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ABSTRACT. Plant acetohydroxy acid isomeroreductase is a stable homodimer which catalyzes in the presence
of magnesium an alkyl migration followed by a NADPH-dependent reduction. Since the enzyme exhibits
no kinetic cooperativity either for its cofactor (NADPH and magnesium) or for its substrates, the reason
for dimerization of this enzyme was not obvious. Recently, crystallographic studies [Biou, V., et al.
(1997)EMBO J 16, 3405-3415] revealed that the loop of residues 4231 plays a major part in the

dimer interface. To understand the role of the quaternary structure of the enzyme, we have deleted residues
423-430 and substituted Phe 431 for serine. This mutant was further overprodugsdherichia col

purified to homogeneity, and characterized. Gel filtration and thermodynamic experiments disclosed that
this mutant behaves as an active monomer with reduced thermal stability. Furthermore, kinetic and
fluorescence experiments showed that the behavior of the monomer with respect to magnesium was greatly
altered. These results demonstrate the function of the quaternary structure of plant acetohydroxy acid
isomeroreductase in the stabilization of the tertiary structure but also in the stabilization of a high-affinity
magnesium binding site.

Acetohydroxy acid isomeroreductase frdpinacia ol- R, ,OH o] oH

) s . NADPH NADP* H
eraceal. (EC 1.1.1.86) forms a stable homodimer with a OWO . HO))K(O NS4 “0)/((0
molecular mass of 114 kDa and one active site per mono- ¢y, o8 M&™" g'R Oy Mg++ BC R O

meric sub_unit {, 2). The enzyme is in_volved_ in th_e Ficure 1. Reaction catalyzed by acetohydroxy acid isomerore-
biosynthetic pathway of the essential amino acids valine, ductase. The migrating alkyl chain is symbolized with an R,
leucine, and isoleucine. It catalyzes an unusual two-step corresponding to CHor CH,CHj for (29)-2-acetolactate (AL) or
reaction (Figure 1) consisting of an alkyl migration in which (29-2-aceto-2-hydroxybutyrate (AHB), respectively. The reaction
the substrate, either 2-acetolactate (Algr 2-aceto-2-  Products, (®)-2,3-dihydroxy-2-isovalerate and (Rp2,3-dihy-
hydroxybutyrate (AHB), is converted to 3-hydroxy-3-methyl- droxy-SfmethyIvaIerate, are converted to valine and isoleucine,
2.ox0butyrate or 3-hyciroxy. 3-methyl-2-oxopentanoate, fol- '<PeveY

-oxobutyrate or 3-hydroxy-3-methyl-2-oxopentanoate, fol- L . .
lowed bi// a NADPI¥|-dep¥andent ?leductiorﬁ) to give ’23_ geometry of the active sit®). The two monomeric subunits
dihydroxy-3-isovalerate or 2,3-dihydroxy-3-methylvalerate, of the homodimer are equivalent. Each monomer consists

; ; ; of two structural domains: am/f N-terminal domain
;ﬁf‘rfggxggug C\‘jtﬁviza\'/'aﬁzcgfg‘uhﬁg)S"Toh”(f onmyman " (residues 82307) involved in the NADPH-binding fold and

catalyzed reaction obeys an ordered mechanism in which?" allo-helical C-terminal domain (residues 39895) which

NADPH and magnesium bind first, followed by acetohy- !nte{?ﬁts_vxgthf two én?gnes'ltjr:n |ont\sl\} Bhe active S(';e. rgglonl
droxy acid substrate binding,(4). is at the interface between these two domains and is deeply

Recently. the crvstalloaraphic structure of the spinach buried inside the protein core. The two magnesium ions,
enzyme c)(/),mplexegj/ witthA?DPH magnesium ions and Mgl and Mg2, interact with two different regions of the
N-hydroxyN-isopropyloxamate (IpOHA, a transition state C-terminal domain, defined as regions Il and B/ §). Mg1

. is in direct contact with Asp 315 and Glu 319 from region
analogue) revealed details of the enzyme structure and the|II whereas Mg2 is in direct contact with Asp 315 from

region Il and in indirect contact (via water molecules) with

TThis study has been conducted under the BioAvenir program G|y 492 and Glu 496 of reaion IV. Thus. magnesium Ma?2
financed by RAne-Poulenc with the contribution of the Ministede 9 : ' g 9

la Recherche et de I'Espace and the Mimstee I'Industrie et du acts as a. bridge between regions Ill and IV.

