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ABSTRACT. Acetohydroxyacid synthases (AHASS) are biosynthetic thiamin diphosphate- (ThDP) and FAD-
dependent enzymes. They are homologous to pyruvate oxidase and other members of a family of ThDP-
dependent enzymes which catalyze reactions in which the first step is decarboxylation of a 2-ketoacid.
AHAS catalyzes the condensation of the 2-carbon moiety, derived from the decarboxylation of pyruvate,
with a second 2-ketoacid, to form acetolactate or acetohydroxybutyrate. A structural model for AHAS
isozyme Il (AHAS II) from Escherichia colihas been constructed on the basis of its homology with
pyruvate oxidase fronhactobacillus plantarum(LpPOX). We describe here experiments which further

test the model, and test whether the binding and activation of ThDP in AHAS involve the same structural
elements and mechanism identified for homologous enzymes. Interaction of a conserved glutamate with
the NI of the ThDP aminopyrimidine moiety is involved in activation of the cofactor for proton exchange

in several ThDP-dependent enzymes. In accord with this, the anal@jywyridyl thiamin diphosphate

does not support AHAS activity. Mutagenesis of Glu47, the putative conserved glutamate, decreases the
rate of proton exchange at C-2 of bound ThDP by nearly 2 orders of magnitude and decreases the turnover
rate for the mutants by about 10-fold. Mutant E47A also has altered substrate specificity, pH dependence,
and other changes in properties. Mutagenesis of Asp428, presumed on the basis of the model to be the
crucial carboxylate ligand to Mg in the “ThDP motif”, leads to a decrease in the affinity of AHAS I

for Mg2". While mutant D428N shows ThDP affinity close to that of the wild-type on saturation with
Mg?*, D428E has a decreased affinity for ThDP. These mutations also lead to dependence of the enzyme
on K*. These experiments demonstrate that AHAS binds and activates ThDP in the same way as do
pyruvate decarboxylase, transketolase, and other ThDP-dependent enzymes. The biosynthetic activity of
AHAS also involves many other factors beyond the binding and deprotonation of ThDP; changes in the
ligands to ThDP can have interesting and unexpected effects on the reaction.

In the past few years, a clear picture has emerged for thedistance of N1of the pyrimidine moiety of ThDP. ThDP
mechanism of enzymatic activation of thiamin diphosphate adopts a “V-conformation” in the active site, which places
(ThDP)! All enzymes which utilize ThDP as coenzyme the pyrimidine N4 in a position to remove the thiazolium
appear to have several common, conserved elements in thei€2 proton (Figure 1, top). It has been shown experimentally
ThDP-binding sites{—8). The diphosphate group of ThDP  for several enzymes that the conserved glutamareinopy-
is bound to one domain of the protein via a chelated divalent rimidine interaction is essential for deprotonation of C2 and
metal ion (usually M§"); the metal-binding site of the thus for activation of the coenzymd&@—14). In many of
protein involves three ligand atoms from a “thiamin diphos- the ThDP-dependent enzymes, a symmetric dimer of identical
phate motif” of conserved sequen@.(A highly conserved  subunits binds two ThDP molecules, each lying between the
glutamic acid in another domain is within hydrogen-bonding pyrimidine-binding domain of one subunit and diphosphate-
binding domain of the othel3(-6, 15).
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L of ThDP in this enzyme indeed involve the same structural
elements and mechanism identified for homologous enzymes.

. /“N"" -------------- " We have modified two residues in AHAS Il by site-directed
A ~s mutagenesis: Glu47 is the putative conserved glutamate
74 Y
H3°’<,_v / ®/ whose interaction with the Nlof the aminopyrimidine
‘,HN o moiety is involved in activation of ThDP. Asp428 presum-
o\~,c«°9 hs o)p/ ably provides the conserved aspartate (within the sequence
(3“2 ..... M R GDG.... at the beginning of the “ThDP motif”) which is a
".-..,o\ 2 . + " . . .
Gl ‘ A J‘\\ ligand for Mg?*. Kinetic parameters, including the rate of
Pyrimidine Domain ¢ AspS 0 ’C}\ . proton exchange at C2 of bound ThDP, have been determined
: - " for the mutant enzymes. In addition to supporting our

, Pyrophosphate Domain 4 assumption that AHAS Il antlpPOX are closely related in

mechanism, our results cast light on aspects of the unique
and specific condensation with a second 2-ketoacid, catalyzed
by AHAS.

MATERIALS AND METHODS

ReagentsSodium pyruvate, FAD, ThDP, and creatine
were obtained from Sigma Chemical Co. (St. Louis, MO).
M460 1-Naphthol was obtained from Carlo Erba Reagenti (Milano,
Italy). Acid-washed activated charcoal was purchased from
BDH (Poole, U.K.). ToyoPearl Phenyl 650 TSK was from
Merck (Darmstadt, Germany). All other chemicals and
reagents were of analytical grade and purchased from
commercial sources. Sulfometuron methyl (SMM) was a gift
of Dr. J. V. Schloss, then of E. I. DuPont and Co., Central
R&D Department, Wilmington, DEN3'-Pyridyl thiamin
diphosphate (N3ThDP) was prepared as previously described

s (21). Restriction and modification enzymes were purchased
i from New England Biolabs (Beverly, MA) and MBI Fer-
D428 ﬂ,/ mentas (Amherst, NY).
~{” Bacterial Strains and Plasmids. Escherichia cKli-1-

