7382 Biochemistry2001,40, 7382-7403

Catalytic Acid—Base Groups in Yeast Pyruvate Decarboxylase. 3. A Steady-State
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ABSTRACT: The widely quoted kinetic model for the mechanism of yeast pyruvate decarboxylase (YPDC,
EC 4.1.1.1), an enzyme subject to substrate activation, is based on data for the wild-type enzyme under
optimal experimental conditions. The major feature of the model is the obligatory binding of substrate in
the regulatory site prior to substrate binding at the catalytic site. The activated monomer would complete
the cycle by irreversible decarboxylation of the substrate and product (acetaldehyde) release. Our recent
kinetic studies of YPDC variants substituted at positions D28 and E477 at the active center necessitate
some modification of the mechanism. It was found that enzyme without substrate activation apparently
is still catalytically competent. Further, substrate-dependent inhibition of D28-substituted variants leads
to an enzyme form with nonzero activity at full saturation, requiring a second major branch point in the
mechanism. Kinetic data for the E477Q variant suggest that three consecutive substrate binding steps
may be needed to release product acetaldehyde, unlikely if YPDC monomer is the minimal catalytic unit
with only two binding sites for substrate. A model to account for all kinetic observations involves a
functional dimer operating through alternation of active sites. In the context of this mechanism, roles are
suggested for the active center aclthse groups D28, E477, H114, and H115. The results underline
once more the enormous importance that both aromatic rings of the thiamin diphosphate, rather than only
the thiazolium ring, have in catalysis, a fact little appreciated prior to the availability of the 3-dimensional
structure of these enzymes.

Pyruvate decarboxylase catalyzes the non-oxidative de-by the substrate pyruvate3)( or the substrate analogue
carboxylation of pyruvate to acetaldehyde (Aand requires  pyruvamide 4), a compound that cannot be decarboxylated.
thiamin diphosphate (ThDP) and Mg(ll) as cofactors. Yeast This activation is believed to entail a slow conformational
pyruvate decarboxylase (YPDC, EC 4.1.1.1) is an enzyme change involving the entire enzyme molecule. Inhibition by
consisting of four identical subunitd,(2). The ThDP is the substrate (widely observed with pyruvate decarboxylases
bound at the interface created by two subunits that form a from various sources) is an additional phenomenon compli-
tight dimer. Two of these dimers form a loose tetramer cating the kinetic mechanism of YPDC that is yet poorly
usually referred to as a “dimer of dimers”. understood. It was suggested that perhaps the intervention

Pyruvate decarboxylases from all sources, exceptof the carboligase side reactions catalyzed by YPDC was
Zymomonas mobili&ZmPDC), exhibit allosteric activation  responsible for the apparent inhibitids) (A minimal model
for the YPDC kinetic mechanism was proposed for substrate
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' Abbreviations: ThDP, thiamin diphosphate; Aa, acetaldehyde; Ac, explain substrate inhibition; the source of the inhibition was
acetoin; Al, acetolactate; ADC, acetolactate decarboxylase; ADH, b '

alcohol dehydrogenase (yeast); BDH, butanediol dehydrogenase; BFD,tematively attrlibmed t.O the carbo_ligase side reaction. The
benzoylformate decarboxylase; LDH, lactate dehydrogenase; PA,rates of the irreversible steps in Scheme 1, and as a

pyruvamide; WT YPDC, yeast %yruvatﬁ decarboxylase fﬁlgnCha- consequence their rate-limiting effects on the entire reaction,
romyces cergsiaeoverexpressed i&. coli; E477Q, D28A, and D28N were Suggested to be equ5l, @

are variants of this enzyme with the indicated substitutions; ZmPDC,
pyruvate decarboxylase isolated fratgmomonas mobilisHEThDP, The X-ray structure of YPDC has been determined both

C2a-hydroxyethylthiamin diphosphate; LThDP, &2actylthiamin ; ;
diphosphate; EnThDP or enamine, C2-hydroxyethylidenethiamin diphos- in the absence?( 8 and in the presencé) of a 300 mM

phate; BDThDP, 2-(2,3-dihydroxy-8-butyl)thiamin diphosphate, the  cOncentration of the substrate analogue pyruvamide, possibly
C2 adduct of ThDP and acetoin. resulting in nonactivated and activated forms. Each enzyme
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Scheme 1 findings on the kinetic behavior of variant YPDCs with
S N substitutions at D28 and E477, and suggest an explanation
. . c for all of the kinetic observations within the framework of a
E & SE == SE z& SES new kinetic model invoking alternating active sites. The
ke Ky ke model put forth can account for all of the kinetic observa-
‘x /<k°3 tions, both with wild-type and with variant enzymes, at all
P2y CO, pH values studied; the model is also consistent with the
SEM structural data published for YPDC so far. Finally, we
propose roles for the D28 and E477 side chains on the basis
LV S of the evidence presented in the three papers in this series.

S.EM EXPERIMENTAL PROCEDURES
2

The preparation of the YPDC variants and the purification
form exhibits nonequivalence of the two active sites present and assay, along with the buffers used, the novel continuous
in the crystallographically determined dimer. The confor- kinetic assays developed for acetoin and acetolactate, and
mational change resulting from the activation of the enzyme tnhe instruments used in this series of studies, were presented
increases this apparent nonuniformity of the active sites andjn, the previous two paperd.{, 12.
gives rise to both “open” and “closed” active sites. However,  The equations used in the studies include the original Hill
to our knOWIedge th|5 Structural diﬁerence Of the aCtiVe Sites equation (Wh|Ch d|d not incorporate Substrate |nh|b|t|0n) and
has never been addressed in the functional characterizatiotis variation including substrate inhibition and nonzero
of the enzyme. limiting rate. Several versions of the transformed Hill

The rate expression heavily emphasizes the rates of theequation were suggested in the literatut8,(14. The two

enzyme species that are present at the highest concentrationsersions below could adequately describe all our data.
or have the highest catalytic rates. Therefore, the presence

of some enzyme species may go unnoticed if they are present V., [SI™

in negligible concentrations. In our recent paper on the related v= ma ()
enzyme benzoylformate decarboxylase (BFD, 16}, an S5+ [SI™M( + [S)/K)

alternate substrate was utilized, resulting in the slow release

of product and enabling us to observe features of the catalytic ViadSI™ + V(S ™K,

cycle that are not visible in the steady-state kinetic results. = (2)

- n, n,
The ability to monitor the appearance and disappearance of S + ST+ [SVK)

enzyme-bound intermediates led to results requiring an ) W . .
explanation that invokes the interaction between the active duation 1 (henceforth called the “simple Hill equation
with inhibition” or 4-parameter Hill equation) was utilized

sites of this tetrameric enzyme. The observation of substrate S Lo
binding in the first site, thereby promoting the decarboxy- when only insignificant substrate inhibition was observed,

lation of the substrate in the second active site, led to the Whereas eq 2 (the “extended Hill equation” or 5-parameter

proposal that a pair of active sites act in an anti-concerted Hill_€quation) was sufficient to describe the data with
manner. inhibition and nonzero activity after full saturation with

In the current work, instead of changing the substrate, the SUPstrate. Equation 1 is a particular form of eq 2, in which

active site of the enzyme was changed. Most of the detailed vt = 0- We realize that as any for Hill-type equation, eqgs 1

kinetic studies of YPDC were earlier carried out on the wild- 2nd 2 are only approximations. Therefore, even if inhibition
type enzyme§, 6) under optimal conditions. Utilization of by substrate might have been allogterlc in nature, no at'tempt
YPDC with an altered active site allowed us to observe WaS made to change the equations. One reason is that
previously undetected peculiarities of the YPDC mechanism. including an additional parameter (Hill coefficient for

In the first paper of this seried{), preparation and steady- '”h'b't'?ﬂ) in the power of the substrate with[e.g., utilizing
state kinetic studies were reported for the four active center Vi[SI™"¥] did not provide any significant improvement,
variants, D28A, H114F, H115F, and E477Q, creating neutral SINc& in thIS' case the values of the two poyver_coefflmerjts
substitutions at the four aciebase residues poised to became too interdependent, the same complication as noticed
participate in the reaction mechanism. It was concluded thatPY Others 44). o

while all four residues affect transition states both pre- and  Ev@luation of Different Kinetic ModelSwo models were
post-decarboxylation (i.e., at low and at saturating substratecompared using residual plots and thestatistic (5). In
concentrations), it is unlikely that any of the four residues Pri€f, the residual sum-of-squares (R%d RS9) for the

is involved in the first, most crucial step, generation of the WO models (one of which is an extension of the other) were
conjugate base at position C2 of the coenzyme. In the second?Ptained through a fit with the SigmaPlot software. The
paper (2), we examined the carboligase side reactions of duotientQ (defined in eq 3) was calculated as

the D28A, D28N, and E477Q variants and found that the

substitutions converted the D28A and D28N variants to an — (RSS ~ RSS)(n — ) 3)
acetolactate synthase and the E477Q variant to an acetoin RSS(p, — py)

synthase, producing these chiral compounds with high

enantiomeric excess. The experiments also allowed us towhere RS$and RS$ andp; and p, are the residual sum-
determine whether pre- or post-decarboxylation events areof-squares and number of parameters in the two models and
rate-determining with the variants. Here we report our nisthe number of data points in the experiment. The quotient
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was then compared with thestatisticF(p, — p1, h — p) at
the desired level of probability.

Simulation of the Kinetic Data for Testing the Earlier
Kinetic Model for YPDC.Data were simulated with the
SigmaPlot software according to the equation for a two-site
model with random binding in the regulatory and active sites
(depicted in Scheme 2):

V,[SVK, + V,[SIYK K,
U =
1+ [S)K, + [SI/K, + [STK K

(4)

whereKj is the kinetic dissociation constant of the regulatory
site, V; andV, are maximum velocities, andy andKs are
kinetic dissociation constants of the active site of the

Sergienko and Jordan

log(V/(V-v))

0.5
log(IPyr))
Ficure 1: Hill plot for the pyruvate-dependent activities of the
E477Q variant. Acetaldehyde formation was measured in the
standard pH buffer at pH 5.1 (closed circles), pH 6.0 (open
triangles), and pH 6.9 (closed squares) in the presence of 5 mM
MgCl,, 1 mM ThDP, 0.14 mM NADH, and 22.5 units/mL ADH.
Straight lines represent the best fit of data with the slopgsl(.017
+ 0.046, 1.619+ 0.0345, and 2.188 0.042 for pH 5.1, 6.0, and
6.9, respectively. Half-saturation concentratioBs;( are calculated
from intersections of the data curves with the abscissa equal to
1.10, 2.98, and 4.89 mM, respectively.

-0.5 0.0

Table 1: Kinetic Parameters for Pyruvate-Dependent Acetaldehyde
Formation for the E477Q Variant at Different pH Values

parameters pH5.1 pH 6.0 pH 6.9
Vmax (Units/mg) 0.0233t 0.00044 0.101 0.0078 0.12Gt 0.0012

Sos(MM) 0.925+0.077  2.900t 0.346 4.576+ 0.136
Ny 1.0194+0.092  1.673:0.221 2.206k 0.128
Ki (mM) (14364 13878 112.2+26.4  (1872% 1475}

aValues in parentheses were calculated in a separate fitting procedure
and are shown for reference.

Cooperatbity Obsewed with the E477Q VariantThe
E477Q variant exhibited much more complex kinetic proper-

nonactivated and activated enzyme form, respectively. Thejies than the WT YPDC. Substrate-dependent acetaldehyde

substrate concentration ([S]) was changed from 0.01 to 100

production by this variant is uniquely affected by pH. While

mM in equal increments on the logarithmic scale to give a at pH 6.0 the behavior of this variant is similar to WT YPDC,
total of 41 points. The range of dissociation constants selectedyjith g Hill coefficient equal to 1.51.6 (though with

(combinations in the range of 6:20 mM) reflects the values

of the actual constants of YPDC under different conditions.
Combinations that would have resulted in the observed
substrate inhibition 6) were avoided. Values o¥, were
held constant and equal to 1, whereas value¥ ofvere
changed from 0 to 1. In this manner, the ratiovefV, was
varied from O to 1. The simulated data were then fitted to a
Hill equation and to the equation published by the groups
of Schellenberger and ‘Huer at Halle, and Schowen at
Kansas %, 6), henceforth referred to as the SHS model.