Commerce Exteeur. In previous works &, 5), we have demonstrated that the
:Cofrespondlng author. Fax: 334 72 85 22 97. structure of the plant enzyme is very different from those of
§Fhme‘P°“'e.”° Agrochimie. . the bacterial and fungal enzymes. Indeed, although these

nstitut de Biologie Structurale Jean Pierre Ebel. . . .
L Abbreviations: AL, 2-acetolactate; AHB, 2-aceto-2-hydroxybu- €nzymes catalyze the same reaction, only 24 amino acids

tyrate; IpOHA, N-hydroxyN-isopropyloxamate. are identical in a sequence comparison between plant and
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Ficure 2: Stereoview of a ribbon representation of the spinach acetohydroxy acid isomeroreductase dimer. The positions of the active site
and the dimer interface are visible. The deleted part of the loop that extends out toward the other monomer is red. NADPH, inhibitor
IpPOHA, and magnesium are red, white, and green spheres, respectively. The figure was created using Méjscript (

microorganism acetohydroxy acid isomeroreductas®s ( MATERIALS AND METHODS
Furthermore, whereas in fungi and most bacteria, regions ] o
Il and region IV are clustered, a supplementary sequence Materials Restriction enzyme endonucleases were sup-
of 140 amino acids belonging to the C-terminal domain exists Plied by New England Biolabs. IPTG was supplied by
between the two magnesium binding sites of the plant Boehringer (Meylan, France) and NADPH by Sigma-Aldrich
enzymes 3). Interestingly, most of the residues involved (Steinheim, Germany). Oligonucleotides used for site-
in the dimer interface belong to this supplementary sequence directed mutagenesis and sequencing were obtained from
Thus, in addition to playing a function in the formation of ©Oligo Express (Paris, France) and Live Technologies (Cergy
the active site and in particular in the binding of the Pontoise, France).
magnesium ions, the C-terminal domain of the plant enzyme Strains Escherichia colistrain BMH-71-18 mutS was
is involved in the interactions between the two monomers. supplied with the unique site eliminition (USE) mutagenesis
A loop between residues Phe 422 and Phe 431 extendskit (Pharmacia) and used during the mutagenesis procedure.
out to the other monomer (Figure 2). It is in contact with Overexpression of proteins was realizedsincoli JM 105.
surface residues of three-helices of the other monomer The mutagenesis was conducted with plasmid pKK-AHIR
(Tyr 393—Asp 405 of helix A17, Ser 410 of helix A18, and that contains the coding sequence for the mature spinach
Glu 477-Lys 482 of helix A20) via a number of salt bridges, ~acetohydroxy acid isomeroreductag?. (
hydrogen bonds (direct and via water molecules), and Site-Directed MutagenesisMutagenesis was carried out
hydrophobic interactions (Figure Zj)( Indeed, the interac-  using the USE mutagenesis kit (Pharmacia) that utilizes a
tion between Leu 428 and lle 478 is the only interface contact two-primer system to generate site-specific mutatid®)s (
which shields hydrophobic side chains. Therefore, this loop The selection primer SACGCGCGAGGCGGCCGCGG-
can be expected to play an important role in the dimer TAAAG-3' is directed to the vector sequence of pKK-AHIR
stabilization of the plant enzyme. and transforms a unigue and nonessential site of a restriction
The reason for dimerization of plant acetohydroxy acid enzyme Puull) into another unique restriction sité\Notl).
isomeroreductase is not obvious. Indeed, the wild-type The mutagenic primer CGAAGTGTTGTTTTGGCTGG-
dimeric acetohydroxy acid isomeroreductase exhibits no ACGGCGCTTC*TCTCCAATGGGTAAAATTGATCAA-
kinetic cooperativity either for the substrate (AHB or AL) ACCAGA-3 is directed to the sequence of the mature
or for the cofactors (magnesium and NADPH}, (6). spinach cDNA (note that the position of the 24-base deletion
Furthermore, the investigation of the three-dimensional is marked by an asterisk and the codon of the F431S mutation
structure shows that the two active sites of the dimer are is underlined). It carries the desired deletion and/or mutation
equivalent and not constructed directly by the dimer interac- and effects the loss of a uniqu@u site. Identification of
tions (). positively mutagenized clones was carried out by restriction
To understand the advantages of dimer fomation for this Mapping. The whole sequence of the coding region of the
enzyme, we have constructed a monomeric plant acetohy-mutagenisated clone has been sequenced by Genome Express
droxy acid isomeroreductase. Since the subunit interactionsSA (Grenoble, France) to ensure no other mutations took
are well-known since the investigation of the plant crystal Place.
structure §), it seems that the best way to obtain a  Expression and Purification of the Mutanth423—430/
monomeric enzyme is the selective mutation or deletion of F431S) Protein E. coli JM105 cells expressing the pKK-
amino acids that are involved in the dimer formation as AHIRA423-430/F431S plasmid encoding the mutant en-
described for the monomerization of triosephosphate isomeraseyme were grown at 28C in 1 L of LB medium
(7). Thus, we have constructed a monomeric acetohydroxy supplemented with streptomycin and carbenicillin (25 and
acid isomeroreductase by deletion of the loop of residues 100 ug/mL, respectively). IsopropyB-p-thiogalactoside
423-430 and substitution of Phe 431 for serine. The kinetic (IPTG) was added to a final concentration of 1 mM when
and thermodynamic properties of the obtained monomeric the bacterial growth was equivalent to Agy, of 0.5 and
acetohydroxy acid isomeroreductase were further studied.the cells were allowed to continue growing for 15 h at 28
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°C. The cells were harvested by centrifugation, and the pellet F&P=F, +
was resuspended in 7 mL of buffer A [20 mM MOPS (pH