FIGURE 1: (Top) Schematic representation of a canonical ThDP- Blue strain (Stratagene Europe, Amsterdam) was used as the
binding site, with the conserved glutamate residue within H-bonding host bacteria in the process of construction of wild-type and
distance of the pyrimidine Nland the divalent metal complexed  mutated plasmids. Transformé& coli BL21(DE3) strains

to the diphosphate, the conserved aspartate, and asparagine and . :
backbone oxygen. The pyrimidine- and diphosphate-binding subsitesmovagene’ Milwaukee, WI) were used for induced over-

are parts of two different protein domains. LpPOX and other expression of the enzymes. The pRSET B plasmid ('nVit'
proteins homologous in sequence to AHAS, the two domains are rogen, Leek, The Netherlands) was used for constructing the

the first and third domains, respectively, in two identical polypep- pRGM expression vector. The plasmid pAHZP2) contain-
tides which form a symmetric dimer. (Bottom) The active site of ing the entire coding region d&. coli AHAS 1 (il ¥G2096

AHAS I, from the homology model17). ThDP is shown with . . . .
thick bonds in the center of the figure. Protein side chains close to Mutation) was a gift of G. W. Hatfield. Plasmid pET-GM

ThDP or to the likely position of bound substrates are shown, with (23) was a gift from R. G. Duggleby.
residues from the first domain of one subunit in black and those  Construction of Plasmid pRGMstandard procedures for
from the third domain of the other subunit in white. Amino acids manipulation of DNA were use®4). The plasmid pRGM,
whose backbone atoms contribute polar interactions are not shown o i ced overexpression of the AHAS Il holoenzyme, was
to simplify the picture. The isoalloxazine moiety of FAD is also . - . ’
shown. constructed by insertion of two fragmentsileiGM between
theEcaRl andNdd sites of the pRSET B plasmid. The first
to be significant, and both classes of enzyme require ThDP,was a 737 bpNdd —SpH fragment that covers the &nd of
Mg?", and FAD for their activity, there are important ilvG, derived by digestion and purification of the PCR
differences betweebhpPOX and AHAS. AHAS is a bio- product amplified from pAH29 using primers 1 and 2 (Table
synthetic enzyme and catalyzes the condensation of thel). Primer 1 creates addd site in the 5 end of the fragment
2-carbon moiety, derived from the decarboxylation of to allow insertion into the plasmid. The second fragment
pyruvate, with the carbonyl carbon of a second 2-ketoacid, (1160 bp), that includes the remaindeilofGM, was isolated
either pyruvate or 2-ketobutyrate, to form acetolactate or by digestion of plasmid pET-GM witBpH and EcaRl. Most
acetohydroxybutyrate, respectiveld( 20). Bacterial AHASs of the regions amplified by PCR, including that taken from
are composed of catalytic subunits and small, regulatory pET-GM (23), from theNsil site (95 bp downstream of the

subunits of unrelated structure, in anS, heterotetramer.  ilvG start codon) to thé\atll site (75 bp upstream of the
LpPOX, like most other members of its family of homolo- ilzM stop codon), were then replaced with the fragment from
gous ThDP-dependent enzymes, is a homotetramer. the originaliluGM gene from plasmid pAH292Q). The

We describe here experiments designed to examine ourplasmid pRGM encodes a protein that is identical in sequence
model for the active site of AHAS Il fronk. coli (Figure 1, and activity to the original AHAS enzyme oE. coli
bottom) (L7) and to test whether the binding and activation ilvG2096 with no additions.
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Table 1: Sequence of Primers Used in PCR Mutagenesis

primer sequencée

1 G-Nde-met 5 CGGGGAACTACATATGAATGGCGCAC 3

2 1415-139¢ 5 ATAGCGTCACCGGGATGGTC3

3  E47Qfor 5 ATGCCGACATCAGCAGGGTGCGG 3

4 E47Qrev 5CCGCACCCTGCTATGTCGGCAT 3

5 E47Afor 8 ATGCCGACATGCGCAGGGTGCGG 3

6 E47Arev 5 CCGCACCCTGGCATGTCGGCAT 3

7 BSpht 5 CTGGGCATGCTGGGGATGCACGG'3

8 d-primef 5 AACTTAAGGAAAACGCGAGTCCG 3

9 D428Efor 5ATCTCCGGTGAGGGCTCTTTCAT 3
10 DA428Erev 5ATGAAAGAGCCCTCACCGGAGAT 3
11 D428Nfor 5ATCTCCGGTAACGGCTCTTTCAT 3
12 D428Nrev 5ATGAAAGAGCCGTTACCGGAGAT 3

@ The relevant mutated triplet codons are underlined, and the altered
bases are shown in boldface type. The bases creating theNdew
site are indicated in italics in primer 2 Primers used as the flanking
primers in construction of pPRGM and mutants at E4Primers used
as the flanking primers in construction of mutants at D428.