RESULTS

Wild-Type YPDCAs expected, steady-state kinetic data
for the wild-type YPDC are characterized by a sigmoidal

somewhat stronger substrate inhibition), at lower and higher
pH major differences become apparent. Substrate inhibition
disappeared both below and above pH 6.0, but the Hill
coefficient increased monotonically with increasing pH
(Figure 1). At pH 5.0, no cooperativity was observed,
whereas at pH above 7.0 the Hill coefficient was significantly
larger than 2.0, reaching a value of 2.6 [see the first paper
of the series11)]. Both maximal velocity and half-saturation
concentration increased with increasing pH (see Table 1).
Substrate and Product Inhibition Exhibited by the D28A
and D28N Variants.Valuable insight into the nature of
substrate inhibition was obtained with the variants in which
D28 was substituted; these were characterized by an ex-
tremely high degree of cooperativity and substrate inhibition.

dependence on substrate concentration. While the plateaurhe Hill coefficient for pyruvate-dependent acetaldehyde

of WT YPDC catalytic activity is very broad with nearly
identical values ofVnax in the pH range of 557.2, the
enzyme is most efficient around pH 5:8.0. This pH is
characterized by the maximum values of the Hill coefficient
(1.58+ 0.08) andVmad S5 attained, with arfy s of 0.97 +
0.037 mM. A change of pH to either side from the optimum

formation for the D28N (Figure 2) and the D28A (Figure
3A) variants was equal to 212.2. Pyruvate-dependent
acetoin formation by the D28A variant has a slightly lower
Hill coefficient of 1.87 (see Figure 3A). Inhibition with
pyruvate was characterized by an anomalously low inhibition
constant;, approximately of the same order of magnitude

value causes the Hill coefficient to decrease approximately as the half-saturation constafis (Table 2); therefore, the

0.2 unit per unit of pH. Rather modest inhibition with high

substrate-dependent rate never reaches the theordtigal

substrate concentration was also observed; its mechanisnvalue. Another surprising feature was that the rate of both

therefore could not be delineated with the WT YPDC.

acetaldehyde and acetoin formation at saturating concentra-
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Table 2: Comparison of the Pyruvate-Dependent Acetaldehyde- and

020 Acetoin-Forming Activities by the D28A Variant

é"‘ | product assayed
2
0.15 g 000 acetaldehyde acetoin
2 g oo Vinax (Units/mg) 0.0585+ 0.0049 0.230+ 0.011
= oot V; (units/mg) 0.0132+ 0.0004 0.0465: 0.0044
Z 010 | Sos (MM) 1.50+ 0.113 0.956+ 0.0554
3 002 T e Ny 2.174+0.108 1.87£ 0.101
[Pyruvate] (mM) Ki (mM) 3.75+ 0.665 12.04+ 2.07

0.05

Table 3: Effect of Acetaldehyde on Pyruvate-Dependent
Acetolactate Formation by the D28A Variant

0.00 ’ ' ' ' 00 no 200 mM
0 2 40 & 8 acetaldehyde added acetaldehyde added
[Pyruvate] (mM) -
Vmax (UnNits/mg) 0.052+ 0.0019 0.041 0.00021
FiGUrRe 2: Pyruvate-dependent acetaldehyde formation by the D28N S5 (mM) 3.24+0.31 10.0/4+0.11
variant at pH 6.0. Conditions are the same as in Figure 1, except M 1.97+0.31 2.10+ 0.037

pH 6.0, 0.3 mM NADH, 20 units/mL ADH, and a light path of

0.45 cm were used. The reaction was started by addition of the . .
D28N variant to a concentration of 0.07 mg/mL. The solid line €dual to 0.000332 (RSB According to eq 3, the quotient

represents the best fit of the data to the extended Hill equation (eqQ is equal to 28.16 and is much larger than thstatistic

2). The limiting rate is shown for reference as a dotted line. For for a probability of 99.5%MF(1,12)= 11.75]. Therefore, with

comparison, the result of the fit to the simple Hill equation with 5 hopapility greater than 99.5%, we can conclude that the

inhibition (eq 1) is shown as a dashed line. The residual plot for 5-parameter model is better at describing our data. Deletion

the data fitted with eq 1 (open circles) and with eq 2 (closed circles) p . .g ; :

for both equations is shown in the inset. of the two highest pyruvate concentration points from the
fit (i.e., using 6-25 mM pyruvate) did not change the

result: RS$=5.12e-4 and RS$= 3.30e-4, the quotient

is equal to 5.48, sufficient to allow us to conclude with 95%

confidence F(1,10) = 4.96] that the 5-parameter model is

better at fitting the data.

The corresponding values of RS8SS, andQ for acetoin
formation by the D28A variant (presented in Figure 3A) are
0.000637, 0.000106, and 55.086, respectively, with the
F-parameter value for the 99.5% confidence interval equal
to [F(1,11) = 12.23]. The corresponding values for acet-
aldehyde formation by the D28A variant (see Figure 3A)
are 9.90e-5, 3.69e-6, and 465.57, respectively. The latter
is much larger than the-parameter for 99.5% confidence
[F(1,18) = 10.22]. This once again affirms with a greater
than 99.5% confidence that the activity of the enzyme fully
saturated with pyruvate is nonzero.

The only feature readily available for estimation of the
effect of the acetaldehyde product on the catalytic properties
of the enzyme was acetolactate formation, produced only
by the D28 variants, since this reaction did not utilize or
produce acetaldehyde. The D28A variant exhibited inhibition
Ficure 3. Pyruvate-dependent product formation rates of the D28A of gcetolactate formation in the presence of 200 mM

variant. All products were measured in 0.1 M MES, pH 6.0, 1 mM . P . }
ThDP, 5 mM MgC} using the relevant coupled reaction. Acet- acetaldehyde (Figure 3B). This inhibition resulted in a 3-fold

aldehyde (panel A, closed circles) and acetolactate (panel B, closedncrease 0 s and only a 20% decrease Vfvax (see Table
circles) were estimated in the absence of externally added acet-3). The Hill coefficient did not change significantly.

aldehyde. Acetoin (panel A, open triangles) and acetolactate (panel  Effect of Pyrwamide on Acetaldehyde Formation by
B, open circles) were measured in the presence of 200 mM

A
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o
o

o
S
o

0.02

Acetoin (U/mg)

0.05

Acetaldehyde (mM)

0.00

~ 0.00
25 50 100

[Pyruvate], mM

75

0.06

<
o
=

o
o
o

Acetolactate (U/mg)
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acetaldehyde. The-scales in panel A are proportional ig.

tion of pyruvate leveled off to a constant valug approxi-
mately an order of magnitude lower than the predidfgek
value (Figures 2 and 3). The fitted results for D28N-assisted
acetaldehyde formation (Figure 2) clearly show tiiahas

YPDC Variants.Addition of pyruvamide (82 mM) to the
E477Q variant at pH 7.5 resulted in a decrease of both the
Hill coefficient and S5 (Figure 4 and Table 4). The
calculated value ofVn. did not change, although the
observed rate at high pyruvate concentration was significantly
lower in the presence of pyruvamide than in its absence.

a nonzero value, as can be seen on the residual plot (insetto In the presence of 83 mM pyruvamide, the pyruvate-
Figure 2). To support this conclusion, the fit with the dependent rate of acetaldehyde formation by the D28N
4-parameter model resulted in a residual sum-of-squaredvariant exhibited dramatic changes at pH 6.0 (Figure 5),
deviation equal to 0.00111 (R9Swhereas a fit with the  different from that expected from the behavior of wild-type
5-parameter model gave a residual sum-of-squared deviatiorand E477Q variant YPDC. Modest activation was noticed
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[Pyruvate] (mM)
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Table 5: Kinetic Parameters for Pyruvate-Dependent Activity of the

010 F D28N Variant in the Absence and Presence of Pyruvamide
008 | in presence of 83 mM pyruvamide
=) kinetic no pyruvamide
§ 0.06 parameters added 5-parameter fit  4-parameter fit
; ' Vmax (Units/mg) ~ 0.305+ 0.0314  0.918t 1.014 (0.305)
£ (0.918p
g 0.04 Vs—w (Units/mg) 0.0235: 0.0071 0.0352: 0.0046 0.0253t 0.0044
(0.0352+ 0.0031%
0.02 - So.5(MM) 2.18+0.18 8.74+ 9.20 2.89+ 0.099
} (8.74+ 0.60p
N4 2.56+0.194 1.373£ 0.142 1.677 0.081
0.00 : : . (1.3734 0.058p
0 20 40 60 80 Ki (mM) 8.55+2.17 1.36+1.75 6.47+ 0.503

(1.36+ 0.085)

Ficure 4: Effect of pyruvamide on the activity of the E477Q 2 The data were fitted to eq 2 with all parameters relaéthe data
variant at pH 7.5. Conditions were as in Figure 1, except that were fitted to eq 2 withVmax fixed to the value shown in parentheses.
acetaldehyde formation was estimated in the absence (closed circles)

and in the presence (open triangles) of pyruvamide (82 mM). The . . . -
Iightlpath R,vas 0.51(4pcm; 'NAgDH)ang’yA’DVH \'Neré adde()j to  Assummarized in Table 5, the Hill coefficient akdboth

concentrations of 0.3 mM and 51 units/mL, respectively. The decreased, whil& s significantly increased in the presence
e concanalon o 0513 TSIt mio 20 AN MER, D T & S o e e e

a . y : , increase iS5, the values oVmaxw S5, andK; became too
5.0 & THDF: & i1 MOCY. Sol and dashed Ines representinterdependent during the ft, resuling in higher standard
parameters listed in Table 4. deviations of the calculated parameters. Fixing one of the

parameters\(max S5 OF Kj) during the fit to the predicted

value shown in Table 5 significantly decreased the standard
deviations in the remaining parameters. To separate the
activating and inhibitory effects of pyruvamide, the expected
curves were calculated for the activation in the absence of
inhibition (based on the fitting results, see inset A to Figure

Table 4: Kinetic Parameters for Pyruvate-Dependent Activity of the
E477Q Variant in the Absence and Presence of Pyruvamide

no in presence of

kinetic parameters  pyruvamide added 82 mM pyruvamide

Vmax (Units/mg) 0.103t 7.3e-4 0.102+ 1.11e-3
S5 (MM) 11.88+0.152 9.28+ 0.222 5), and for the inhibition of fully activated enzyme (inset B
My 2.184 0.046 1.51+0.039 to Figure 5). Dramatic changes are seen on the half-saturation
of both activating and inhibitory slopes. Since pyruvamide
addition did not change thé. either of WT YPDC 4) or
020 ) of the E477Q variant, it was assumed that the D28N variant

would exhibit parallel behavior. Although there was a large
standard deviation in the value ¥« in the presence of
pyruvamide for the D28N variant, it was significantly
different from the value in the absence of pyruvamide. The
residual sum-of-squares for the fit with the 5-parameter
equation (eq 2) was 0.000343; when thexvalue was fixed

at 0.305 (i.e., to th&nmaxin the pyruvamide-free experiment),
the residual sum-of-squares was equal to 0.000426. This
resulted in a quotient (eq 3) of 4.786, supporting the notion
that within 95% confidence limits the 5-parameter model is
better than the model with.x fixed at 0.305 F(1,20) =

<

=

I
T

(=
=
o

Activity (U/mg)

0.05 |

10

1
[Pyruvate] (
L

'mM)
)

0.00

2 4

[

20

[Pyruvate] (mM)

80

4.35]. However, for further considerations, the valu&/gfx
was unimportant, since the trend of change in parameters is

Ficure 5: Effect of pyruvamide on the pyruvate-dependent rate preserved irrespective of the value Ghax chosen (Table

of the D28N variant. Conditions were the same as in Figure 4, 2)-

except the pH was 6.0 and the D28N variant was utilized.  Importantly for further interpretation, in the presence of
Acetaldehyde production is measured in the absence (closed circleshyryvamide, the Hill coefficient was in the range of 4.5
and the presence (open triangles) of 83 mM pyruvamide. Curves 17 o poth E477Q and D28N variants, signaling that at least

represent the best fit with the parameters shown in Table 5. Inset bindi . ined
A shows the activating part of the pyruvate-dependent rate, and WO Pyruvate binding sites remained vacant even at 80 mM

inset B shows the inhibitory part of the substrate-dependent rate.concentration of activator.
Curves for insets were calculated according to the parameters in
Table 5 with the solid curve representing enzyme in the absence DISCUSSION
and the dashed line in the presence of pyruvamide.
Successes and Limitations of the Current (SHS) Model

at low pyruvate concentration. The optimal activity observed  To appreciate the need for changes in the SHS model for
for the mid-concentration range of pyruvate—8 mM) YPDC (5, 6), its limitations need to be considered. The
decreased on addition of pyruvamide. The limiting activity principal points of the model include the constitutive
(Vs) at saturating pyruvate concentration did not change. activation by substrate at the regulatory site, prior to binding
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FiGURE 6: Predictions of the SHS model. Predicted values of half- S, E S,E S,ES
saturation activity (A) and Hill coefficient (B) calculated from the '}\ /(
equations (A1l and A12) derived in the Appendix. Limiting values ? S.EN * S.EN €o,
of 5= Ksandny = 1 andny = 2 are shown as dotted lines for 2 2
reference. FiGure 7: Evolution of the steady-state phenomenological model.