7.5), 1 mM EDTA, 5 mM aminocaproate, 1 mM benzami- maxCo T lo T Ky — \/(CO + 1o+ Kg)* — 4cl,

dine, and 10% glycerol (v/v)] and sonicated by a Vibra-cell AF,60 > (1)
disruptor (Sonics and Materials, Danbury, CT). The crude 0

extract was centrifuged at 2009fbr 30 min toyield acell-  \yherec, andl, are the total concentrations of the enzyme

free supernatant. The soluble protein extract (600 mg of NADPH complex and magnesium, respectivefy, is the
protein in 10 mL), which contains the mutant enzyme, Was jyjsa| fiyorescence, and is the maximum change of
applied to a 25/40 Sephacryl 300 column (Pharmacia) fluorescence achieved at saturation.

conneqted to a Pharmacia FPLC system previously equili- For the mutant enzyme, the experimental data were
brated in 800 mL of buffer A. The enzyme was elutt_ad with analyzed in terms of a complex equilibrium which involves
136 mL of buffer A (flow rate of 1 mL/min, fraction size of jont'hinding of a magnesium to a strong affinity binding
2 mL). The chromatographic fractions containing the mutant site (dissociation constan¢,;; maximal fluorescence change,

enzyme (354 mg) were applied to a 16/10 Source Q column , -1 _— : g
(Pharmacia) connected to a Pharmacia FPLC system previ-AF“eo) and binding of another magnesium o a lower

o . ; affinity binding site on the enzymeNADPH complex
ously equmb_rated with 400 m_L of buifer A. Elution was (dissociation constankgy; maximal fluorescence change,
performed with a 300 mL gradient of O to 50 mM potassium AF2.):
phosphate (pH 7.5) in buffer A (flow rate of 1 mL/min, 460"
fraction size of 1 mL). Chromatographic fractions containing

D pexp — o+
the mutant enzyme were concentrated to 2 mL by centrifuga- 460~ 0

tion at 500@ in a Macrosep-10 unit (Filtron), previously Cot g+ Ky— \/(Co + 1+ K% — 4cl,
saturated with 10% glycerol (v/v). This extract (1.4 mg) AF}teo > +
was then applied to a Hiload 16/60 Superdex 75 column Co

(Pharmacia) connected to a Pharmacia FPLC system previ-

ously equilibrated in 200 mL of buffer B [20 mM MOPS

(pH 7.5) and 10% glycerol (v/v)]. The enzyme was eluted

with 56 mL of buffer B (flow rate of 1 mL/min, fraction Thermal Actiation. The cell jacket of the spectropho-

size of 1 mL). The chromatographic fractions containing tometer was set at different temperatures {55 °C) by

the mutant enzyme (0.9 mg) were concentrated by centrifu- connecting it with a Ministat (Huber, Germany) circulating

gation at 5009 in a Macrosep-10 unit (Filtron) and stored bath. The 1 cm optical path length quartz cuvette containing

at —80 °C until they were used. The purity of the mutant 1 mL of buffer Tris-HCI (50 mM, pH 8.2) and Mg&k10

protein was analyzed using SBEAGE gel stained with  mM) was equilibrated to the desired temperature in the