Site-Directed MutagenesisSite-directed mutants were
constructed by the overlap extension PCR mett2&)l (This
is a three-reaction procedure requiring two overlapping
mutagenic primers and two flanking primers (Table 1). To
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centrifugation (27008 4 °C, 20 min), and ammonium sulfate
(20 g to each 100 mL) was slowly added to the supernatant.
After incubation for 30 min at room temperature, the
precipitate was collected by centrifugation as above. It was
then dissolved in buffer A (half of initial volume). To this
solution was slowly added with stirring an equal volume of
1.4 M ammonium sulfate in buffer A. Sediments were
discarded by centrifugation for 20 min, and the soluble
protein solution was loaded at a flow rate of 0.5 mL rin
on a column (1x 16 cm) containing 12 mL of ToyoPearl
Phenyl 650 TSK. The loaded column was washed with 50
mL of buffer B (20uM FAD, 1 mM DTT, 10 mM EDTA

in 0.1 M Tris-HCI, pH 7.8), containing 0.7 M ammonium
sulfate. This was followed by washing with 20 mL of buffer
B containing 0.6 M ammonium sulfate. The column was
further eluted at the loading flow rate with buffer C (2B
FAD, 1 mM DTT, and 1 mM EDTA in 25 mM Tris-HCl,
pH 7.8); the AHAS peak appeared at about 18 mL (1.5
volumes of the column). This protein was concentrated to
20—75 mg/mL by pressure dialysis using an Amicon PM10
membrane, or by dialysis against glycerol, and storeel3it

°C. During the purification, the protein and solutions were

construct the mutations at Asp428, the mutagenized PCRshielded from light to prevent loss of enzymatic activity, and

fragments were digested wikpnl andMlul and ligated into
the appropriately digested pRGM. For construction of the
Glu47 mutants, the PCR fragment was digested ittd
and SpH to yield a 737 bp fragment. This fragment could
not be directly ligated into pRGM, as the plasmid has two
Ndd sites. Instead, the fragment was ligated with two
separately derived fragments of pRGM, the 116(Sph —
Ecadrl fragment and thé&dd —EcoRlI fragment. All muta-
tions were confirmed by DNA sequence determination.
Growth and Induction of Bacterial Cell$-or expression
of AHAS Il and its mutants, the plasmid pRGM and its
derivatives were transformed int®. coli BL21(DE3). To
avoid loss of plasmids, which occurs at stationary phase,
transformed cultures were kept in the exponential phase.
Thus, stock cultures were prepared from freshly transformed
bacteria grown in LB medium at 3TC with ampicillin (100
ug/mL) to an OR of ~0.6 and the cells stored with 20%
glycerol at —80 °C. For preparation of enzymes, stock
cultures were diluted to Ofgy 0.02-0.025 in LB medium
containing 100ug/mL ampicillin. The bacteria were then
grown with shaking (200 rpm) at 37C in several 600 mL
liquid cultures n 2 L flasks. Expression was induced in the
cultures at Olgso0.3—0.5 by adding 0.4 mM IPTG. The cells
were harvested after-B h and washed twice with 0.1 M
Tris-HCI (pH 7.8), and intact cells were stored-a20 °C.
Purification of EnzymesThe purification of AHAS I
could be simplified relative to that previously published for
Salmonella typhimuriurAHAS 1l (26) because the expres-
sion vector used here gave a high yield of the desired protein.
Frozen cells oE. coli BL21(DE3)/pRGM were suspended
(1 g wet cells to 10 mL) in buffer A (0.1 mM FAD, 1 mM
DTT, 10 mM EDTA in 0.1 M Tris-HCI, pH 7.8) and
disrupted by sonication at (6 x 20 s with 40 s intervals,
at maximum power with Heat System model XL2015
ultrasonic liquid processor). Debris was pelleted by cen-
trifugation (2700@, 4 °C, 1 h). A solution of 2% protamine
sulfate was slowly added to the supernatant with mixing at
room temperature to a final ratio of 12 mg of protamine
sulfate pe 1 g of initial cells. The pellet was discarded by

all the steps after the ammonium sulfate precipitation were
carried out at £C.

The AHAS Il mutants were purified by the same procedure
used for the wild-type, with slight modifications. For
example, the E47Q mutant was loaded on the hydrophobic
column in buffer B containing only 0.58 M ammonium
sulfate. In some cases, a Butyl 650 TSK column was used
in place of the Phenyl column, with a starting ammonium
sulfate concentration of 0.5 M.

Enzyme AssayThe AHAS catalytic activity was deter-
mined by the colorimetric metho@7) at 37°C. The activity
is expressed in units (U) (1 B 1 umol of acetolactate
formed min?). A 0.1 M potassium phosphate buffer, pH
7.6, containing 100 mM sodium pyruvate as substrate, was
used for most assays. Tricine-KOH buffer (0.1 M) was used
in studies of mutants at D428 to simplify the manipulation
of Mg?* concentrations. As mutants at E47 and D428 had
decreased affinities for cofactors, experiments with these
mutants were carried out in the presence of B&8OThDP,
200uM FAD, and 10 mM MgC}, rather than the standard
100uM ThDP, 75uM FAD generally usedZ7). In every
case, experiments were carried out in the same assay solution
with a mutant and the wild-type protein in parallel; the wild-
type protein was not affected by these changes in buffer and
cofactor concentrations. The contribution of control, non-
enzymatic synthesis of acetolactate or acetoin was insignifi-
cant. The possibility that other enzymes contribute to the
observed synthesis rate for the mutants can be excluded by
the high specificity observed in the competition assay (see
below and Results).

Km for pyruvate andKgs for cofactors were determined
by varying the concentration of the factor in question in the
presence of saturating concentrations of all other factors. The
substrate specificity for 2-ketobutyrate as second substrate,
R (28), was determined by measuring acetohydroxybutyrate
and acetolactate formation simultaneously in a competition
experiment with 2-ketobutyrate and pyruvate, in the standard
buffer 20). The results were fit with the program “Sigma-
Plot” to the simultaneous equations:
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Vaus/Vi = RI2KB)/([pyruvate] + R[2KB])
V, IV, = [pyruvate]/([pyruvatet- R[2KB])

where [2KB] is the concentration of 2-ketobutyrate afagds/

V; and Va /V; are the observed rates of formation of
acetohydroxybutyrate and acetolactate, relative to the sum
of their rates 20).