) o Part A shows the SHS model. Part B shows extension of the model
of substrate and catalytic turnover at the catalytic site. A to include the activity of non-substrate-activated enzyme. Part C

third substrate binding site, one that can be saturated onlyshows extension of the model to account for inhibition of the D28
after the first irreversible reaction, is responsible for full variants. Part D shows an unrestricted three-site model to account

S b . . for the properties of the E477Q variant. For clarity, substrate added
inhibition of the enzyme (as seen in Scheme 1 and Flgu.reto the different enzyme forms is not included.
7A). As a consequence, in the numerator of the rate equation

only doubly liganded enzyme species are present, whereasyq corresponding section in the Appendix). Since binding
in the denominator all enzyme species are present, fromp, t take place at two sites, but with only doubly liganded
unliganded through triply liganded (see eq Al in the gn7yme peing active, the Hill coefficient is limited to the
Appendix). We uuhzg an equauon_equwalem to the one range between 1.0 and 2.0 (Figure 6B and eq A4ay, only
proposed by SHS, written, however, in the Adair forniaf{( positive cooperatiity is expected
Vv ax[s]z Itis instructive to estimate.wha.\t \{alues of th(_a rate constants
V= m (5) would lead to the low and high limits of the Hill coefficient,
KK+ KJS] + [5]2(1 + [SVK) based on the equations derived in the Appendix correlating
the parameters of the Hill equation and the rate constants of
This form of the SHS equation clearly differentiates the SHS model. For the Hill coefficient to equal unity, the
binding in the regulatory site from binding and catalysis in value of the ratidK4/Ks must approach zero (eq A12), only
the active site. As seen in the Appendix (eq A5), the kinetic possible if one of the rate constants amadgg Kas, Kas, OF
dissociation constariK, represents a combination of rate k. becomes negligibly small. The first three rate constants
constants only responsible for regulatory site binding and reflect the properties of the regulatory site and would not be
the resulting activation step. At the same tirkgcombines expected to change as a result of alteration in the active site.
all steps starting with activation and terminating with product If k.1 is made equal to zero, then, as a consequeto@.e.,
release. In the SHS formalisi, is equal toA/B andKs is Sosor simply K, sinceny is unity) must approactroo, unless
equal toB (eq A4). As shown in the next paragraph, it is it is matched by an equally negligibles (eq A4). At the
the ratio of KJ/Ks that determines the value of the Hill same time, sincécs is present in the denominator of the
coefficient fiy) and the half-saturation concentratidh 4). Kd/Ksratio, it would nullify the effect of the negligibly small
In the SHS formalism, this ratio is represented AN k1 (eq AB6). Therefore, it is difficult to explain how any
To understand why sometimes the SHS treatment could change in the active site would result in the Hill coefficient
not describe the data, the Hill equation was utilized, and the equal to, or tending to, 1.0.
parameters of the Hill equation were expressed in terms of For the Hill coefficient to equal 2.0, the rat/Ks must
the SHS parameters (see eqsA8L2 of the Appendix for approachtoeo. This requires that eithdg; or kes must equal
the derivation of these equations). zero (eq Al12). The first rate constant is involved in binding
The half-saturation concentration has a lower limit equal in the regulatory site; hence, it is not expected to change as
to Ks but has no upper limit (see Figure 6A and eq A1l of a result of alteration of the active site. Even if this were
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possible, it would mean that at this pH in the first c&e
~ AY2 approaches-« (unless it is matched by negligibly

mM at pH 6.0, and 0.1 and 0.833 mM at pH 5.1. Therefore,
a 58-fold decrease is expected in thegparameter, whereas
smallkes). If kes is negligibly small, on the other hand, then Ks should not change. Comparison with the values deduced
Vmax IS expected to become equal to zero. for WT YPDC leads to the conclusion that, assuming that
Another major consequence of the model is that the the SHS model is sufficient for all conditions and variants,
activity of the fully inhibited enzyme is predicted to be equal the major effect of the E477Q substitution is expected to be
to zero. This property is a consequence of the presence ofon the activation pathway, rather than on the catalytic
substrate concentration to the third order in the denominatorpathway. Once again, this supports the argument that the

but only to the second order in the numerator.
The Kinetic Behaior of the Wild-Type YPDC Is Well
Accounted for with the SHS Modé&Ve have isolated two

phenomenological binding steps and deduced kinetic con-

stantsK, and Ks with the Adair-type equation. In terms of
the Adair equation for two binding sitek, = 1.12+ 0.35
mM andKs = 0.46+ 0.087 mM at pH 6.0. The change in
the Hill equation due to a change in pH can be explained
with a decrease of the rati§/Ks. For example, at pH 5.1,
the expected values of the Adair parameterskare= 0.35

+ 0.20 mM andKs = 0.68+ 0.15 mM, and for pH 6.9, the
corresponding values at&, = 1.034+ 0.36 mM andK =
3.024+ 0.41 mM. Therefore, the effect of pH @€, is noticed

in the pH range of 5.46.0, whereas an effect of pH dt

is observed by changing the pH from 6.0 to 6.9. As a first

approximation, the kinetic dissociation constants reflect the

distribution of enzyme among species with different number

changes of the cooperative behavior of the E477Q variant
on decreasing the pH from 6.0 to 5.1 cannot be accounted
for by the SHS model.

On the basis of these arguments, we are compelled to
conclude thatat pH 5.1 the E477Quariant represents
nonactvated (in SHS terms) YPDC, or a mixture of
nonactivated and activated species (see secliostification
for the Equations Utilized To Interpret Data for YPDC
Thus, the kinetic model must be extended to include the
activity of the nonactivated enzyme, this in turn resulting in
the second catalytic cycle in the scheme, originating and
terminating with nonliganded enzyme (see Scheme 2 and
Figure 7B). Mathematically, this means that the numerator
has an additional term, first order in substrate concentration:

_ A[S]+AJSF
" B+ ByS] + ISP

(6)

of bound substrate, product, or intermediate molecules. This
implies that if the assumptions of the SHS model are correct,
then the steady-state distribution of the activated versus This equation can account for either positive or negative
nonactivated enzyme species changes below pH 6.0, andcooperativity, as well as for substrate inhibitiob6). It is
remains unchanged above pH 6.0. At the same time, thepossible that under most conditions (no substitution at C221
distribution between free and substrate- or intermediate- and neutral pH), the equilibrium is shifted so that the
bound activated enzyme molecules changes above pH 6.0activated form has the higher activity. As will be discussed

but remains unchanged below pH 6.0.

Hyperbolicuy—[S] Behavior of the E477Q Variant at Low
pH. At pH <5.1, the E477Q variant exhibited no cooperat-
ivity (i.e., the Hill coefficient= 1.0). As discussed above,
there are two likely explanations for this observation. First,
the dissociation constait, at the regulatory site (i.eka»

in the section Justification for the Equations Utilized To
Interpret Data for YPDC, not surprisingly, having present
nonactivated enzyme with lower activity would still result
in kinetics indistinguishable from the SHS model.

There is a possible caveat. If there is an irreversible step,
such as decarboxylation, or a quasi-irreversible step with a

and/ork,s) approaches zero or is at least much smaller than very slow reverse rate separating the activation phase and

the dissociation constais for the active site. This would

the catalytic cycle (thereby locking the enzyme in the

ensure that for virtually any substrate concentration the activated state), this could result in the invisibility of the
regulatory site will be saturated, providing that the substrate activation phase in the steady-state kinetics. Indeed, if the
concentration exceeds the enzyme concentration, thus resultenzyme is irreversibly activated, it would produce transient
ing in an apparent hyperbolic substrate dependence. For thikinetics similar to those observed with the wild-type YPDC,
explanation to be correct, the information resulting from but in the steady-state kinetics it will only reflect steps that
substitution at E477 would have to be transmitted to the follow the irreversible step. For the moment, we note that
regulatory site some 2530 A away, an unlikely scenario  activation of YPDC in the SHS model lacks irreversibility,
in terms of the SHS model. both chemical and phenomenological (in terms of enzyme
The second explanation for the Hill coefficient equaling substrate species), thus reinforcing the conclusion that the
unity assumes thd; (see Scheme 1 and eq A6) is almost observations with the E477Q variant at low pH cannot be
zero for the E477Q variant at pH 5.1. This, however, would explained in terms of the SHS model.
result in the reciprocal increase &% (see eq A4 in the The conclusion that nonactivated enzyme is active is
Appendix). One might argue that with the unavoidable error supported by recent data with regulatory site variants
in the Hill coefficient it is difficult to differentiate a Hill (substitutions at C221) which exhibit no substrate activation
coefficient of 1.0 from 1.1. Indeed, the standard error of the in the transient and steady-state kinetit8 (9). In addition,
Hill coefficient at pH 5.1 for the E477Q variant is equal to some of the C221-substituted YPDC variants exhibited
0.1 (as seen in Table 1). However, even after taking into negative cooperativity and a Hill coefficient distinctly smaller
consideration the error in the parameter, for the Hill than 1 (see the C221S and C221S/C222S variants in refs
coefficient to change from 1.67 at pH 6.0 to 1.1 at pH 5.1 20—22). These observations cannot be explained with the
(Table 1), the raticK/Ks must decrease from 6 to 0.12, i.e., SHS model, which predicts the Hill coefficient to be
50-fold. Utilizing the values o5 for the two pH values, bracketed between 1.0 and 2.0. Once we accept the notion
one would expecK, andKs, respectively, of 5.8 and 0.95 that nonactivated enzyme is active, and it may indeed coexist
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with activated enzyme, and that under some conditions it is model, substrate inhibition of YPDC was attributed to

even the predominant form of YPDC (e.g., pH, certain

possible intervention of the carboligase side reaction. How-

substitutions at the active or regulatory site residues, or ever, the data presented in the second paper of the series
substrate concentration), this form of the enzyme could also (12) suggest the following: (a) Pyruvate cannot access the

account for a Hill coefficient1.0.

Partial Substrate Inhibition of the D28 YPDC Variants.
Among all of the variants studied so far in our laboratories,
the D28A and D28N variants have very distinctive features.
They exhibit a high degree of positive cooperativity with a
Hill coefficient of 1.9-2.2 (in some cases as high as 2.5;

same active site (in wild-type or any variants except D28A
and D28N) that contains the covalent intermediate. (b) It is
acetaldehyde and not pyrate that produces acetoin by
condensation with the enamin&mong the variants studied,
only the D28 variants were able to utilize pyruvate in the
carboligase reaction, resulting in the formation of aceto-

see Table 5), depending on the product being monitored andlactate. It is tempting to think of a causative relationship

the particular variant. They are also very sensitive to

between acetolactate formation and the exceptional inhibition

inhibition by substrate and are characterized by kinetic with substrate, since both phenomena were only observed

inhibition constantsK; comparable to the half-saturation
concentratiorty s. Due to this behavior, full saturation with
substrate for both activating and inhibitory sites could be
achieved at reasonably low pyruvate concentrations. At full
saturation with pyruvate, the calculated “final” activit

(to differentiate it from “maximal velocity¥Vmay) is not equal

with the D28A and D28N variants. However, we believe
that the extraordinary inhibition with pyruvate observed with
the D28A and D28N variants is not the result of simple
competition of the enamine for the electrophile (a proton or
acetaldehyde or pyruvate). Instead, we suggest that aceto-
lactate formation itself is coincidental to the inhibition; in

to, but is rather distinctly greater than zero (Figures 2 and fact, it is a consequence of this inhibition. Therefore, we
3A). This indicates that the enzyme species with the highestaddress inhibition with substrate as an example of imperfect
number of substrate molecules bound (at least 3) is active,protection of the active site from untimely access of substrate,

although its activity is lower than that of the species with

and as a general property of all variants of YPDC, but

the intermediate number of substrate molecules bound. Thisexpressed more effectively with the D28A and D28N

would require further modification of the kinetic model by
assigning activity to the triply liganded enzyme,ESl).
However, the release of the product by th&IS enzyme

variants. As to why acetolactate formation itself cannot be
the cause of substrate inhibition is explained below, while
later a new model for YPDC will account for the apparent

species will produce doubly liganded enzyme molecules substrate inhibition.

(S:E), distinct from that already included in the scheme

In addition to producing acetolactate, the D28 variants also

(SES), since in the former the two substrate molecules areproduce acetoin and acetaldehyde, depending on the par-
bound in the regulatory and inhibitory sites, whereas in the ticular conditions. Both acetaldehyde formation and acetoin

latter they occupy the regulatory and the active sites.

formation were inhibited by high concentrations of pyruvate,

Therefore, the SHS model must be augmented by the additionand both activities reached nonzero values at full saturation
of at least one intermediate and one catalytic step leading towith pyruvate (Figure 3A and Table 2). Were acetolactate

it (Figure 7C). Mathematically, this means that both the

formation the only reason for nonzero activity of the inhibited

numerator and the denominator of the rate equation will have enzyme toward acetaldehyde formation, the same reasoning

substrate concentration to the same exponent.
Although under some particular limits eq 6 can exhibit
positive cooperativity with substrate inhibition, there are

should hold for acetoin formation. One could imagine that
pyruvate and a proton would be competing electrophiles for
the enamine, yet they need not interfere with each other’s

insufficient degrees of freedom present in the equation to binding. Hence, even in the presence of an inhibitory

account for a Hill coefficient=2.0, and inhibition with
nonzero activity upon full saturation with substrate, as

pyruvate molecule, the rate of acetaldehyde release may not
be zero. On the other hand, a nonzero activity of acetoin

observed with the D28 variants. To describe the behavior of production at saturation with pyruvate means that the same

the D28 variant, an equation of the type shown in eq 7 will
need to be used:

_ AISI+AJSE + AJS]?
"7 B, + B,S] + BS + [S]

()

logic should apply to this pathway as well. In this case, the
inhibitory pyruvate and acetaldehyde must be bound to the
same active site at the same time and therefore the
microscopic sites of pyruvate and acetaldehyde binding must
be different.

At the same time, most of our data on the mechanism of
the carboligase reactions, including the stereochemical

The presence of an additional “enzymatic site” that is distinct control of acetoin and acetolactate production, suggest that
from the active site was postulated a long time ago by Juni the acetaldehyde utilized for acetoin formation and the second
(23), and differential sensitivity of the acetaldehyde-forming pyruvate needed for acetolactate formation share the same
and carboligase reactions toward limited proteolysis was binding site inside the active site. Indeed, the preferential
explained in terms of those site®4(, 25. However, as was  synthesis of §-acetolactate andRj-acetoin shows that both
suggested in the previous paper of this serl&}, those two molecules are bound in the same orientation dictated by the
sites most probably are only temporally, but not spatially, size of the substituents. Addition of 200 mM acetaldehyde
distinguishable. The distinct need for an additional pyruvate decreased the affinity for pyruvate 3-fold in acetolactate
binding site arises from a detectable decrease in catalyticproduction, but changed the rate with saturating pyruvate
efficiency at high pyruvate concentration. concentration by only 20% (Figure 3B and Table 3). This
Several hypotheses were proposed to explain the phenompoints out that the second catalytic pyruvate molecule
enon of substrate inhibition 62 27). As a part of the SHS  (involved in acetolactate synthesis) and acetaldehyde likely
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compete for the same binding site if they occupy the active
site of the same subunit. Were the same molecule of pyruvate
involved in inhibition and acetolactate synthesis, inhibition
with pyruvate should result in zero acetoin-forming activity
at full saturation, since in this case pyruvate should displace
acetaldehyde from the active site, thus completely shutting
off acetoin formation.