Coomassie Brilliant Blue R250. The wild-type enzyme was spectrophotometer for at least 10 min. NADPH (200)

purified as previously describe@)( The native masses of and enzyme (108 nM mutant or 25 nM wild type) were

the wild-type and mutant enzymes were determined by gel added; the solution was mixed, and after incubation for 10

filtration performed on a Hiload 16/60 Superdex 75 column s, the reaction was initiated by adding racemic 2-aceto-2-

(Pharmacia) under the conditions described above. hydroxybutyrate to a final concentration of 1.3 mM. Activity
Enzyme AssaysExcept if otherwise specified, all enzyme data were obtained by analyzing the first 12 s of enzyme

activity assays were carried outd 1 cmoptical path length  activity at reading intervals of 2 s. An Arrhenius plot [log-

quartz cuvette containing buffer Tris-HCI (50 mM, pH 8.2), (k. vs 1/T (K~1)] allows the determination of the reaction

MgCl, (1—3000uM), and NADPH (3-1854M) in a final activation energy, according to equation

volume of 1 mL at 30°C. Reactions were usually initiated

by adding racemic 2-aceto-2-hydroxybutyrate to a final E. activation— —2-30Rm 3)

concentration of 1.3 mM (3:32360uM for measurement ] ) )

of the Ky, for AHB), and the process of the reaction was wheremis the slope of the Arrhenius plot, 2.303 is the factor

monitored by the decrease in absorbance of NADPH at 340°f hatural log to log, andR (1.987 cal mot?) is the gas

nm (Uvikon 860 spectrophotometer, Kontron). eAvalue constant

of 6250 mot™ cm1 was used to calculate the specific activity ~ Activation enthalpy values\H* aciivaion Were calculated

and thekey values. Calculations were performed by using according to the equation

the Kaleidagraph program (Abelbeck Software) on a Ma- AH* . =

cintosh computer system. All enzyme concentrations and activation

amounts are given on a per-enzyme-subunit basis. Activation Gibbs free energy valueAG* acivaion Were
Flporescence Stud|e_sFIuorescence measurements Were 5\cjated according to the equation

carried out at 460 nm in a SFM 25 (Kontron) fluorimeter,

using a 1 mLcuvette and an excitation wavelength of 370 AG* ivation= —2-30RTlog|[(k.,n)/(kT)] (5)

nm at 30°C as described in a previous study).( The

binding of magnesium to the acetohydroxy acid isomerore- whereh (1.584 x 1073 cal s) is Planck’s constant arid

ductase-NADPH complex was measured using the varia- (3.298 x 10°2* cal K1) is the Bolzmann constant.

tions of the emitted fluorescence of the enzynNADPH Activation entropy valuesAS* were then calculated

complex upon M§" addition. For the wild-type enzyme, according to the equation

the Kq value was determined as previously describ&d (

using a tight binding equation: AG* ctivation= AH* activation — TAS activation (6)

AF?2 b )
4K, + g

E,— RT 4)
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Thermal Inactiation. A small volume of enzyme (40L)
was incubated in a water bath at the desired inactivation S
temperature. At intervals, an aliquot of enzyme was taken §7 J
out and quickly added to a cuvette containing 1 mL of buffer g oy
Tris-HCI (50 mM, pH 8.2) and MgGl (10 mM). The
remaining enzyme activity was monitored at a constant kDa 1 2 3 4
temperature of 30C for 20 s after adding racemic 2-aceto-
2-hydroxybutyrate to a final concentration of 1.3 mM. The
constant for thermal inactivatidthacivation (S%) iS @ temper-
ature-dependent time constant of inactivation. Khgtvation
values for the different temperatures are conveniently
obtained from the slopes of log(percent remaining activity)
versus time plots. The activation energy for thermal
inactivation E; inactivatio Was determined from the slope of
an Arrhenius plot [logkinactivaton VS LT (K™1)] and is
calculated according to eq 3. The activation enthalpy and
activation entropy values for thermal inactivati@dxH* inacivation
and AS*inaciivation are calculated according to eqs 4 and 6,
respectively. The activation free Gibbs energies for thermal
inactivation,AG*inactivation Were calculated according to the
equation