The continuous assay of AHAS activity was carried out
under the standard conditions, by following the disappearance
of the absorbance of pyruvate at 333 n@6)( using a
Beckmann DU640 spectrophotometer. The data were fit to
the empirical equation: OB- y, + (v/b)e™ — ut, wherev
is the steady-state rate of disappearance of absorptiobh and
is the first-order rate of approach to the steady-state.

Protein concentration was determined by the dye-binding
method of Bradford Z9), with bovine serum albumin as
standard.

Stripping of FAD from AHAS Determination of the
apparent affinity of the enzyme for FAD required removal
of the tightly bound cofactor with charcoal in high s&(

26). The proteins were incubated with 5% activated charcoal
and 1.6 M KCI in 25 mM Tris-HCI, pH 7.8, for 30 min on
ice, and the charcoal was removed by centrifugation at 4
°C.

Mg?" DependenceProtein was prepared from the soni-
cation step onward with EDTA. A sample at a concentration
of about 1 mg/mL was incubated on ice for 5 min with 10
mM EDTA to remove any remaining bound magnesium. A
20 uL sample of this solution (diluted if necessary) was
added to reaction mixtures (1 mL) containing varying
amounts of MgG in 0.1 M Tricine-KOH buffer, pH 8.0.
The free M@" concentration was calculated from the total
EDTA and Mg in the reaction mixture, with the program
MAX CHELATOR.v6.8 using the stability constants of
Martell and Smith 80).

Determination of the Exchange Ratféhe kinetics of H/D
exchange of the C2H of ThDP were measured biH
NMR (13). Immediately before the exchange experiments,
enzymes were incubated with stoichiometric amounts of
ThDP and FAD for 46 min at 37°C in 0.1 M potas-
sium phosphate buffer, pH 7.6, containing 5 mM g
The exchange reactions were initiated by mixing equal
volumes of enzyme and cofactors, or 1 mM ThDP alone,
with D,O in a quenched-flow apparatus (model RQF-3, Kin
Tek Althouse, USA) at 37C. Reactions were stopped by
addition of final concentrations of 0.1 M hydrochloric acid
and 5% (w/v) trichloroacetic acid. Exchange times were
varied between 5 and 2000 ms. Experiments for longer
times were performed by manual mixing. After separation
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RESULTS

The high level of expression &:. coli AHAS Il from the
plasmid pRGM, under control of the T7 promoter, allowed
us to simplify the purification procedure of Schloss et al
(26) to two steps. This plasmid is convenient for mutagenesis
by the overlap extension PCR methagb), as it allows
cassette replacement of mutated fragments in unique restric-
tion sites. The specific activity of the pure wild-type enzyme
was about 20 U md, similar to that previously reported
(23, 26). The host strairie. coliBL21(DE3) has endogenous
AHAS activity, but this activity is negligible under our
growth conditions because of repression of genomic AHAS
activity by the branched-chain amino acids contained in the
LB-rich medium. This endogenous expression leads to an
AHAS activity in the crude extract 0£0.004 U mg?, as
compared to~4 U mgt in the crude extract after induction
of expression from pRGM, and0.2 U mg* after induction
of expression from the plasmids encoding the relatively
inactive mutants.

Role of the Aminopyrimidine Moiety of ThDF.he
assumption, that the aminopyrimidine moiety of ThDP has
the same crucial function in AHAS as has been demonstrated
in pyruvate decarboxylase, pyruvate dehydrogenase, and
transketolase 10), was investigated by the use of the
analogueN3'-pyridyl-ThDP (N3ThDP), in which the N1
atom of the cofactor is substituted by-El. Wild-type AHAS
I was depleted of ThDP by gel filtration through Sephadex
G50. Without addition of ThDP, the depleted sample showed
1.1 4+ 0.1% of the activity observed with 100M ThDP.
Under standard conditions with 1@ N3ThDP, the same
sample gave 1.3 0.2% of the activity with 10tM ThDP.
Thus, the analogue has no significant activity, and the
maximum activity attributable to the analogue is less than
0.5% of that observed with the normal coenzyme.

As the interaction between Naf ThDP and the carboxy-
late of Glu47 would be expected to play a role in coenzyme
binding (see below), it was important to demonstrate that
N3ThDP is in fact bound to AHAS Il under the conditions
of the activity experiment. The association of N3ThDP with
the enzyme was demonstrated by a continuous assay of
pyruvate disappearance after addition of ThDP to AHAS Il
preincubated with substrate, FAD, and ¥gn the presence
or absence of N3ThDP. A typical experiment is shown in
Figure 2. From the first-order approach of the rate of pyruvate
disappearance to steady-state (Figure 2A), the apparent rate
of binding of ThDP to the enzyme to form the active
holoenzyme can be estimated to be £.A0* M~ s, This
rate is decreased to (& 1) x 10®* M~1 st when the en-
zyme is preincubated with 0.10 mM N3ThDP (Figure 2B).

of the denatured protein by centrifugation, thé NMR The association of ThDP with the enzyme in the presence
spectra of the supernatants containing ThDP and FAD, in a Of substrate is complicated by the formation of intermediates
5 mm NMR tube, were recorded on a Bruker ARX 500 (e.g., HEThDP) which increase the apparent affinity of the
MHz NMR spectrometer. The triplet signal of theCH, of enzyme for the cofactor3(, 32). However, the inhibition
ThDP at 3.36 ppm was used as a nonexchanging internalof the pre-steady-state process implies that the ThDP site is
standard. We fixed this integral as 2 and determined the at least half-occupied by 0.10 mM N3ThDP.