On the basis of the sum of the observations, we strongly
favor pyruvate expressing its inhibitory influence via a
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change in rate-limiting step, rather than by simple competi- 10 100
tion of the two side reactions. And the only difference Pyruvate] (mM)
between substrate inhibition of the D28A or D28N variants
compared to other variants and to WT YPDC is the increased 10 f&oag {e -
sensitivity of the D28-substituted variants toward the inhibi- LU o ’.r"'
tory substrate molecule. In the particular case of the D28A R 08 71e e ',’/ ’.'
or D28N variants, an additional source of inhibition might 2 o6 \ . 5 ;25 7 /S
be observed due to pyruvate-dependent diversion of the Z RN LN b
reaction to acetolactate formation. Soafl epeeidy

Enhanced Cooperatity of the E477Q Variant at Higher VIV s
pH ValuesWith increasing pH, the Hill coefficientn{) for 0.2 o "‘.r
pyruvate-dependent acetaldehyde formation by the E477Q 0.0 e e et ‘
variant could reach 2:52.6. However, the largest allowed 0.01 0.1 1 10 100
value of the Hill coefficient within the SHS model is 2, since [Pyruvate] (mM)

the number of actual binding sites sets the maximum limit Fyre8: Simulation of data with eq 4. Parameters were as follows.
achievable by the Hill coefficient. The value of the Hill Upper panel:K, =5, Ks = 1, Ky = 5. Lower panel:K, = 5, K
coefficient rounded up to the next integer is interpreted as = 1, K¢ = 1. In both panelsy; = 0 (closed circles) an¥; =V,

the minimal number of interacting sites. Therefore, for the (closed triangles). The insets show the change in the parameters of

. 2. S the SHS model:A (closed circles) an& (open circles). The lower
E477Q variant at pH 7.5, the minimal number of binding j,set in the upper panel shows the residual plot for data shown in

sites for pyruvate is equal to 3. Mathematically, this requires the panel withV; = V; fitted with the SHS equation (solid line)
an equation similar to eq 7. This similarity is not coincidental. and the Hill equation (dashed line).

It reflects the general feature of the D28A, D28N, and E477Q

variants, namely, the existence of an additional pathway, Let us assume that YPDC follows a random binding
involving an enzyme species that binds three substratemechanism. What are the consequences of utilizing the
molecules concurrently, and releases the product with a ratesequential substrate binding model to describe this enzyme?
different from other enzyme species. For the E477Q variant, An extension of the SHS model to include the activity of
the rate of the species with the maximum number of substratenonactivated enzyme will convert it to the form in Scheme
molecules bound must be at least as large, or larger than2, already discussed under Experimental Procedures. Equa-
any other species with a smaller number of ligand molecules, tion 4 was also derived in the above-mentioned section.

so as not to exhibit substrate inhibition. However, it is If the activity of nonactivated enzymé is equal to zero,
possible that both activating and inhibitory sites represent then the form of the SHS equation is unaltered. As before,
the same physical entity; for the moment, this additional site the parameteA is equal toK,Ks. However, parameteB is

of the E477Q will be referred to as an activating site, now equal to Ks + KKJK¢), and, therefore, paramet8r

according to its effect on the enzyme. always overestimateks by a factor of K,KJ/Kes. Conse-
Justification for the Equations Utilized To Interpret Data quently, if the SHS equation is used to fit the data, then the
for YPDC.As mentioned in the first paper of this seridq}, constantA will correctly reflect the changes that take place

the SHS kinetic model failed to explain the data for some starting with the first substrate binding step. At the same
of the variants, mostly because of the limitation imposed by time, parameteB is not a simple composite of rate constants
the number of substrate binding sites, for some conditions relevant only to the activated enzyme form anymore; rather,
too many, for some others, too few. The activation kinetics it is a composite of three dissociation constants. As a result,
of WT YPDC were characterized at pH 64),(and the data  the parametei/A will not change, wherea¥/B will be
analysis assumed zero activity for the nonactivated enzymesmaller in the regime where substrate binding to the active
species. However, as observed in our laboratory, the C221Asite may precede its binding to the regulatory site.

or C221S variants lacking the binding site for the regulatory  On the basis of our data for the E477Q variant at low pH,
pyruvate molecule have activity as high as 25% of WT and previously reported data for the regulatory site variants,
enzyme at pH 6.018, 20-22). More recent work on the  we concluded that the activity of nonactivated enzyhés
C221D and C221E variants indicated activity approaching greater than zero. If data for such behavior are fitted to the
that of WT YPDC, while the enzyme still exhibits hyperbolic SHS equation, then the constamisand B will both be
kinetics (1L9). Any variant with even the slightest change in influenced by this activity. Depending on the values of the
the interaction of regulatory and active sites may potentially parameters, one may expect negative, zero, or positive
differ from the WT enzyme in terms of activation. As an cooperativity (with Hill coefficient<2), and inhibition with
example, the E477Q variant at low pH exhibited no signs substrate 16). The overall shape of the curve will be
of cooperativity in steady-state kinetics. preserved (Figure 8), and no inhibition will be observed if
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VoIV > K (Ka + Kg). However, the values of thé andB
parameters will have different sensitivity to the value¥/of
(see insets to Figure 8). Paramedds much more sensitive
to the values oy, since both of them describe enzyme at
low concentration of substrate. If the ratie/V, is changed
as a function of changing conditions, such as pH, then the
parameterA is the first one to reflect those changes. The
presence of the term with nonzekg will influence the
values of the parameters of the Hill equation as well. When
the curves in Figure 8 were analyzed with the Hill equation,
the change oW, from zero toV, resulted in a decrease of
bothS s andny. The half-saturation substrate concentration
changed from 3.42 to 2.21 (upper panel) and from 6.45 to Fgl;ﬁe%;rge&e?hdeefgﬁ g\ rg%%sé?doﬂfﬁ]ees)vaaﬁ\fe(l%geggtignv%gsg
1.00 (lower panel), whereas the Hill coefficient changed from gimulated according to the SHS equation with paramafers320
1.50 to 1.35 (upper panel) and from 1.216 to 1.00 (|OW€I’ s, A=273mM, B = 1.37 mM, andK; = 264 mM. The
panel). Some curves were poorly described in terms of the simulated data were fitted to the equatian= (V:SAKg + V.S)/
SHS model (se¥; = V, curve in the upper panel of Figure [A+ BS+ (1 + SKj)], with V; = 0.25V,.
8). The SHS model, due to its asymmetric character, and
requiring binding in two sites and displaying activity Will result in a Hill coefficient of approximately 2. The
originating only from a single site, cannot handle the data concurrent presence of substrate inhibition will decrease the
that are more symmetric by virtue of equal activity of singly observed rate and exhibit a steeper leveling-off for the rate
and doubly bound enzyme species. The Hill equation, due at high substrate concentration. This will result in a faster
to its intrinsic flexibility, could accommodate the data more rate for reaching apparent saturation with substrate, and will
easily. This is evident from the insets in the upper panel of therefore mimic conditions observed with a higher Hill
Figure 8, where a residual plot is presented for the SHS andcoefficient. Sincey increases with [S]but inhibition (sensed
Hill equations for a set of simulated data. The corresponding as a decrease in) is linear in [S], the inhibition may be
residual sum of squares were equal to 0.0052 and 0.00050masked as a result of the conditions described above. That,
respectively. in turn, combined with the commonly accepted fixed
Another parameter that may influence the catalytic through- weighing in the fitting procedure when using the Hill
put of nonactivated enzyme i€¢, which determines the equation without explicitly taking inhibition into consider-
concentration of this enzyme form. As an example, data of ation, will generate an artificially high value for the Hill
Alvarez et al. §, 6) were simulated according to the SHS coefficient (2.2). However, one must emphasize that the

equation (eq Al). The values were as followg;a, = 320 data must be fitted to the Hill equation without taking into
s A= 273 mM, B =137 mM, K; = 264 mM (). account the inhibition component. Therefore, data for the

Therefore, the expected values #e= 2 mM andKg = D28A and D28N variants which lead to a Hill coefficient

1.37 mM. According to the rate constants presented for >2 and very lowK; cannot be explained by this simple error
particular steps in the same paper, more than 50% of thein the fitting procedure.
enzyme would exist in the nonactivated form below 0.5 mM  Due to the uncertainty in the activity of nonactivated
pyruvate, with the ratio of nonactivated to activated enzyme enzyme, and its affinity for pyruvate, as well as the variable
decreasing with increasing pyruvate concentration. The number of pyruvate binding sites, ranging from 1 to 3, we
simulated data were fitted to eq 4, adopting a rate constantcould not utilize the SHS model to fit all of the data presented
of 80 s for the nonactivated enzyme (k#./4 as was seen  in the first paper of the serie41). To understand the effect
with the regulatory site variants) for different values of the of the active site substitutions on the enzyme properties,
kinetic dissociation constant of the active site of nonactivated parameters of the same kinetic model must be compared.
enzymeK¢ (Figure 9). As can be seen, the paramétevas Although the MichaelisMenten equation or eqs 6 and 7
strongly dependent on the value K4, whereas parameters might be utilized to characterize particular variants, none of
B (Figure 9) andVax Or K; hardly changed at all (data not them could describe the kinetic behavior of all the variants
shown). At the same time, we recall that paramBterequal due to sometimes insufficient, sometimes excessive number
to (Ks + A/Ky), and therefore the expectéd will change of parameters. And, only the Hill equation could fit the
from 1.37 to nearly zero upon a changekin from 100 to experimental data for all of the variants. Since the Hill
1 mM. And, since under the same conditioAsyill increase equation was not limited by any a priori assumptions
from ca. 2.73 to infinity, the actual kinetic dissociation concerning binding of the substrate, or the activity of any
constantK, will increase from the value of 2 to infinity.  particular enzymesubstrate species, we utilized it to
Therefore, if indeeds is quite small, the activated enzyme describe most of the datd 1, 12.
would be characterized by much higher actual cooperativity ~ According to the conventional view of steady-state enzyme
(sinceKa > Kg), were it not for the unaccounted activity of  kinetics, the rates are partitioned into a loWK) and a high,
nonactivated enzyme. or saturating, substrate concentration regiie The first

A serious limitation of the SHS model is in dealing with parameter characterizes the conditions where substrate bind-
more than two pyruvate binding sites. In practice, values of ing is rate-limiting and includes rate constants of all the steps
the Hill coefficient=2 may result even with the SHS model. starting with free enzyme up to and including the first
The necessary conditions aré&s < Snax (upper limit of irreversible step in catalysis. The second parameter shows
substrate concentratiorss K, < K;. The conditionKs < K, catalytic potency of the enzyme saturated with substrate and
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therefore represents all steps, starting with the first irrevers- multiple binding models, no parameter will describe the
ible step, i.e., after substrate binding has occurred. With binding of a single substrate molecule. However, bearing in
several binding steps it is difficult, if not impossible, to mind that S5 represents the geometrical average of the
characterize individual rate constants involved in binding dissociation constants of single binding steps, we can assume
steps. In the SHS model for YPDC, the paramét&k (or thatV/S s will be equivalent tov/B and will reflect on rate

VIKKs in our representation) has similar meaning/&. It constants starting from an averaged complex E&nd
includes all steps starting with free enzyme and terminating terminating with the first irreversible step. This approach was
with the first irreversible step. The meaning\dB (V/K,) is utilized successfully in the previous paper of the serld3. (

not well-defined due to the possible coexistence of several
singly liganded enzyme species, even in the original SHS Requirement for a YPDC Dimer as a Minimal Catalytic
model, with obligatory occupation of the regulatory site prior Unit

to binding of substrate in the active site. The binding of the
substrate to nonactivated enzyme and its nonzero activityY

are further complicating factors. In the formev/B = account for the steady-state kinetic behavior. In this section
VII(KK/Ks) + KJ would describe an averaged entity of arguments will be presented for a YPDC dimer as a minimal

singly liganded activated and nonactivated enzyme species.Catal tic unit
If the activity of nonactivated enzyme is nonzero, and/or there Y ' . . .
are more than two binding steps, then the apparent values It is reasonable to assume that at one instant in catalysis,
of V/A and V/B would not reflect the actual events. the regulatory site will dissociate pyruvate, and once it binds
On the other hand, with the Hill equation, we can obtain PYruvate again, it may behave as a separate binding site.
values ofVym S5 and the Hill coefficient. To understand Under no circumstances can the sequence of dissociation
the meaning of different parameters of the Hill equation, one Préceding the binding be reversed, since the regulatory site