AG*jaciivation = —2.30RTlog kinactivation (7) Ficure 3: Demonstration of the purification procedure for the
mutant acetohydroxy acid isomeroreductase by SPAGE.
RESULTS Proteins were separated on a 10% polyacrylamide (w/v) slab gel

) ] ] under denaturating conditions and stained with Coomassie Brillant
Choice of the MutantA423-430/F431S) To investigate Blue R250: lane 1M, markers; lane 2, soluble proteins of the

the importance of dimer formation in the function of transformedE. coli crude extract, 2Qug; lane 3, Sephacryl 300
acetohydroxy acid isomeroreductase, we sought to destabilizeggg:’ goggén'g’?gn‘é' GS%ﬂﬂi‘?ec?vxﬁ%o{’ gg ?ef;emg'ﬂ;“ﬁ%rtge%;5
the d'mer_' The crystal structure of the_ enzyrﬁ)es{howed the éigﬁt-émino acid aeletion of the )r/nutant gnzymé is visible as a
that the interface resulted from the interactions between sjignt difference in migration compared with that of the wild-type
antiparallel helices and a 10-residue loop (Phe-422e 431) enzyme.
which extends to the other monomer. This loop by itself
accounts for 25% of the total nonbonded interactions in the Therefore, the mutant eluted as a monomeric enzyme with
interface. Therefore, we first tried to delete this loop. Since a molecular mass of 60 kDa, and the wild-type enzyme eluted
the distance between thean®f Phe 422 and the N of Pro  as a dimeric form with a molecular mass of 110 kDa. As
432 is about 4.4 A, we decided to delete residues42D, shown in Figure 4b, no equilibrium exists between the
keeping residue 431 as a linker. Since this residue is amonomer and the dimeric form. Furthermore, rechromatog-
phenylalanine, we mutated it to serine to avoid exposing an raphy of the monomeric enzyme (up to 25 nmol) on Superdex
apolar residue. S 75 gives only a monomer, demonstrating that the monomer
Purification of the Mutant EnzymeOverproduction and  does not reassociate. Even in the presence of magnesium
purification of the mutant enzyme as previously described (3 mM) in the elution buffer, the mutant enzyme eluted as
for the wild-type enzyme gave an active enzyme with some a monomeric enzyme (not shown). Figure 4c also indicates
degradations. Therefore, the previous procedure was modi-that the monomeric enzyme exhibits an activity lower (of
fied to obtain a pure and intact enzyme as shown in Figure ca. 25%) than that determined for the wild-type enzyme.
3. The new protocol (see Materials and Methods) includes Thermodynamics of Aetition and Inactiation for the
the use of an amphipathic buffer (20 mM MOPS) and Monomeric and Dimeric EnzymeThe specific activity of
glycerol (10%, v/v). Furthermore, the purification steps were the dimeric and monomeric enzymes exhibits strong differ-
changed. Gel filtration on a Sephacryl S 300 column ences with respect to temperature (Figure 5). First, the
followed by anion-exchange chromatography on Source Q specific activity of the monomeric enzyme is lower than that
and gel filtration on Superdex 75 allowed complete purifica- of the wild-type enzyme (3.8 times lower at 30) (see also
tion of the mutant protein (Figure 3 and Table 1). Figure 3 Figure 4c). Second, denaturation of the monomeric enzyme
indicates that the eigh-amino acid deletion of the mutant occurs at temperatures lower (35) than those required to
enzyme is visible as a slight difference in migration compared inactivate the dimeric enzyme. Finally, from the Arrhenius
with the wild-type enzyme. The purified mutant, conserved plot shown in Figure 5, the thermodynamic constants for
at—80°C in 20 mM MOPS and 10% glycerol (v/v), is stable  activationEx activation AH* activation AG* activation @NAAS*sctivation
for several months without a noticeable loss of activity. have been determined for both the mutant and the wild-type
Determination of the Oligomerization State of the Mutant enzyme (Table 2). These results essentially demonstrate that
Enzyme Gel filtration assays were carried out on Superdex the monomer needs more ener@y vaion= 20.59+ 0.20
S 75 either with the mutant or with the wild-type purified kcal mol?) to catalyze the reaction compared to the dimer
enzymes. When run separately, wild-type and mutant (Ea acivaion= 11.03+ 0.50 kcal mot?).
enzymes eluted in a single peak corresponding to elution Moreover, rate constantk{acivaion Of thermal inactivation
volumes of 50 and 56 mL, respectively (Figure 4a,b). of the monomer exhibit strong differences compared to those
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Table 1: Purification Procedure for the Mutant Acetohydroxy Acid Isomeroreductase from Spinach Overexpréssealitn

total total activity specific activity
purification stage protein (mg) («mol of NADPH oxidized min') (umol of NADPH oxidized min' mg) yield (%)
crude extract of 645 19.4 0.03 100
soluble proteins
Hiload 25/40 354 14.4 0.04 74
Sephacryl 300 pool
Hiload 16/10 1.4 3.2 2.3 16
Source Q pool
Hiload 16/60 0.9 2.7 3.0 14