relative signal integral of the C2-proton at 9.68 ppm. To  Enzymatic Properties of Glu47 MutantSubstitution of
obtain the exchange rate, the relative decay in the integralGlu47 with GIn or Ala yielded enzymes with measurable
intensity of the C2-H signal was fitted to a pseudo-first- activities. The apparent affinity of the E47Q mutant for
order decay to a final value. The signals due to FAD do not ThDP, as determined by the concentration for half-saturation
interfere with the signals of the C2 proton or tiz€CH, group of activity (Ko.s), is not significantly lower than that of the

of ThDP. wild-type. The E47A mutant, on the other hand, shows a
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Table 3: Parameters for Proton Exchange at C2 of ThDP and for
Acetolactate Synthesis

E proton exchange keatfor synthesis

= sample rate (s1)2 of acetolactate (3)°

o AHAS Il wild-type 332 23

o= E47Q 8 2.3

33 E47A 5.7 1.8

5o free ThDP 0.14

g a Rate constants for deprotonation of C2 in enzyme-bound and free
2 ThDP were determined in 0.1 M potassium phosphate buffer at pH
g 7.6 and 37C by the'H NMR method (3) as described under Materials

and Methods® k. for the acetolactate synthesis reaction under standard
conditions (see Materials and Methods) is calculated per active site,
assuming two sites per holoenzyme and a protein molecular mass of
138 kDa.

0 100 2(I)0 3(;0 4(;0
respectively, in the mutants E47Q and E47A. Thus, below
pH 6.5,k../Kn is about 1% that of the wild-type for E47Q
FiGURE 2: Inhibition by the analogue N3ThDP of AHAS activation ~and less than 0.5% that of wild-type for E47A (Table 2).
on addition of ThDP. Wild-type AHAS Il was preincubated at 37 Mutant E47Q is otherwise like the wild-type enzyme,
°C in a cuvette containing 20 mM pyruvate, 10 mM MgQnd  \hjle E47A shows very significant changes in several

(72)“2/: ';v'?;E '(nt)'é ?Arﬁﬁaﬁsﬁ%p;oﬁ?ﬁi bOUﬁgMpﬁhE% ‘\',VV';';OM additional parameters (Table 2). E47A has a significantly

added to the cuvette. The disappearance of the absorbance ofower affinity for FAD. It also shows a decrease in the sub-
pyruvate at 330 nm was followed. The plots are offset for clarity. Strate specificity parameteR), which characterizes the pref-
The lines are fits to the equation: OBy, + (v/b)e™™ — ut. The erence of an AHAS for 2-ketobutyrate as second substrate
est(;mgted values dlj aré ﬁ-lx 10°2and 9.6x 1025, f;)r (A) ., and is determined in direct competition experimergg).(

and (B), respectively, with a standard error estimation of about 6%. Kinetics of H/D Exchange at the C2 Position of ThDP
Table 2: Kinetic Parameters for Wild-Type AHAS Il and Mutants Bound to AHAS IIThe rate of deprotonation of t.he enzyme
at Glua? bound-ThDP was measured Byi NMR analysis of the
disappearance of the C2 proton after exchange with D

Time, sec

S wild-type E47Q E47A guenched-flow experimentd ) (Table 3). The observed
Speﬁ'f'nf activity 20 2.0 16 ThDP deprotonation rate in wild-type AHAS Il is 332%s
relgtivegc%ivity (%) —100 10 8 under standard conditions at 3C, which is in the range
K for pyruvate (mM) 5.0t 0.5 73+1.1 7.7+ 05 reported for other enzymes at°€ (12, 13, 33, 34). This
Keal Km(pyny @t pH 6.4 2.4x 108 22 6 rate is more than 3 orders of magnitude greater than the rate

(M~ts P determined for the free cofactor under the same conditions,
ﬁg:ig ER%PW(MM'\;Q g'g?i 8:82 é:ﬁiobl.o 4 %21 g and is of course higher than the AHAS Il synthase reaction,
specificity for 2KB R)! 57+ 7 48+ 6 6.0+ 1.3 as expected (Table 3).

Ki for SMM (uM) 0.804+0.06 0.3+0.1 0.6+ 0.02 The ThDP proton exchange rates of the enzymes mutated

aThe kinetic parameters were determined as described underat position E47 are 2 order§ of magnitude slower than er
Materials and Methods at 3T and pH 7.6. The buffer used was 0.1 the wild-type (Table 3), which suggests that glutamate is
M potassium phosphate containing 100 mM sodium pyruvate4800  indeed involved in the deprotonation. For both mutants, the

ThDP, 20QuM FAD, and 10 mM MgC3. The specific activities given - ghserved deprotonation rates are higher than the turnover
here are accurate within +15%. " k.a/fKm Was determined at pH 6.4 S . .
rate, and thus are not rate-limiting in the synthesis of

under conditions similar to those described above, except for the use
of Mops buffer.c The enzyme was stripped of endogenous FAD as acetolactate by these mutant enzymes.

described under Materials and Methods before determination of the Nonlinear Dependence of AHAS Adty on Protein
half-saturating FAD concentratiof The specificity for 2-ketobutyrate Concentration in the E47A MutanThe activity of wild-

as second substrat®, is defined by: R = (Vane/Va)([pyruvatell  yne AHAS isozyme Il shows a linear dependence on the

[2KB]), where [2KB] is the concentration of 2-ketobutyrate avghs/ . . o -
Va is the relative rate of formation of acetohydroxybutyrate and CONcentration of the protein and a constant specific activity,

acetolactate, measured simultaneously in a competition experiment witheven at very low enzyme concentrations (Figure 3). This is