In the previous sections, it was shown that some of the
PDC variants require three substrate binding steps to

has to remember that it is based on the model: cannot accommodate two pyruvate molecules. It can be
readily demonstrated that neither of the two scenarios
E=ES=ES, < ..<ES (concurrent dissociation and binding, or dissociation and
binding separated by the decarboxylation) can predict a Hill
The rate expression is represented by eq 8: coefficient greater than 2.0. We learned from studies of the
5 N carboligase side reaction that with the E477Q variant, as well
_ VYSPK; + V,[S]TK K, + ... + V[S]I(KK,.. Kp) as with the WT YPDC, the second pyruvate cannot access
v= 1+ [S)/K, + [S]2/K K, + ...+ [SI(KK,.. K.) the active site until the product is released. Therefore, events
! 12 ren ®) at neither the regulatory nor the active site can account for
a Hill coefficient >2.
The assumption is that all the enzyriatermediate species As a consequence of the above presented arguments, a

are present at negligible concentrations except for free separate binding site for a third pyruvate molecule, that might
enzyme (E) and fully saturated enzymefESimplifying the carry out both activation and inhibition, needs to be invoked.

rate equation to Could this additional binding site for pyruvate be the recently
) detected site28) for pyruvamide binding between residues
v=VS/(§5+S) Y157 and R224? Close inspection of the binding site for
) pyruvamide in the molecular structure 1QPB reveals that two
whereSy s = KiK. Kq-1Ky, and, since interactions, both involving the amido group, hold pyruva-
K, = [E[S/[ES] mide in place: the oxygen atom interacts with the hydroxyl
! group of Tyrl57, and the amide NH forms a contact with
K, = [ES]*[SJ[ES,] the carbonyl oxygen of the main chain of Arg224. Most

probably, pyruvate is ionized above pH 5.0; therefore, it
would not give rise to the same interactions as pyruvamide.
The carboxyl group of Asp226 is gn# A from the amide

Kn-1= [ES, o I*[SVIES, 4] group, and it is most probably ionized since it has Lys327
_ as a neighbor, on the opposite side of the pyruvamide binding
Ko = [ESy-]"[SV[ES,] site, making it even less probable that pyruvate can bind in

the same site.

and therefore . . .
We are left with no real alternative but to adopt the notion

S« = [EP[S]V[ES] that the monomer is insufficient to describe the various issues
' depicted here for YPDC; hence, we extend the minimal
However, according to this definitio& s has units of [S] catalytic unit of YPDC to a dimer. However, due to the
To correct this condition, usually s is replaced by&, s with character of subunit interactions, several alternatives can be
dimension of [S], leading to the simple correlatios = envisioned for the functional dimer as the minimal catalytic
(Sos)". The meaning of thisss is the average binding  unit.
constant for a single step of substrate binding. The YPDC is a tetramer that represents a “dimer of

By analogy withV/K andV/A for very low concentration  dimers” structure. Two monomers depicted A and B form a
of substrate, all steps starting with the first substrate binding tight dimer, and the two dimers form a loosely bound
and terminating with the first irreversible step will be tetramer. The monomers in the tight dimer display some
included in the parametervV/Ss = VIS 5. As with any degree of asymmetry. The nonequivalence of the monomers
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is further enhanced by the addition of the substrate analoguetory site, but with lower affinity than does pyruvate, resulting
pyruvamide. In the presence of pyruvamide, one monomer in an active enzyme conformation indistinguishable from that
in each dimer exhibited a “closed” conformation (subunit form activated with pyruvate. It can be readily modeled that,
A, referred to in ref28 as C), where the active site was for any concentration of pyruvate, the pyruvamide-activated
essentially screened from the surroundings by two interactingenzyme should have higher activity, unless\(a)«is lower
loops (residues 104113 and 296-304) from neighboring in the presence of pyruvamide (non- or un-competitive
subunits of the dimer and these loops created a lid over theinhibition); or (b) the rate of substrate binding to the active
active site. At the same time, the second active site (in site is lower and/or the dissociation rate from the active site
subunit B, referred to in re28 as O) was accessible to is higher in the presence of pyruvamide, ultimately resulting
solvent. The two dimers displayed a remarkable degree ofin the lower affinity of the active site (competitive inhibition);
symmetry to one another, interacting through the interfacesor (c) a combination of both of the above (mixed inhibition).
created by the subunits in the same conformations. This may prove that (a) activation by pyruvamide results
Recently, the group that reported the novel pyruvamide in an enzyme form different from the enzyme activated by
binding site also suggeste2) that the positive cooperativity  its substrate pyruvate, or (b) pyruvamide has an adverse effect
in YPDC may have nothing to do with the regulatory site, on YPDC, activation mixed with inhibition. This nonequiva-
but rather it is the result of a concerted mode of action of lence of the effect of pyruvate and pyruvamide may require
two interacting monomers with the same conformation in further modifications in the model for YPDC. Activation by
each dimer. However, the model described would have all pyruvate and pyruvamide may not necessarily involve the
the attributes of the MonegWyman-Changeux scheme same regulatory site, once they are established to have
(29), along with an inability to account for inhibition by the different effects on the enzyme. Pyruvamide may also bind
substrate, and the negative cooperativity observed with somen additional loci, causing the inhibitory effects. We are
YPDC variants. Also, as any other two-site model, it will almost certain that the recent report of a pyruvamide
share the inability to account for a Hill coefficient greater molecule bound in the active site of YPDES] reflects the
than 2. It was also proposed8) that only two of the four inhibitory site for pyruvamide, rather than the pyruvate
active sites are catalytically active at any point in time, binding site. It is highly unlikely that the negatively charged
leaving the remaining two “silent”. pyruvate will be bound between two carboxyl groups (D28
We suggest that YPDC takes advantage of the asymmetryand E477) in preference to being bound near H114 and H115,
in the tetramer with the tight dimer (hereafter called at least one of which is positively charget?).
“functional dimer”) being the minimal catalytic unit, pos- In the presence of 82 mM pyruvamide, the E477Q variant
sessing a total of four binding sites, two regulatory and two exhibited a significantly reduced Hill coefficient of 1.5 (Table
active sites. At the same time, if the third binding site in the 4), a value demonstrating that activated E477Q variant is
case of the D28A, D28N, and E477Q variants is derived more similar in its kinetic behavior to nonactivated wild-
from the second subunit in the dimer (and not just a transient type enzyme with two binding sites than to activated WT
conformation pertinent to the post-decarboxylation active YPDC characterized by a hyperbolic substrate dependence.
site), there is no a priori reason to restrict binding of the Utilizing eq 4 which describes the kinetic model of two
third pyruvate molecule to take place only after decarboxy- random binding sites shown in Scheme 2, the kinetic
lation (as in Figure 7C). Consequently, the full scheme of dissociation constants can be estimated for the two remaining
three-site binding can be adopted (Figure 7D), also describedsites. Due to the composite character of the parameter
by eq 7. However, as shown later, the regulation of events describing singly liganded enzyme species, we utilized
in one active site of the functional dimer by the state of the dissociation constants calculated with the sequential model
second active site may in fact be an integral part of the YPDC (i.e., assumingd<y is infinity), as was done above for WT
catalytic cycle. Since the dependence of steady-state kineticenzyme, as initial values. The substrate dissociation constants
behavior on pyruvate concentration did not provide any clues for the sequential model are 9.5 mM for PA*ES and 4.6
as to which of the three sites are utilized in the full catalytic mM for PA*ES,. If, however, the binding is random, the
cycle observed with the D28 and E477 variants, we utilized value of the latter constant represents the upper limit of the
pyruvamide to distinguish between two possible scenarios: dissociation constant of the high-affinity binding site (see
two regulatory and one active site versus one regulatory andsection ‘Justification for the Equations Utilized To Interpret
two active sites being involved in the full catalytic cycle. Data for YPDC), since for the random binding model this
Effect of Pyrwamide on the Kinetics of the E477Q parameter is equal tdK(KJ/Ks + Ky). If the activity of the
Variant. The E477Q variant in the presence of pyruvamide first complex PA*ES is nonzero, then the value KiKs
at pH 7.5 behaved similarly to WT YPDC. On pyruvamide (equivalent to parameteA of the SHS model) will be
addition, both the Hill coefficient and the half-saturation underestimated to a greater degree than the valuksof
concentration %) decreased (see Table 4), while the (parameteB of the SHS model) (see sectiodustification
theoretical maximal velocity was unchanged. However, just for the Equations Utilized To Interpret Data for YPDC
as reported for WT YPDC4|, the observed rate at high Therefore, 9.5 mM will represent the lower limit of the low-
pyruvate concentration was lower in the presence of pyru- affinity binding site; hence, we conclude that the kinetic
vamide. This observation cannot be explained without also dissociation constants for the E477Q variant a@&5 and
invoking an inhibitory function for pyruvamide on YPDC, <4.6 mM.
in addition to an activating one. Were this not the case, at Without additional knowledge of the activity of the singly
no pyruvamide concentration should the activity be lower liganded enzyme species PA*ES relative to the doubly
for any given concentration of pyruvate. According to the liganded enzyme species PA*ESve cannot make further
SHS sequential model, pyruvamide binds only at the regula- predictions concerning the values of the constants. As
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mentioned earlier, the overall shape of the curve will be of pyruvamide. At the same time, 82 mM pyruvamide is

preserved VoV, > KyJ(Ky + Kg). It is possible thaw/; is insufficient to saturate the inhibitory binding site, since the
larger thanV,, providing a sufficiently high value ofs. If curve in the presence of pyruvamide still goes through a
the value ofV; is set equal td/, (eq 4), the constantk, maximum, whereas 80 mM pyruvate is enough to saturate

andKs can reach 30 and 2 mM, respectively. For now, we the inhibitory sites. This might be a reflection of the
cannot exclude the possibility that one of the remaining difference in charge of the pyruvate and pyruvamide
binding sites is the regulatory site from the second subunit. molecules. Therefore, a positive charge in the active site
However, we favor an explanation where the two remaining might be a requirement; possibly either His114 or His115,
sites represent two active sites of the functional dimer with or even both, creates the binding site for the inhibitory
different kinetic dissociation constants resulting from dif- pyruvate.
ferent conformations of the subunits in the functional dimer.  The synergistic inhibitory effect of pyruvate and pyruva-
Effect of Pyrwamide on the Kinetics of the D28N Variant. mide toward YPDC confirms once more that inhibition with
In the absence of externally added activator, the D28N substrate does not require its catalytic conversion, providing
variant exhibited complex substrate-dependent kinetics with additional support to our notion that the carboligase side
the activation process superimposed on the catalytic andreaction is not responsible for the apparent inhibition even
inhibitory action of pyruvate. In an attempt to separate the with the D28A and D28N variants.
three processes, the changes of the pyruvate-dependent rate nhibition of the D28 variants with pyruvamide also
of the variant were determined in the absence and presencgjemonstrates that pyruvate can be replaced in this role by
of 83 mM pyruvamide. At low concentration of pyruvate, pyryyamide, although the latter has lower affinity, as also
an increase in the pyruvate-dependent rate was noticednoticed for inhibition with pyruvamide of the WT and E477Q
(Figure 5), as expected in light of the pyruvamide effect on yariant. Pyruvamide inhibits those enzymes, but even at 80
WT YPDC and the E477Q variant. However, unexpectedly, mm concentration, the activity changes by only a small
with a further increase in pyruvate concentration, the relative fraction, This similarity points to the likelihood that the origin
activity of the variant decreased. The activity still went of innipition is the same in all enzymes discussed here.
through a maximum, and at saturating concentration of However, the presence of unaltered D28 in the WT and
pyruvate, it leveled off to the same value as in the absenceg477Q variant significantly reduces pyruvate access to the
of pyruvamide. active site, and, as a result, protects the enzyme from
Therefore, pyruvamide was acting as an activator at Iow jnhibition by substrate. Both the E477 and D28 variants
pyruvate concentration, and as an inhibitor at high pyruvate signaled the need for a third pyruvate binding site. We
concentration. In the absence of pyruvamide, the Hill syggest that this additional binding site observed through
coefficient of the D28N variant waz2. At least three  steady-state kinetics is most likely the active site of the

pyruvate binding sites are needed to describe this kinetic second subunit of the dimer, given the location of both
behavior given the fact that the variant also exhibited strong gy pstitutions.

substrate inhibition. The effect of pyruvamide at low pyruvate
concentration is consistent with one of the sites being the A Model with Alternation of Actie Sites Can Account for
regulatory site, first saturated with pyruvamide leading to All Kinetic Obserations
an activated enzyme at all pyruvate concentrations. The ] ) )
adverse effect of pyruvamide at intermediate and high In the previous section, a phenomenological model was
pyruvate concentrations requires that pyruvamide competesPresented (Figure 7D) to explain the kinetic results on some
with pyruvate for binding in the active sites. The increase YPDC variants which imply the presence of enzyme species
in the active site, or that upon pyruvamide binding (activated Mmodel does not explain the mechanism by which YPDC
enzyme) the enzyme has lower affinity for pyruvate. performs its catglync function. Next, a mechamsnc model
However, the latter explanation is less plausible since it is capable of explaining all of the observations will be proposed.
counter to the current understanding of the activation process The appearance of several substrate binding sites in steady-
of YPDC. SinceK; decreased in the presence of pyruvamide, state kinetics requires that, in addition to the mere presence
one can speculate that pyruvamide is assisting the inhibitory of those binding sites, they must influence each other’s
action of pyruvate. The rate at full saturation with pyruvate binding or catalytic properties. The pathway of signal
(Vy) did not change in the presence of pyruvamide, confirm- transduction from the regulatory site to the active site of
ing that pyruvamide and pyruvate were synergistic in the YPDC was previously deduced in our laboratofy8<{22
inhibition of the D28N variant. and references cited therein). Most likely, it links two sites
For both WT YPDC and the E477Q variant, tNgax of the same subunit. The presence of the third binding site
values remained unchanged with addition of pyruvamide. for pyruvate infers the existence of an additional signal
When tested with the D28N variant, within 95% confidence transduction pathway connecting two different subunits.
limit, the Vimax = 0.918 unit/mg, rather than 0.305 unit/mg. The two active site acidbase residues D28 and E477
However, aware of the limitation ¢-statistics for nonlinear ~ appear to be important both for catalysis and for the
models, these results cannot be considered conclusive. Whilgostulated signal transduction pathway. Variants of both D28
it is uncertain whether pyruvamide affect¥glay, it did not and E477 residues gave evidence of the presence of elevated
affectVs. Possibly, with the D28 variani carries the same  concentration of post-decarboxylation intermediates. \We
functionality as doe¥/max for WT and the E477Q variant.  propose that accumulation of those intermediates, and the
Pyruvamide can also mimic the inhibitory mode of unusual kinetic behavior of those variants, is the result of
pyruvate, sincé; for pyruvate is decreased in the presence both a catalytic and a regulatory role of those residues. We
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also believe that the kinetic peculiarities of the variants are Scheme 3
but reflections of the complexity of the mechanism of wild- CO
type YPDC. S 2
The new mechanism is based on the principles exploited N ES Kt ~EN

in an internal combustion engine. Several enzymes, most of ky
which sustain some functional locomotio80; 31, have S
been suggested to behave according to this model for ks || kg
>SEN—

catalysis. Recently, we utilized the same type of mechanism
to explain the transient kinetic behavior of another ThDP-
dependent enzyme, BFDL@). Substrate binding in the SES kd >NEN
second active site of BFD was required for the decarboxy- CO CO
lation of the ThDP-benzoylformic acid covalent intermedi- 2 2
ate in the first binding site.