Superdex 75 pool

2 The total protein was determined with the Bio-Rad protein assay during purification steps or by detection at 205 nm for the pure enzyme. The
enzyme activity was mesured at 3@ in Tris-HC| standard buffer (pH 8.2) with 10 mM Mg&£l1200 uM NADPH, and 1.3 mM
2-aceto-2-hydroxybutyrate.

25
Wild-type ".f\ E 1+ Dimer p
= C AE -M
E20 HZ o
n (|12 L Monomer
%D o -1 1 1 1
= L| 33 3375 3.45 3.525 3.6
— % | S—r— 15 M 1000/T (K1)
b) iy E
Mutant S = L
e =B > |
N Q =
< < 2100
N Dl
. 3] =
< B
a.% R
1 1 1 1 "'J “d .g 5 .__
. T
Wild-type Mutant L
0 ’- 1 1 1 1 L1 1 I 1 1 1 1 I 1 1 '
0 10 20 30 40 50
Temperature (°C)
, Ficure 5: Temperature dependence of enzyme activity for wild-
type and mutant acetohydroxy acid isomeroreductase (see Table
L L t L L 1 1). A quartz cuvette containing the standard reaction buffer was
30 35 40 45 50 55 60 65 70 equilibrated in a cell jacket set to the desired temperature. The
Elution volume (ml) enzyme (25 nM wild-type or 108 nM mutant) was added in a small

_— ) ) volume (5uL); the solution was mixed quickly, and the reaction
Ficure 4. Gel filtration profiles of wild-type and mutant aceto-  \as started by adding 1.3 mM AHB. The enzyme activity was
hydroxy acid isomeroreductase. The elution profile (solid lines) is monjtored by the decrease of NADPH absorbance at 340 nm for
shown as well as the measured enzyme activity (dotted lines). Panelsq s The inset shows an Arrhenius plot for the thermal activation.
a and b show the elution profiles for the wild-type (5 nmol) and | g4(k_.) values for wild-type and mutant enzymes are plotted vs
the mutant enzyme (5 nmol) run separately; in panel ¢, a mixture he"reciprocal temperature. The calculaigvalues are 11.03
of equal amounts of wild-type and mutant enzyme (5 nmol each) g 50 and 20.59 0.50 kcal mot* for the dimeric wild-type and
was injected. The wild-type enzyme elutes at 50 mL, corresponding the monomeric mutant, respectively (eq 3).
to a homodimer with a molecular mass of 110 kDa (calculated mass
of 114 kDa). The mutant enzyme elutes at 56 mL, corresponding
to a monomeric enzyme with a molecular mass of 60 kDa

Table 2: Thermal Activation Parametgrs

(calculated mass of 55 kDa). wild-type enzyme  mutant enzyme

. . . - 1
of the dimer (Figure 6). From the Arrhenius plots (log Ea,_j“i“va,“"”_(kffégr%ro)ﬁ) ié'gzi 8'38 gg'g& 8'28
Kinacivation VS 1/T, not shown) deduced from Figure 6, the  AGxieon(keal mol ) 16.25£002  17.12£0.02
thermodynamic constants for inactivatioB; inactivation AS*sciivation(Cal moFt K1) —19.494+ 0.78 9.66+ 1.76
AH¥inactivation  AGinacivation and ASinactivation have been aThermal activation parametefd*, AG*, and AS* were calculated
determined for both the mutant and the wild-type enzyme for a temperature of 25C as described in Materials and Methods,
(Table 3). These results essentially show thAd:* for using the Kaleidagraph program (Abelbeck Software) on a Macintosh

thermal inactivation reached negative values at a lower computer system.