2-ketobutyrate and pyruvat@@), in the standard buffer. in contrast to the nonlinear behavior observed for isozyme
[l (35), and implies that the subunits of AHAS Il are tightly
significant decrease in affinity for ThDP, witk, s 50-fold associated. However, in the case of the E47 mutants,

higher than the wild-type (Table 2). The specific activities nonlinear behavior was observed and the apparent specific
of the purified E47Q and E47A mutants, in the presence of activity of the enzyme increases with protein concentration
saturating concentrations of substrate and all cofactors (Tableuntil it reaches a plateau (Figure 3). This behavior can be
2), were about 10% and 8% that of the wild-type activity, explained by an increased dissociation of the subunits of the
respectively. In both mutants, th&, for pyruvate shows little mutant compared to the wild-type at low concentrations of
change (Table 2). However, the mutations lead to a signifi- the protein.

cant change in the pH dependence of the activity (not shown). Mg?"-Binding Site Substitution of Asp428 by Asn or Glu
For the wild-type enzymek./K, is maximal (4x 10° M~ yielded enzymes with measurable activities: 2.9 and 1.2 U
s 1) at pH 7.2-7.6, with an apparentipof about 6.3 onthe  mg ! for D428N and D428E, respectively. As expected, the
acidic side. This is shifted to higher pH by 0.5 and 1 unit, apparent affinities for Mg of both D428 mutants decreased
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Ficure 3: Protein concentration dependence of the specific activity [K+], mM

of AHAS Il wild-type and E47 mutants. The activity of wild-type o )

(®) and E47Q M) was measured as described under Materials and FIGURE 4: K™ dependence of the activity of wild-type AHAS II

Methods in the presence of 10 ThDP, while that of E47A (@) and mutants D428Nx) and D428E[]). The concentration of

(») was measured at 506M ThDP. The reaction times for the ~ Wild-type protein was 0.@&g/mL, and that of each of the mutants

wild-type and the mutants were 4 and 40 min, respectively. was 5ug/mL. The activity was measured as described under
Materials and Methods, in Tricine-NaOH buffer with varying

amounts of KCI.

Table 4: Kinetic Parameters for Wild-Type AHAS Il and Mutants

at Asp428
wild-type ~ D428N D428E D428 D
specific activity (U mg?) 20 2.9 12 -+ —)
relative activity (%) =100 15.5 6 -
K for pyruvate (mM) 6.6.05 7£2 36+ 3 82v0
Ko.s for ThDP (M) 19+0.2 0.6+ 0.2 192+ 10

Ko.s for Mg?™ (uM)® 10+2 210+ 20 360+ 10

specificity for 2KB R)© 57+7 39+8 43+ 11 Ficure 5: Schematic illustration of a possible complementation
K; for SMM (uM) (0.80y 32+05 6+1 equilibrium in AHAS. Catalytic subunits exchange between en-
Km for K+ (mM)d ind 19+ 10 35+ 6 zymes with mutations in different domains, to yield the hybrid

enzyme on the right which has one doubly defective active site

a@The kinetic parameters were determined as described under - .
and one normal active site.

Materials and Methods at 3T and pH 8.0. The buffer used was 0.1
M Tricine-KOH containing 80 mM sodium pyruvate, 5a01 ThDP, . L
1004M FAD, and 10 mM MgC}, except that 100 mM pyruvate was ~ Potassium dependence, the activities of mutants D428N and
used for mutant D428E. The specific activities given here are accurate D428E were stimulated 2.5- and 10-fold by potassium,

within 10—15%.° For determination of the concentration of Rdor respectively. Their apparent*Kaffinities were 19 and 35
half-activation of the enzyme, Mgwas first stripped from the protein mM, respectively

samples as described under Materials and Methods, and the final free .
Mg?* concentrations buffered with EDTAThe specificity for 2-ke- Complementation between D428N and EAQAr model

tobutyrate as second substra®ejs defined in footnote of Table 2. for AHAS assumes that residues D428 and E47 in a single
¢K* dependence was determined in 0.1 M Tricine-NaOH buffer, with active site are contributed by different polypeptides (Figure
increasing amounts of KCI. ind: rate is independent 6fdéncentra- 1). If mutated enzymes easily dissociate to release monomers

tion. ¢ Inhibition of the wild-type enzyme by SMM was not determined

separately in this buffer: the value given here is from Table 2. of catalytic subunits and can then reassociate, some of the

reassembled protein molecules in a mixture of mutants at

significantly compared to the wild-type (Table 4). THKg these positions might be hybrids containing one “normal”
for Mg?* increased from 1M to 210 and 36QuM for active site and one site mutated at both positions (Figure 5).
D428N and D428E, respectively. This prediction was tested in an experiment in which the

In the presence of saturating Rty D428N shows little ~ E47A and D428N mutants were preincubated together in
change in the apparent affinities for ThDP and pyruvate, or different ratios for 20 min at 37C. Conditions for measure-
in pH dependence. The D428E mutant, on the other hand,Ment of the activity (2uM ThDP, 40 mM pyruvate, 75
shows significant decreases in affinity for ThDP and pyru- #M FAD, 1004M MgCl; in a 0.1 M potassium phosphate
vate, even when the enzyme is saturated with all other PUffer, pH 7.6) were chosen so that neither mutant alone
cofactors (Table 4). Both mutants show preferences for Showed high activity (see Tables 2 and 4). As seen in Fig-