In an internal combustion engine, the cylinders are working change would ensure the physical coupling of the two parts
in an anti-concerted manner, and support each other in theof the reaction.
transition through the maximum-energy barrier. It is the  Atthe moment, we hesitate to assign two specific reaction
alternation of the cylinders that creates the condition in which steps that are coupled; however, we believe that each of them
the energy is redistributed from one cylinder to another, and represents two phases of the overall reaction, namely, pre-
the order of events is the foundation of the successful work decarboxylation and post-decarboxylation, as illustrated in
of the engine. As we suggested earli@2)( the same  Scheme 3. In this scheme, E represents activated enzyme,
algorithm could be utilized for the active sites of YPDC: i.e., ES*in the SHS formalism, with the apparent dissociation
decarboxylation in one active site may supply the energy constant of the regulatory sit€,, and S is free substrate.
for a second active site to bind substrate or to release productES and EN represent one of the pre-decarboxylation (enzyme
making the sequential operation a prerequisite for normal substrate noncovalent complex or LThDP) and post-decar-
function. If the enzyme were to utilize alternating sites, it boxylation (enamine or HEThDP, or enzymproduct
must ensure that the environment of the active site is optimal noncovalent complex) intermediates, respectively. The po-
for the designated function at each point in time. Two active sitioning of the letter S or N to the right or left side of the
sites of the functional homodimer of YPDC have different symbol for the enzyme reflects involvement of two different
conformations. It is possible that the difference in the monomers of the functional dimer. As can be seen, the
geometry of the active sites is a reflection of their transiently release of product is only possible after substrate binding,
different function during catalysis. and possibly LThDP formation in the neighboring subunit.

Since D28 is within hydrogen-bonding distance from H114 Some of the enzyme species (for example, ES or SEN)
or H115, its ionization state may change as a consequenceepresent nodes (vertexes) of the graph with the choice of
of changing the distance from those residues. It is also reactions they can undergo, and are partitioned between
possible that D28-COOH, being close to the covalently different pathways according to their relative kinetic efficacy.
bound substrateThDP or product ThDP adduct, may lose  The intermediate EN is formed in an irreversible step from
or gain a proton as part of the catalytic cycle. It was decarboxylation of ES. The product release is irreversible
concluded in the second paper of this serit3 that D28 due to reduction of acetaldehyde (P) in the coupled reaction.
indeed changes its ionization state from D28-COOH to D28- If either of the two irreversible steps is obstructed, the
COO once the decarboxylation was completed. This could accumulation of pre- or post-decarboxylation intermediates
certainly ensure that the charge of the D28 residue will reflect will result. Notice that for simplicity, Scheme 3 does not
the functional state of the active site. Therefore, we include catalysis by nonactivated enzyme, although this
tentatively conclude that D28 and E477Q might be in the would be a logical extension of the model.
signal transduction pathway which keeps the work of  One should recall that binding steps preceding irreversible
alternating sites in sequence. steps are invisible in the steady-state rate expression. A

In brief, we suggest the following mechanism of alternat- corollary is that the rate of steps connecting the post-
ing sites. Let us suppose that both active sites are catalyzingrreversible-step and pre-irreversible-step pools of the enzyme
the full catalytic cycle, with a mandatory phase shift between in the direction opposite to the direction of the irreversible
two active sites of the functional dimer: one active site of step must be negligibly slow compared to the rate of the
the functional dimer is catalyzing the pre-decarboxylation irreversible step. This is a consequence of a broader
phase, whereas the second subunit at the same point in timgelationship: the higher the steady-state concentration of
is catalyzing the post-decarboxylation phase of the reaction.enzyme-substrate species, the larger the effect they will have
Further, the coupling of the two phases of the reactions is on the rate of the reaction. In the catalytic cycle of YPDC,
mediated both through the prerequisite change in the decarboxylation is chemically irreversible. However, phe-
conformation, and the charge/hydrogen bond pattern of thenomenologically it may have features of reversible steps, if
active site, as well as by thermodynamic requirements of the release of the product, connecting the pool of post-
the various steps of the reaction. Irreversibility of the decarboxylation intermediates and the pool of free activated
decarboxylation reaction not only makes it thermodynami- enzyme, is fast compared with the rate of decarboxylation.
cally favorable, but also provides a possible source of energy We suggest that the pH effects on the steady-state kinetics
for the endothermic parts of the reaction, or for the shift of of the WT YPDC and its variants illuminate the different
an unfavorable equilibrium to enhance the overall throughput parts of a single mechanistic model through the changes in
of the enzyme. Alternation of sites through a conformational relative kinetic efficiency of particular steps. As illustrated
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Scheme 4 Case lisillustrated in Scheme 4A (assumiigg= 0 and
kea = 0). If the rate of product releasécf) from SEN is
comparable to the rate of decarboxylatide) of ES, then
the number of the binding steps will reflect pre-decarboxy-
lation activation and binding. The rate equation for this

situation is

ko) [ (1 Kkaalke T ked

“‘(Kaksz[sl Tk Kok O
Ksa(kep T K2\ o
(—Kaks . )[S]] (10)

If the release of the produdt) from SEN is slow compared
to the rate of decarboxylatioky) of ES, then this will lead
to accumulation of post-decarboxylation intermediates, and
the observed hyperbolic behavior, providing only the active

in Scheme 3, the presumed mechanistic model of the reactionSirt_]e binds subs;rati in trr]‘_e cata(lj)_/t.ic cycle £EN — SEN.
represents the network of possible reversible and irreversible '€ raté equation for this condition is

SES ~ SEN/ <" NEN
Co, |co,

steps. This same model can explain the observed hyperbolic K.,[S]
behavior, as well as the enhanced cooperativity with a Hill v = A (11)
coefficient higher than 2. It should be noted that binding of ksdKsz + [S]

pyruvate in the regulatory site of the second monomer of o Lo
the dimer is not included in Scheme 3. Therefore, each I, hqwever, substrate binding n the .regulatory site Is a
catalytic cycle may include an additional substrate binding required step of this cycle! then S|gm_0|dal .SUbStrate depen-
step for saturation of the regulatory site, a consequence bein ence will be observed with a resulting Hill coefficient in

a Hill coefficient as high as 4, providing that particular he range.of.%Z. . .

conditions will favor substrate binding steps and LThpp ~ Case 2 is illustrated in Scheme 4B (assuring= 0, ke

; ; : = 0, andkss = 0). The predominant pathway is through the
formation of the activated enzyme over decarboxylation. s4 ; .
The general equation for Scheme 3 is cycle ES— SES— SEN. The rate equation (eq 12) will

now reflect the binding of the substrate in at least three

o A2[5]2 4 A3[8]3 o ;i:]zskzse)resg?tuelgtoryl(a), active ks1andksp), and activatingKss
1+ B,[S] + B,[S]* + B,[S]® , ,
_ | KakeddSI” | IS] keSS
where K Koo(Kes + Ksg) Ka Kk
A = Kstalkea t ko) ketkselke + KIIST (12)
? KaksKeo KeksHKealkes + Kso)
The Hill coefficient is predicted to be greater than 2 and
A= Koot beo T e may reach a value as high as 4, depending on the number of
KaksKealkes T Ksg) regulatory sites required for the catalysis.
Case 3 is illustrated in Scheme 4C (assunmipg= 0).
1 KoKe(kep + Koy + Koo The steps from both previous cases, A and B, are present.
B, = fa"' K KKK The rate equation describing this situation is
oKkt ot k) | kbl ke o= [P s
: Kadekes Kadekedla T 16 T kst
14 1 T Ksikea(keo t Kso) kea(ker + Keo)
= [S]+ +
B. — KeaKss(Keakes 1 KegKes + Keakea) Ka KakekeKs Kakeke
5T T Kok Kok + Ko kSl | oy ( kstkelke + kea) [S]sl
: : I Kakskeksd(kes T Kso) KeKsdealkes T Kso)

Depending on the predominant utilization of the three (13)

catalytic cycles in Scheme 3 (separately and in combination

with one another), several scenarios of apparent enzymelf the rate of decarboxylation of SE&) is slower than the
kinetic behavior are possible as summarized in Scheme 4.rate of decarboxylation of EXY;), then substrate inhibition
The preferred catalytic pathway in each case is outlined with might be observed. Note that the rate at saturation with
the shaded area, and eq 9 is simplified by assuming that thesubstrate is nonzerolfs; has nonzero values. If, on the other
rate constant of the remaining steps is negligibly small, hand, the rate of decarboxylation of SES is faster than the
essentially zero. rate of decarboxylation of ES, then three consecutive
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substrate binding steps may be observed with apparent4D) would predict the same number of substrate binding
cooperativity somewhat lower than that of Case 2, due to asites. The major difference between them is the sequence of
nonzero value okc;. the two irreversible steps of decarboxylation and product
Case 4 is shown in Scheme 4D (assumiggand kss = release. In Case 1 (Scheme 4A), product release from one
0). The rightmost catalytic cycle (EN>~ SEN— NEN) is site () precedes decarboxylation of LThDR4j in another
separated by an irreversible stég ) from enzyme activation  site. The fast consumption of ES would be important for
and substrate binding in the active site of the first monomer. shifting the equilibrium since release of the acetaldehyde
Due to this condition, only binding steps present post- product is readily reversible. Or, it could provide the energy
decarboxylation are visible. This could also account for the for substrate binding after decarboxylation. In Case 4
observed activation kinetics without explicit involvement of (Scheme 4D), product releadesd] follows the decarboxy-
a regulatory site. If the rate of product release from SEN lation reaction Ke4). In this situation, the decarboxylation
(k) is zero, and the rate of decarboxylation of Eg)(is reaction may provide energy for the subsequent product
slower than the rate of SEN decarboxylatidg,), then the release. It is also possible that WT YPDC utilizes both
transient kinetics will reflect the irreversible step, decar- pathways simultaneously, as described by the equation (eq
boxylation of ES. Once ES is decarboxylated, the enzyme 15):
will utilize the right-most triangle ENSEN-NEN as a

catalytic cycle, making it plausible to have an enzyme form + K. )
showing hyperbolic steady-state kinetics and transient activa-? = W[S] /
tion. For the single binding step, as shown in the Scheme ats2ic2

4D, a hyperboliay—[S] kinetic behavior would be predicted: 1+ (L kslkcl(kcz kea + Ko
[S]+
kc kc Ka ak52kc2k53
475 + +
o k., +kc5[S] " ksl(kclkcal,< kg:ztckis KeKes) [8]2] (15)
(keq  Koolkes (S|
(Keq T Keg)Kss If the two reactions, decarboxylation and product release,

were tightly coupled, then they would be performed as a

If the binding in the regulatory site is involved in this single catalytic step with carbon dioxide and acetaldehyde
catalytic cycle, a sigmoidal substrate dependence will be release resulting from it. However, the transition state in this
predicted, with the Hill coefficient bracketed between 1 and case might still be closer to either ES or NEN. Note that
2. NEN does not necessarily represent enamine bound in two