temperature for the monomer (4€) than for the dimer (54

°C), demonstrating that thermal denaturation occurs at asubstrate. The rate plot of (steady state rate of NADPH

lower temperature for the monomer than for the dimer. oxidation) versus concentration of the mutant enzyme is
Steady State Kinetic PropertieKinetic experiments for  linear in the range of 8275 pmol of monomer (not shown),

both the wild-type and the mutant enzyme were carried out evidence of adherence to steady state conditions. To

at 30°C in the standard reaction buffer using AHB as the understand the effect of enzyme monomerization on the
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0.01
L Monomer
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S i
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~ L
g
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‘8 0 0.5 1 1.5 2 2.5 3
s 0.004 - 2+
N i [Mg™] (mM)
- Ficure 7: Magnesium dependence of activity for the wild-type
- dimer and mutant monomer acetohydroxy acid isomeroreductase.
0.002 vIVmax is plotted against the magnesium concentration. While
R magnesium fixation of the wild-type enzyme corresponds perfectly
| to Michaelien kinetics with &, of 10 uM, the two magnesium
N sites of the monomeric mutant enzyme exhibit strong cooperativity
0 g - e e d T with a binding constant of 640M and a Hill coefficient of 1.9.
25 30 35 40 45 50

latter result shows that the monomer binds at least two
magnesium ions. This result suggests also that the magne-

FIGURE 6: Thfr??tat’i”ty.dof the wild-éyp? dim(er aqd brlnué‘;‘”fl_h sium binding sites of the monomeric enzyme are no more
monomer acetohydroxy acid isomeroreductase (see Table 2). The. . b .
heat inactivation rate constantgcivator) for the wild-type dimer equivalent. Furthermore, the observed positive cooperativity

and mutant monomer are plotted against the inactivation temper-may indicate that binding of a first magnesium in one of the
ature. The heat inactivation rate constants were obtained from themagnesium binding sites facilitates a second magnesium to
slopes of log(remaining activity) plotted against inactivation time. pind on a vacant site. Figure 7 also indicates that the
The enzyme [1&M in 40 uL of purification buffer B [20 mM it ;
MOPS (pH 7.5) and 10% glycerol (v/v)]] was inactivated at monome_rlzatl?fn .tOf the ethyme Ieaf[is t.to af decreas'_a n
different temperatures. At time intervals, small aliquots were taken Magnesium aflinity, since theé concentration ot magnesium
out and quickly added to a quarz cuvette containing the standardneeded to reach the half-maximum velocity increases from
reaction buffer (at 30C) and the solution was mixed. The reaction 10 to 640uM between the dimer and the monomer. As
was started by adding 1.3 mM AHB, and the enzyme activity was noted above, the kinetic cooperativity was not due to a shift
monitored by the decrease of NADPH absorbance at 340 nm. from the monomeric to dimeric enzyme upon raising the
Mg?* concentration since gel filtration experiments demon-
_ strated that the mutant enzyme retained a monomeric
wild-type enzyme  mutantenzyme  conformation even in the presence of magnesium.

Temperature (°C)

Table 3: Thermal Inactivation Parameters

Eairfctivation(kcal mol?) . 113.23+ 8.25 118.72:7.42 Subsequent determination of tkig value for the substrate
AH¥ inacivation (kcal mol ) 112.63£8.25  118.12:7.42 AHB at saturated concentrations of magnesium and NADPH
AG*inactivation (kcal moll) 10.83+ 0.80 8.69+ 0.55 : .

AS*nacivaton(cal MoF K1) 341.40+ 30.39  367.05+ 26.27 allows us to see if upon fixation of the cofactors the
AG¥inactivation 0 at 54°C 0 at 47°C conformation of the active site of the monom&ADPH—

aThermal inactivation parameterAH*, AG*, and AS* were Mg?" complex is similar to that of the dimeiNADPH—
calculated for a temperature of 28 as described in Materials and ~ Mg?" complex. It appears that th&, value of the monomer
Methods, using the Kaleidagraph program (Abelbeck Software) on a for racemic AHB (53:M) is quite similar to that determined
Macintosh computer system. The temperature needed to readt a for the wild-type enzyme (20uM). In addition, the
value of 0 was also determined. investigation of the effect of the inhibitor IpPOHA on the

mutant enzyme disclosed that this compound behaves as a

NADPH and magnesium binding sites, tg values of the slow and tight binding competitive inhibitor of the mono-
monomer for NADPH and magnesium ions were determined, meric enzyme (not shown) as previously demonstrated for
respectively. the wild-type enzyme9). Our results demonstrate, therefore,