2-ketobutyrate as second substr&gthat are similar to wild- ure 6, mixtures gave significantly higher activity than the
type (Table 4). sum of the activities of the parent mutants. The highest

When initial experiments were carried out to determine activity was obtained when the ratio between the mutants

the M@+ affinity of the mutants at D428 in a Tricine-NaOH ~Was near 1:1.

buffer, their activities were found to be surprisingly low

compared to those in a potassium phosphate buffer. The wiId—DISCUSSION

type enzyme, on the other hand, showed very similar The properties of the mutant proteins studied here sup-
activities in the two buffers. An examination of the KCI port the homology model for a dimer of catalytic subunits
dependence of these enzymes in a Tricine-NaOH buffer of AHAS 1l (17), which was based on the structure of
(Figure 4) revealed that while the wild-type shows no LpPOX. In this model, the essential cofactor ThDP is bound
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of the enzyme-Mg?* complex for ThDP is decreased nearly
300-fold.

The role of a conserved aspartate in the thiamin diphos-
phate motif, which is directly involved in Mg binding, has
only been examined experimentally in a few cases. In
pyruvate decarboxylase frodymomonas mobiljgeplace-
ment of the M@" ligand Asp440 by glutamate also leads to
an enzyme with a decreased affinity for both ¥gnd
ThDP, and low but significant activity3@). Surprisingly,
replacement of the same amino acid by Asn seems to
completely abolish activity and ThDP bindin@7). The
decarboxylase (ki) component of the human mitochondrial
branched-chain ketoacid dehydrogenase has glutamate as the
acidic ligand to magnesium rather than aspartate; its mutation
is reported to lead to a completely inactive enzyme when
tested with normal Mg concentrations 38). Before the

10 structure of any ThDP-dependent protein was known, the
<—ug E47A ThDP-binding motif G(D/E)GX%._»/NN had been recognized
FIGURE 6: Complementation between mutants E47A and D428N. on the basis of sequence similaritie8).(lts functional
The activity of varying amounts of D428N0j and E47A &) was significance was first tested by mutagenesis of the second
determined in a 0.1 M potassium phosphate buffer, pH 7.6 at 37 glycine in the motif in the E1 component &t coli pyruvate

°C, in the presence of 20M ThDP, 40 mM pyruvate, 7aM FAD, .
and 10uM MgCl,, suboptimal concentrations of these factors for dehydrogenaseg). The decarboxylase activity of E1-G231

both mutants (see Table 2). The activity of mixtures of the two Mmutants was reduced by an order of magnitude, while the
mutants in different ratios®), containing 2Qug of total protein,  overall pyruvate dehydrogenase activity was reducedy 3
B e S rons e A DASoh s gasingC!JerS Of MAGNLGES0, 40 This system shows complex
from left to Fr)iEjht and the lower that of E47A, increasing from right gtlme-dependent activation t.)y ThDP and p_yruvate, with which
to left. a G231A or G231S mutation seems to intefe46) (

In all the ThDP-dependent enzymes which have been
in a specific conformation at the interface between catalytic examined, there is a conserved glutamate residue within
subunits, with one subunit providing contacts with the hydrogen-bonding distance of Naf the aminopyrimidine
diphosphate moiety and the other with the aminopyrimidine moiety. This interaction is involved both in binding of the
(Figure 1). cofactor and in its activatiorl@). The relatively conservative

The essential divalent metal cation is ligated to one oxygen replacement of Glu47 in AHAS I, by glutamine, led to an
of each of the ThDP phosphate groups, as well as to sideactive protein, most of whose properties were similar to those
chain oxygen atoms of Asp428 and Asn455 and to a of the wild-type (Table 2). The affinity of this variant for
backbone carbonyl (Figure 1). These interactions are highly ThDP is only decreased 2-fold. The less conservative
conserved in a variety of ThDP-dependent enzymie ( replacement of this glutamate by alanine (E47A) also leads
5—-9) and are assumed to play a major role in anchoring to an active protein, although this protein shows a 50-fold
ThDP in the active site. When the activity of the protein is reduction in affinity for ThDP and other changes in properties
measured as a function of Mg concentration, in the  discussed below. The activities of these mutants at pH 7.6,
presence of saturating concentrations of the substrate and ofiear optimum for the wild-type protein, about 10% and 8%
the other cofactors including ThDP, the concentration for of that of the wild-type, respectively, do not (at first
half-saturation Ko 5) is effectively a measure of the affinity =~ consideration) appear to be consistent with an essential role
of the enzyme ThDP complex for the metal ion. Replace- for the residue in activation of ThDP. The homologous Glu
ment of the carboxylate of Asp428 with a carboxamido — GIn mutants in transketolas&X), yeast pyruvate decar-
group, in D428N, leads to a 20-fold decrease in that affinity boxylase 14), Z. mobilispyruvate decarboxylasé), and
(Table 4). On the other hanH, s for ThDP in the presence  human pyruvate dehydrogenage)(have 2, 0.04, 0.5, and
of a saturating Mg" concentration measures the apparent 5%, respectively, of the specific activity of the wild-type
kinetic affinity of the enzyme-Mg?" binary complex for this enzymes. The pyruvate dehydrogenase mutant also showed
cofactor. One would not expect that affinity to be decreased a 50-fold increase iKs for ThDP @2), similar to the change
in the D428N mutant, which should have a very similar we observed. A recently reported Gla Ala mutant in
active-site geometry and a more positive net charge on themitochondrial branched-chain ketoacid dehydrogenase has
metal. The measured apparent ThDP affinity and also otherno detectable activity3).
properties of this mutant enzyme are very much like those Examination of the rate of exchange of the C2 proton of
of the wild-type (Table 4), although its activity is lower. bound ThDP in the AHAS Il E47 mutants shows that the