WT YPDCexhibits sigmoidal substrate dependence with active sites of the dimer, but rather any combination of post-
limited substrate inhibition at all pH values. It is relevant decarboxylation ThDP-bound covalent intermediates.
that each substrate binding step in Scheme 3 also includes The E477Quariant exhibits pH-dependent behavior very
formation of LThDP and its reversal. Therefore, if the rate different from the other variants and WT YPDC. Only a
of LThDP formation is slower than the rate of decarboxy- single substrate binding step was observed at pH 5.0, and
lation, then given the choice of whether (as in the case of the number of sequential binding steps could reach as many
ES) to undergo decarboxylation or bind substrate in the as 3 with increasing pH. This variant also exhibited a higher
second active site, forming LThDP, and only then undergo rate of decarboxylation than LThDP formation at pH &8)(
decarboxylation, the enzyme will select the fastest branch Therefore, at least at pH 6.0, the ES enzyme species are
(ES to EN). This might be the reason WT YPDC with four decarboxylated predominantly to form EN (Scheme 4A).
potential binding sites for substrate does not exhibit a Hill However, in the second paper of the serid®)( we
coefficient>2. Earlier studies33) and, more recently, Chen demonstrated that product release was impaired more than
and Huskey 84) demonstrated that decarboxylation is not decarboxylation. This would convert the SEN species
rate-limiting for WT YPDC in the pre-decarboxylation phase preferentially to NEN Kc4), rather than release product from
(*3C/*2C kinetic isotope effects on CQrelease measured it (ko) (Scheme 4D).
underV/K conditions). Therefore, decarboxylation must be It is possible that with increasing pH the relative rates of
faster than LThDP formation. This will lead to a situation particular steps change for the E477Q variant. Perhaps, at
where the enzyme would, for the most part, rather undergo low pH the hyperboliap—[S] plots reflect the preponderance
decarboxylation of ES than substrate binding with subsequentmostly of nonactivated enzyme. Alternatively, if the enzyme

LThDP formation, resulting in a Hill coefficient2. At the utilized Case 4, and the regulatory site does not participate
same time, for nonzero valuesl@f, some enzyme molecules in the catalytic cycle (see Scheme 4D), similar behavior may
will still proceed via the pathway ES- SES— SEN with result. Of course, both scenarios may happen concurrently
lower apparent rate, leading to the observed substrateas well, and more detailed studies of the activation kinetics
inhibition. Observation of this inhibition implies th&t; < would be needed to select the more likely one at low pH for

kea; i.e., were it possible to saturate the enzyme with substrate,the E477Q variant. As the pH is increased, more and more
pyruvate present in the second active site will inhibit the enzyme molecules become activated, increasing the degree
enzyme. of sigmoidicity. If the rate of formation and/or decarboxy-
At the present time, we cannot determine the fate of the lation of the SES enzymesubstrate complex is slower than
SEN enzyme-substrate species of WT YPDC (but see the rate of decarboxylation of the ES complex, then some
section titled ‘Structural Biidence Supporting Alternating  degree of inhibition will be in evidence as well (Scheme
Sites Reactity”). Two possible outcomes (Schemes 4A and 4C). If, with the subsequent pH increase, the rate of formation
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and/or decarboxylation of SES becomes faster than the rateHEThDP, and enzymeproduct complex). The rate of

of decarboxylation of ES, then a further increase of sig-
moidicity will result with a Hill coefficient>2.0 (Scheme
4B). A disappearance of substrate inhibition, coincident with
an increase in Hill coefficient to a value greater than 2, as
seen with the E477Q variant at higher pH, might be a
reflection of this transition.

The D28variantsexhibited a high degree of cooperativity
and partial inhibition with substrate. The D28A variant
undergoes rate-limiting decarboxylation in the pre-decar-
boxylation phase34). Therefore, at least at high pyruvate
concentration, this variant will predominantly utilize Case
2, as illustrated in Scheme 4B. The relative efficacies of the
two branches, ES> EN — SEN and ES—~ SES— SEN,
are proportional td; andk.aksd S]/(kes + ksg), respectively.
Therefore, at low concentration of substrate, the enzyme will
proceed through the former branch (Scheme 4A). If the rate
of decarboxylation of ESk({,) is faster than the rate of
decarboxylation of SEX{), then partial substrate inhibition
will be observed. An additional source of inhibition of the
D28 variants might arise if one more pyruvate molecule is
bound to the SEN or NEN intermediates to form acetolactate.

Pyruvamide effectgan also be explained in light of the
alternating sites model. In addition to binding in the
regulatory siteKz), pyruvamide may also bind in the second
active site of the enzyme species ES (skep. This will
lead to the lower catalytic turnover rate just as with inhibition

acetoin release was equal in the forwat@)(and reverse
reactions (the latter was measured with acetaldehyde as a
sole substrate in re35), attesting that in both directions all

of the reactions leading to the enamine are faster than
BDThDP formation and acetoin release. Therefore, the rate
of acetoin formation in the presence of saturating acetalde-
hyde will only depend on the total concentration of post-
decarboxylation intermediates.

It would appear that due to the impaired acetaldehyde
release by the E477Q variant, stepwill be more efficient
thank., andk.s in Scheme 3, and all four active sites of the
enzyme will be occupied by the post-decarboxylation
intermediates (depicted as NEN). Therefore, the effective
concentration of enamine is at least twice that of the WT
YPDC, explaining the higher rate of acetoin formation by
the E477Q variant.

The Vinax for acetoin formation by the D28N and E477Q
variants is comparable. That is, the combined concentration
of enamine and HEThDP (two species that are in rapid and
reversible equilibrium, see ref86 and 37) would be
comparable in both cases if the D28N variant were not
inhibited by pyruvate. Therefore, at low pyruvate concentra-
tion, all four sites in the tetramer of the D28N variant
participate in the formation of acetoin, and the release of
acetaldehyde is rate-limitindLp).

Activation in the Alternating Actie Sites Model.The

by pyruvate. Pyruvamide could inhibit both wild-type and hypothesis of alternating catalytic sites reactivity is buttressed
variant YPDCs by mimicking pyruvate, by forming a PA by the close contact of the subunits in the asymmetrical dimer
ES complex, analogous to the SES complex in Scheme 3.(1YPD and 1QPB), and the striking differences between the
Number of Actie Sites Participating Simultaneously in  two monomers. We believe that activation of YPDC is a
the Carboligase Reactionés discussed in the second paper necessary event to start the catalytic cycle, but may not be
of the series12), acetoin and acetaldehyde formation share necessary for its perpetuation.
steps in common through decarboxylation. On the basis of Certainly, the activation step cannot be a part of the
the relative rates of acetoin and acetaldehyde formation, wecatalytic cycle of the E477Q and D28N variants whose
concluded that one of the steps, post-decarboxylation, is rate-carboligase reaction was studied in the second pay&rlf
limiting for acetaldehyde formation by the D28A, E477Q, was reported that the rate constant for the zero-order
H114F, and H115F variants. However, the apparent increaseactivation reaction of wild-type YPDC pursuant to substrate
of the Vinax for acetoin formation with the E477Q and D28N  binding in the regulatory site is 0.5%5(4). Should this step
variants, when compared to the WT YPDC, could not be be an essential part of each catalytic cycle, the turnover could
explained. According to eq 3 in paper 22, the rate of not be higher than this value. For the E477Q and D28N
acetoin formation should depend equally on the rates of variants, the turnover number for acetoin formation is twice
formation of LThDP and its decarboxylation, as well as on this number. One can certainly expect that substitution of
the rate of formation of BDThDP and acetoin release. It different amino acid residues may result in a change of the
would be surprising to find an increase in the efficiency of rate of the activation process. However, it is difficult to
the variants in steps up to and including decarboxylation. explain why substitutions at two different active site positions
Also, the stereochemical results suggested that neither E477&vould lead to the same magnitude of rate enhancements. In
nor D28 is directly involved in the formation of BDThDP, addition, only one regulatory site is clearly visible in the
and it is the N4amino group of the aminopyrimidine ring  steady-state kinetic behavior of the variants. Therefore, we
that appears to be of primary importance in the formation are compelled to suggest that the activation step, which
of acetoin. Therefore, the rates of the post-decarboxylation changes the enzyme from a lower to a higher activity form,
phase of the acetoin-forming reaction would not become is required to commence the catalytic cycle; i.e., E represents
more efficient as a result of the substitutions. the higher activity conformation in Schemes 3 and 4. But,
The explanation can be found in the alternating sites the higher activity conformation persists through the catalytic
mechanism, according to which WT YPDC has post- cycle, whether or not pyruvate remains in the regulatory
decarboxylation intermediates in approximately half of the binding site. The affinity of the regulatory site for the
active sites at any point in time. Since the rates of the substrate/activator is likely to increase as a result of occupa-
decarboxylation and acetaldehyde release steps are believetion of the active site. According to Scheme 2 and the law
to be equal under conditions of saturation with pyruvéte ( of energy conservation, the kinetic dissociation constant
6), the enzyme will be present as a 1:1 ratio of pre- corresponding to the step from ES to SES (not assigned any
decarboxylation intermediates {yruvate complex and  symbol in Scheme 2) will have a value equalKgKJ/Ks.
LThDP) and post-decarboxylation intermediates (enamine, That is, sinceKq is probably larger thats, the value of
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Scheme 5 Scheme 6
+
Steady-state kinetics H* H
(Hill equation fit) 1
| ‘ | | | Ylide Lactyl-ThDP
formation formation
I]H<.1 nH'=l 1<n.HS2 nH.>2 OH_q\A
(Equation 4)| [(Equation 14), |(Equation 13)] |[(Equation 12) H O_/ N C02
No activation Full substrate 2 Acetaldehyde | HE-ThDP
(rate constants for non- e e release formation
activated enzyme) inhibition (kc3=0)
Activation present Partial substrate
(rate constants from inhibiti 0 H+
Scheme 3) mhibition (k03¢ )

. transfer of a proton to or from the G2oxygen. These

KaKJKs would be smaller thait.. Under these conditions,  reactions are preceded by proton abstraction from C2 of the
f_or any concentratl_on of pyruvate, the regulatory §|te IS MOre thiazolium ring, and are separated by proton donation @ C2
likely to be occupied after the enzyme was activated, and uf the enamine to form HEThDP. The latter two reactions
catalytic turnover had commenced, rather than prior 10 4154 represent the reverse of mechanistically very similar
initiation of activation. This is just another feature of YPDC  a5ctions. Therefore. the sequence of reactions carried out
making it a hysteretic enzyme. _ by YPDC can be viewed as two reactions in tandem, where

One can compare nonactivated YPDC to a motionless j, the second repeat the reverse reactions are utilized. The
mechanical pendulum. It will remain still until some force g, parts of the catalytic cycle are shown in Scheme 6
displaces it from this original (*ground”) state. Once it was \yhere parts 1 and 3 represent reversal of one reaction and
displaced, the energy supplied from the weight on the chain 4t 2 and 4 represent reversal of another reaction. On the
will sustain its constant movement until the weight reaches s of the principle of microscopic reversibility, it would
its lowest point. In a similar vein, activation is a necessary pe more efficient for the enzyme to utilize the same group
event, which reflects the transition from the nonactivated to ¢4, each pair of the reversed reaction. Although a priori it
the activated state. It distorts the symmetry in the dimer, yoy1d not be a requirement to utilize the same group in all
creating the environment for a mechanism involving alterna- for reactions, an inspection of the YPDC structure suggests
tion of active sites. The decarboxylation reaction would ihis to be an attractive possibility.
supply the_ energy, and the turnover will continue until the A ctivation perturbs YPDC from its nearly symmetrical
substrate is depleted. _ - _ state to a highly asymmetrical one. In each dimer of the

Choice of the Steady-State Equation Utilizete ultimate  1ypp structure, one active site reveals a closed conforma-
goal of kinetic studies is to determine the rate constant for tjon with the closed lid over the active site and the' N4

a particular step in a reaction. In the case of the alternating 5 mino group in very close proximity to the C2 thiazolium
sites mechanism, as demonstrated above, several patterns Qfom
apparent kinetic behavior can be envisioned. All of those o the basis of the structural data. we propose a model
scenarios can be described by eq 7 and most of them (Whergyhere this same Namino group is responsible for all of
the activity of nonactivated enzyme is negligible) by eq 9. the reactions. The choice of the candidate for this reaction
While, in theory, one could fit the kinetic data with no  ghoyq reflect easy regulation of th&pof the group. Since
apparent or low cooperativity to either eq 7 or eq 9, due 0 oy E477 and D28 of the four potential aeibase side
the excessive number of parameters, the calculated valuegpains are in close proximity of the C2 of the thiazolium
will have high standard deviations. Therefore, we decided ring, we are compelled to choose them over H114 or H115.
to select the rate equation according to the observed apparentiowever, on the basis of the rates of acetoin formation by
steady-state behavior of the YPDC variants. We have utilized ¢ygjr variants, D28 and E477 appear to have no significant
the Hill equations as a diagnostic tool; depending on the o6 pre-decarboxylation. Therefore, it is more likely that
presence and degr_e_e of s_ubstrate_lnhlbmon, either the original,aither E477 nor D28 assists ylide formation, or protonation
(eq 1) or the modified Hill equation (eq 2) could be used. i, | ThDP formation. We assume that the 'Natom of the
The value of the Hill coefficient then determines which aminopyrimidine ring is the major player in the proton
pathway of the mechanism is predominantly utilized and gransfer in the first half of the reaction. With the V
which equation best describes the observed behavior (Schemenformation enforced by several facto8s), it is virtually
5). Note, however, that at least in the preliminary studies, jjpossible to displace the amino group by several angstroms.
i.e., before the values of some rate or dissociation constantsyowever. in the YPDC structure (LYPD file), the beginning
are determined, an _equation with a form similar to eqs 6 of 3 modest shift is already present (Scheme 7). In the
and 7 should be utilized. “closed” active site (shown in the semitransparent colors),
the distance between N&nd C2 is decreased to 3.09 A
compared to 3.5 A in the “open” active site (shown in solid
colors), whereas the distance between these two atoms is
Mechanistically, formation of LThDP from pyruvate and the same in both active sites of nonactivated YPDC. We do
ThDP and release of acetaldehyde from HEThDP represent,not suggest that those distances be accepted as alternative
in essence, reverse directions of the same reaction, thdimits of the movements displayed by the ThDP rings, but

Structural Bridence Supporting Alternating Sites
Reactvity
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Scheme 7

H114

B. Enamine in subunit

C’A{%
LR A
P

A. LThDP in subunit
O/B

rather as an illustration that those movements are plausible.in the signal transduction pathway, leading from the regula-
The presence of the substrate (but not its pyruvamide tory or perhaps inhibitory site for pyruvamide to the active
analogue) may further improve the geometry of the active site. In the “closed” A/C active site, the nearest distance
site to adjust it for optimal functioning. The “closed” active between D28 and N4s 6.2 A and between D28 and E477
site of the A/C subunit conformation can accommodate is 6.0 A. In the B/O (open) subunit, the minimal distance
proton transfer from C2 to N4but the site is too tight to  from D28 to N4 is 4.66 A and from D28 to E477 is 3.51 A,
accommodate the covalently bound pyruvate of LThDP. suggesting that the rate of proton transfer betweehaxid
Therefore, we suggest that the A/C conformation of the D28 and/or E477 may be enhanced in the B/O subunit. It
closed active site provides a working model for formation would be important, for example, to transfer the proton to
of both the ylide and HEThDP, where the Nstom comes  the N4 atom once LThDP was formed to prevent the loss
within close contact with the C2 or @2atom to donate or  of pyruvate leading to reversal of the reaction. This may also
accept a proton (inset B in Scheme 7). In the “open” active be a convenient mechanism for changing the state of
site of the B/O subunit conformation, the Nstom is further ionization of the D28 side chain, if D28-COOH were to
from C20 and provides a model for participation of N# donate the proton. The decarboxylation of LThDP to the
the protonation or deprotonation of the cCBydroxyl group enamine follows, rendering the enamine ready to accept a

in LThDP formation (inset A in Scheme 7) or acetaldehyde
release.

