A variant, that ionization of the key thia-
going through the rate-limiting transition state, although the zolium C2H could become rate limiting in the unactivated
direction of change is still the same as with the C221A/ enzyme form. The inverse SKIE suggests that the fraction-
C222A variant. ation factor in the ground state be less than unity. Of course,

The results here reported for the wild-type enzyme require SH ionization is one possible source of this. In general, a
modification of the conclusions reached in the earlier study “low-barrier hydrogen bond” would give rise to such
(12), which reported an inverse SKIE for both tAk../A fractionation factors. In a totally different system, involving
term and thePk./B term. Our numbers simply are not serine protease active centers both in their native state and
consistent with an inversé.,/B of 0.5. The small temper-  bound to tight-binding peptide boronic acid “transition-state
ature differences (258C in this study, 3C°C in the earlier analogues”, we found that the hydrogen bond between the
one), differences in buffer (the triple buffer in this study and histidine N'* of the active site catalytic triad and the aspartate,
citric acid in the earlier one), or even enzyme preparations but not the hydrogen bond from the histidine? Nite, has a
(we used the Histagged recombinant YPDC froia. coli, low fractionation factor Z1). We suggest that the low
the earlier one used YPDC isolated from yeast) are unlikely fractionation factor required to give rise to the inverse SKIE
to account for the differences, especially sincetkgand at low substrate concentrations for the wild-type and the
Pk.ofA terms are rather similar in the two studies. C221A/C222A variant is a property of the C2H to'Nehino

Our new values for thé’k.,/B term of the wild-type nitrogen interaction on ThDP itself. Indeed, there are some
YPDC, along with our results on the C221A/C222A, C221D/ data in the literature indicating that CH bonds at trigonal
C222A, and C221E/C222A variants lead us to the following and digonal carbon centers are characterized by fractionation
interpretation, consistent with all of the SKIE data: (i) The factors less than unity2@). Concomitant with this event,
earlier hypothesis that the -SH group of C221 is responsible there could also be loosening of the three highly conserved
for the observed inverse SKIE dtke/A is virtually ruled hydrogen bonds around thé-@minopyrimidine ring, also
out by the results on the C221-substituted variants. Somecontributing to the inverse SKIE. In other words, the inverse
years ago, we had already reported that the thiolate ionizationSKIE at low substrate concentrations clearly signals tighter
state of C221 at pH 6.0 deduced from two independent binding in the ground state than in the rate-limiting transition
experimental measurements was inconsistent with thatstate. At the same time, substrate activation increases the
hypothesis3). (i) Enzyme forms of YPDC with no apparent rate of C2H exchange, and a step different from C2H t6 N4
activation according to the Hill criterion can still be quite imino proton-transfer becomes rate-limiting, a step in which
active, with the C221D/C222A and C221E/C222A variants there is little if any hydrogen bonding changes in the
approaching the activity of fully substrate-activated enzyme. transition state. In the post-decarboxylation regime, there is
(iii) The results on the C221A/C222A variant suggest that a normal SKIE for all of the related ThDP enzymes, where
this is a good model for the unactivated form of the enzyme, there are possible proton transfers at a number of reaction
with the value ofPk.o/Kr, being reminiscent of the value of  steps.
Pk.afA observed with the wild-type enzyme. At the same
time, the SKIE orPke{Kr, for the C221D/C222A and C221E/ ACKNOWLEDGMENT
CZZZA variants approaches th_e valueafa/B four_1d for The authors are grateful to Professor Richard Schowen of
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