The replacement of Asp428 by glutamate (D428E), on the glutamate-ThDP NI interaction has a significant effect on
other hand, has less straightforward effects on the protein,the rate of ionization of the cofactor. The exchange rate in
presumably because the longer side chain is incompatibleE47Q is 40 times lower than that observed with the wild-
with the required local geometry of the complex. The type protein, 8 st at 37°C, and is close to rate-limiting for
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apparent affinity of the mutant enzym@&hDP complex for
Mg?t is 36-fold lower than that of the wild-type, despite

turnover in this mutant (Table 3). The proton exchange rate
in wild-type AHAS Il is far from rate-limiting; this could

conservation of the charged group, while the apparent affinity certainly be the reason for the moderate effect of mutation
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on the overall synthase activity. The E47A mutant has a fully assembled at a protein concentration ok2108 M.
somewhat lower rate of exchange and lower turnover rate The holoenzyme of the wild-type protein is apparently stable
than the conservative mutant E47Q (Table 3). These resultsenough so that no evidence for the concentration dependence
are comparable to those observed with mutants of otherof its specific activity is seen under the conditions of our
ThDP-dependent enzymes altered at the homologous glutamatexperiments. Direct examination of the oligomerization state
(13): Yeast pyruvate decarboxylase mutant E51Q has aof these and other AHAS mutants would be of interest.

ThDP C2 proton exchange rate of 1.7'sat 4 °C (when The biosynthetic activity of AHAS obviously involves
activated by pyruvamide), as compared~t600 s* for the many other factors beyond the binding and deprotonation
wild-type, and transketolase mutant E418A has a proton of ThDP; if it did not, the enzyme would be expected to
exchange rate of 0.4'5at 4°C, as compared to 61 sfor have the same activities as, e.4gpPOX. Some of the
the wild-type. properties of the mutations described here are very interesting

We considered the possibility that there is an alternative in this regard. We have identified a region of the active site
mechanism for ionization of ThDP in AHAS, in which of AHAS II, including Trp464, as critical to the high
another group in the enzyme active site activates the specificity of this enzyme for recognition of 2-ketobutyrate
pyrimidine C4—N directly, or replaces it as the base which as second substrate and formation of acetohydroxybutyrate
removes the thiazole C2 proton (see Figure 1). The very low (17). The E47A mutant has a significantly decreased
activity observed when ThDP is replaced by N3ThDP specificity for 2-ketobutyrateR = 6, see Table 2), even
(<0.5%) demonstrates that the Niitrogen of the aminopy-  though Glu47 is far from the plausible recognition site. One
rimidine is required in AHAS, as it is in other ThDP- possible explanation for this is that the position of the bound
dependent enzymed @. The significant but low proton  ThDP in the active site of this mutant, in which a number
exchange rate in, e.g., AHAS Il E47Q suggests that even in of atoms of a side chain in contact with the cofactor have
the absence of the Glu47 carboxylate, the aminopyrimidine been removed, is shifted sufficiently to alter the interaction
can play a role in deprotonation of the thiazole if it is held between the enzyme and its substrates. The decrease in the
in an appropriate orientation in proximity to C2. The affinity of this mutant for FAD by more than 2 orders of
observed shift in the pH dependencekgfKr, in the mutants ~ magnitude might also be caused by a local loosening of the
at Glu47 could be interpreted as due to the loss of the protein structure.
contribution of the ionization of the side chain of this residue  One additional, somewhat surprising observation is the

to the activity of the protein. It might, of course, reflect an potassium dependence seen in D428N and D428E, but not
increase in the apparenKpof some other group involved in the wild-type AHAS Il (Figure 4). Unlike AHAS 11, the
in the overall reaction. A study of the pH dependence of \jd-type AHAS IIl shows a weak but real dependence on
individual StepS in the overall reaction will be requirEd to monovalent Cation%)_ The absence of Kdependence in
clarify this point. _ - wild-type AHAS Il suggests either that occupation of the

In some ThDP-dependent enzymes, the aminopyrimidine monovalent cation sites in this protein by, e.g.,"Na
may have additional functions. For example, in the decar- sufficient to stabilize the required active structure, or that
boxylases it may also be involved in deprotonation of the one or more K ions are held so firmly in the wild-type
a-hydroxyl group of HEThDP 34). Such a function is  enzyme that they are not lost during protein purification. A
possibly unimportant in, e.g., transketolase or AHAS. cation site, tentatively identified as a site for Néas been

All ThDP-dependent enzymes whose crystal structures ppserved on a diad axis in the monometonomer interface
have been determined have conserved binding interactionsof LpPOX (44), and involves ligands from Met452 and
with the cofactor. Mutagenesis of AHAS Il supports the GIn455 of both subunits. These amino acids are part of the
notion that these interactions are conserved in AHAS and ThDP motif and are conserved in AHASs (Met433 and
supports our identification of some of these homologous GIn436 in AHAS I1) and close to Asp428, whose mutation

residues. The effective Complementation of the E47A and leads to K dependence_ We are investigating whether a
D428N mutants, when examined in the presence of cofactormonovalent cation site at this position affects assembly of

concentrations far below saturation for either mutant alone an AHAS holoenzyme.

(Figure 6), shows that each ThDP site in the holoenzyme is

derived from two different polypeptides (see Figure 5) and ACKNOWLEDGMENT
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one expects there to be a reciprocal relationship between
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