According to this working hypothesis, D28 and E477 (as
well as H114 and H115) will assist in the proton transfer
providing a hydrogen relay chain. Neither the E477Q nor

proton from the N4atom, and D28-COOwill participate
in the protection of post-decarboxylation intermediates, as
outlined in the second paper of the seri&g)(

Invoking the principle of microscopic reversibility, if the
N4'-amino group is involved in protonation of the &2

the D28A substitutions could change the rate of H/D alkoxide of LThDP, it might also participate in the release
exchange at C2 in the nonactivated enzyme [see paper 1 obf acetaldehyde (or acetoin), abstracting a proton from the
the series 11)]. However, the rate of exchange in the C2o-hydroxyl group of HEThDP (BDThDP). However, it
presence of pyruvamide was 20-fold lower for those variants is likely that D28, H114, H115, and E477 need to assist in
than for the WT YPDC, suggesting that the reaction the latter reaction, since acetaldehyde release was impaired
pathways may not be identical in the activated and nonac-to a greater degree by the alteration of these active site
tivated enzymes. At the same time, these results also hintedresidues than the steps preceding decarboxylation, judging
at the participation in some manner of both D28 and E477 by the rates of acetoin formation. Just as was reasoned for
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LThDP formation, it would be important, for example, to of acetoin formation by the variants than by wild-type YPDC
transfer a proton from the N4&tom once acetaldehyde is may indicate that acetoin formation does not require the
released, so as to prevent the reversal with HEThDP alternating site mechanism. Utilization of alternating sites
formation. Once again, the D28 side chain will become D28- by YPDC could be considered as an ultimate protection
COONH, signaling the end of the post-decarboxylation phase. mechanism of YPDC from being diverted along the carbo-
And, the imino tautomer of the aminopyrimidine ring ligase side-reaction pathways.
regenerated in this reaction will be ready for catalysis of the  On the other hand, we also deducé®)(that neither D28
first step of the catalytic cycle. nor E477 was important for docking the incoming acetal-

In the presence of intact D28 residue, YPDC exhibited dehyde which participates in acetoin synthesis. Therefore,
both highly diminished acetolactate formation (essentially once again, it is possible that the Na&mino group partici-
none is detected) and inhibition by the substra®.(These pated to ensure correct binding of acetaldehyde and proto-
observations suggest that the D28 residue may have duahation of the incipient alkoxide anion. Of the four variants
importance, in both of which its ability to lose a proton is of E51 (E51A, E51Q, E51D, E51IN) prepared in this
utilized. In the first instance [discussed in the second paperlaboratory 89), only the E51A variant could produce some
of the series 12)], D28 protects the post-decarboxylation acetoin, although with much impaired rates (0.006 unit/mg).
intermediates from attack by pyruvate that could result in At the same time, the E51D variant could produce acetal-
acetolactate formation. A second role for D28 would involve dehyde 50-fold less efficiently than WT PDC, with no
protection of the vacant second active site of the enzyme evidence of acetoin formation. This signals that the regulation
species with pre-decarboxylation intermediates in the first of the protonation step by the Ndmino group is important
active site (depicted by ES in the Scheme 3). This would for acetoin formation, possibly through the docking of the
ensure an enhanced probability for the pre-decarboxylationacetaldehyde substrate molecule, and perhaps for acetoin
intermediates to undergo decarboxylation (Scheme 4A), release as well.
instead of substrate binding and possible LThDP formation  An interesting, still outstanding issue concerns the step in
in the second active site (Scheme 4B). Both events maythe mechanism where hydroxide ion is released to the
reflect the same subunit conformation either when the post- solution. On the basis of the above discussions, we propose
decarboxylation intermediate is present in the active site or that protonation of the ylide by water, once acetaldehyde is
when the neighboring subunit is occupied by pre-decarboxy- released, could be a likely candidate, since the ylide is
lation intermediate(s). certainly a strong base. Were this correct, ylide formation,

It appears that H114 and/or H115 may create the site for present as a part of the cycle, might be the rate-limiting step
the inhibitory pyruvate molecule for the following reason. under some conditions. The two variants E477Q and D28A
We deduced that during the pre-decarboxylation phase ofand WT YPDC all gave the same rate of H/D exchange at
the reaction, the charge distribution at the active site is 115 the C2 position in nonactivated enzyme: 000 s at 5
D28, which is useful for attracting the first pyruvate and to °C, or approximately 108 at room temperaturel(). The
form the LThDP. Once decarboxylation is completed, for two variants C221A and C221S are suspected to be nonac-
the post-decarboxylation phase, the charge distribution wastivated during the entire catalytic cycle. Their activity is equal
deduced to change to H11B®28", so as to repel the second to 10 units/mg; i.e., it is possible that ylide formation in
pyruvate that could form acetolactate. With the D28 variants, nonactivated enzyme is the rate-limiting step. At the same
the charge distribution would be the same during both phasedime, H/D exchange in activated WT YPDC was reported
of the reaction sequence, HI1B28, which could indeed  to be 600 s, and in activated E477Q and D28A variants, it
be more attractive for a pyruvate molecule in either active is 30 s at 5°C, fast enough not to be rate-limiting in any
site. of the three cases.

The Hill coefficients of both E477Q and H115F variants
displayed similar pH dependencie$l). Given that both CONCLUSIONS
E477 and H115 likely form hydrogen bonds to residue D28, In addition to the scenarios analyzed, which provide the
this similarity of Hill coefficient behavior may reflect that simplest explanations for the experimental observations,
participation of both amino acids in the interaction between Scheme 3 allows for additional pathways. We believe that
active sites is expressed through residue D28. Therefore, itthe wild-type YPDC follows pathway A or D in Scheme 4:
is possible that the three aeithase residues (D28, H115, we can be certain that the active sites in the functional dimer
E477, and perhaps H114) of the active site are essential forare not acting independently of one another, and the pre-
signal transduction from one active site to another. Were and post-decarboxylation phases of the reaction are tightly
this the case, then suppression of the post-decarboxylationcoupled. Based on this coupling, the alternating sites model
phase of the reaction to a greater degree may help tocan explain: (a) equal rates of pre- and post-decarboxylation
determine the leading part of the sequence of the alternatingin WT YPDC, since two parts of the reaction are synchro-
sites mechanism. Indeed, were decarboxylation in one activenized; (b) perceived participation of all active site amino
site a prerequisite for the release of product from the secondacids in both pre- and post-decarboxylation steps [as sug-
site, then disruption of the communication between the active gested by the steady-state kinetics reported in the first paper
sites would be expected to compromise the follow-up phase(11), according to which boti/K andV-type kinetic terms
(product release) to a much greater degree than the leadingre affected by substitutions at D28, H114, H115, and E477].
phase. If the chain of the signal is broken, the decarboxylation It is useful to place the findings in this paper in perspective
in one active site results in sub-optimal changes at the seconcconcerning the several different regulatory mechanisms
site, thereby leading to accumulation of post-decarboxylation already delineated for ThDP-dependent enzymes in general,
intermediates. Were that the case, the equal or higher rateand for 2-oxo acid decarboxylases in particular.



7402 Biochemistry, Vol. 40, No. 25, 2001

Several enzymes (where this could be studied) were shown
to possess hysteretic binding of the Mg(ll) and, bonded to it
by inner-sphere complexation, an oxygen from bothdhe
andpg-phosphate of the diphosphate side chain of ThDP. This
could be clearly demonstrated on the E1 component of the
E. coli pyruvate dehydrogenase multienzyme comp}.(

All of the YPDCs (but not ZmPDC) are subject to substrate
activation. In a series of papers from this laboratdrg—

Sergienko and Jordan

Ko KaKadadealkes + ko) (A6)
KS kal(kaS + ka4)2(kc2 + kca) kcs
_ VISP’ A7)

U i
KoK+ KJS] + [SJA(L + [SIK)
The activity of the enzyme is described by eq Al, with

22 and other references cited therein), we made a case fort"€_parameters of this equation derived in terms of the

residue C221 being the site on YPDC where the substrate
activation cascade is triggered, the information being trans-
mitted to the active center from the substrate bound to C221
via H92 to E91 to W41218—-22, 41, 43, to the residue
adjacent to G413, the latter forming a strong hydrogen bond
to the 4-amino group of ThDP. This could be construed as
an “intrasubunit” pathway. Studies in our laboratory on the
E1 component of theE. coli pyruvate dehydrogenase
multienzyme complex also pointed to a substrate activation
phenomenor43d), whose structural origins are still unknown.

The results reported on YPDC in this and the accompany-
ing papers 11, 129 have led us to conclude that there is a
novel signal transduction pathway, in which there is an
interaction of active sites, and in which residue D28 from
one subunit and residue E477 of the second are major player
in a functional dimer. We conceive of this novel signal
transduction pathway as an “intersubunit” pathway, to
distinguish it from the substrate activation model discussed
in the previous paragraph. Our recent studies on BFD also
led us to a similar proposal on the basis of pre-steady-state
kinetics (L0).

Elucidation of further structural details of this novel
pathway, whether the “intrasubunit” pathway and “intersub-
unit” pathway are interconnected, and, of course, as to how
general this “intersubunit” pathway is for ThDP enzymes,
remain challenges for the future.

A mechanism related to the alternating-sites scheme here

proposed appears to have also been proposed for the ThDP
dependent E1 subunit of the mammalian pyruvate dehydro-
genase multienzyme comple#s).

APPENDIX

Predictions of the SHS Kinetic Model of YPDC Catalysis.
It was proposed by the groups of Schellenbergéeibriu,
and Schowen (SHS)( 6) that YPDC follows the mechanism
outlined in Scheme 1.

V[S]?
_ 2 (A1)
A+ B[S] + [S]°(1 + [S)/K))
ks
Vo T ke -
 dadlon + ks
A% kedtkos T koo 43
(et ket ks
B T ks T ko A9

"B K(Kes T Kad

individual rate constants in eqs AZ6. In terms of the
particular kinetic dissociation constamtgandKs, the general
equation (Al) can be presented in the form of the Adair
equation (eq A7). One of the advantages of this formalism
is the separation of the purely activation pathwiy) from

the catalytic cycle Ks), which will take on special signifi-
cance once we derive the corresponding Hill equation
parameters.

Derivation of the Parameters of the Hill Equation for the
SHS Model.Using the definition of the Hill equation
parameters44) one can derive the correlations of these
parameters with the ones given by the general (or Adair)
equation. According to the simple definition, the Hill
coefficient ) is equal to the slope of the Hill plot at the

goncentration of the substrate equal to the half-saturation

concentration % s):
_d{log [v/(Vipax = )1} [S]Vipaxdv
M09 1) oVem 0dis] AP

The half-saturation concentration, in turn, is equal to the
positive solution of the rate equation with= Vpya42.

In terms of the SHS (eq Al), the half-saturation concentra-
tion and Hill coefficient are expressed as

B+ VB2 + 4A
_ 2A+BS;s
M= ATBS. (AL0)

In terms of the Adair-type eq A7, the resulting equations

are
S —K51+,/1+4Ka (A11)
.5 2 Ks
2K, +
n, = 2 S5 1+ 40+ 1+ 4o (A12)

C KatSs 1420+ VIt da

wherea = K/Ks. This means that iKy/Ks is equal to zero,

the Hill coefficient is equal to 1, and iKJ/Ks takes on
increasingly larger values, the Hill coefficient asymptotically
approaches 2. Therefore, both the half-saturation concentra-
tion and the Hill coefficient are monotonically increasing
functions that attain values frois (B) to +o and from 1

to 2, respectively (Figure 6). Since neithernor K can be
strictly equal to zero or infinity, those limiting values
represent asymptotes for the corresponding curves.
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