TheK, value of the mutant enzyme for NADPH (5.21) that upon fixation of NADPH and magnesium ions, the
does not differ considerably from that obtained for the wild- overall conformations of the active site of the monomeric
type enzyme (3.M), indicating that the NADPH binding  and dimeric enzyme should be quite similar.
site of the monomer and the dimer should be similar. Fluorescence StudiesBinding of magnesium to the wild

However, as observed in Figure 7, magnesium affinity has type and to the monomeric acetohydroxy acid isomerore-
been dramatically altered by monomerization. As previously ductase was also assessed directly by fluorescence measure-
determined2), Figure 7 shows that despite the existence of ments (Figure 8). As previously described for the wild-type
two magnesium ions in the active site, the dimeric wild- enzyme ), there is a marked enhancement of NADPH
type enzyme exhibits perfect MichaeliMenten behavior,  fluorescence in the presence of the wild-type or the mutant
indicating that the two magnesium binding sites of each enzyme, an indication of the formation of a binary complex
monomer are equivalent. In marked contrast, the monomericbetween NADPH and these enzymes. When magnesium was
mutant enzyme shows strong cooperative properties againsadded to the wild typeNADPH binary complex, the plot
magnesium with a Hill coefficient of 1.9 (Figure 7). This of emitted fluorescence as a function of the concentration
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180 by deleting residues between Phe 422 and Phe 431 and
' Monomer substituting Phe 431 by serine.
170 £ In the wild-type dimeric enzyme, the residue lle 428
160 E shields hydrophobic contact with lle 478 of the other
E 180 monomer. However, the crystallographic model shows that
2 150 175 Dier the hydrophobic side chain of lle 478 is also located in a
g 140 170 hydrophobic pocket in the same monomer and would not
w® 165 be totaly exposed to the solvent in the monomeric enzyme.
130 160 Consistent with this finding, further mutation of lle 478 of
° 155 the monomeric enzyme to alanine, serine, or threonine
120 150 Booet vwews increased the instability of the monomer (not shown).
o b v 0 P P Therefore, we decided to keep Ile 478 for the production of
0 2 4 6 8 10 the monomeric enzyme.
Mg2+ (mM) The purified monomer does not reassociate into a dimer

F ) , i o . . since rechromatography of the mutant (up to 25 nmol) on
IGURE 8: Fluorimetric characterization of the interaction between . .
mutant acetohydroxy acid isomeroreductase anéMissays were Superdex 75 led to a monomeric enzyme. Funhernjorg, since
carried out in 20Q:L of 50 mM Tris-HCI (pH 8.2) containing 65  the rate plot ofv (steady state rate of NADPH oxidation)
#M NADPH and 14uM enzyme. The excitation wavelength was versus concentration of the mutant enzyme is linear in the
370 nm, and the emission wavelength was 460 nm. After stepwise range of 3-275 pmol of monomer, this further suggests that

addition of Mg* (0.2 uL additions of different M§" stock . o
solutions), the emitted fluorescence was recorded. The data Werethe aggregation state of the mutant enzyme is independent

fitted using eq 2 (see Materials and Methods) assuming the binding ©f its concentration. o o
of a first magnesiumKy = 10 «M) on a site with a high affinity This study on acetohydroxy acid isomeroreductase indi-

and the binding of a second magnesitfq £ 2300uM) on a site cates that monomerization of the plant acetohydroxy acid

with a low affinity. The inset shows the plot of emited fluorescence jsomeroreductase leads to a 4-fold decrease in specific

determined with the wild-type enzyme. The data were analyzedon _ . . -
the basis of a tight bindigg hypo%/hesilsd(= 6 uM) using eé 1 activity, to g_det_:rease of thermal stab_|I|_ty, and at least to
(see Materials and Methods). strong modifications of magnesium affinity. These results

give us new insights into the function of the plant acetohy-
of added M@" decreases in a single-exponential curve droxy acid isomeroreductase quaternary structure. Indeed,
defining a site of high affinity with &g value for Mg* of the dimerization clearly stabilizes the tertiary structure since
6 uM (Figure 8), as previously determined with the dimeric it protects the enzyme against thermal denaturation. Also,
enzyme B). Therefore, consistent with kinetic measure- the dimerization has an important function in the stabilizing
ments, this result indicates that the two magnesium binding Of the active site since both specific activity and magnesium
sites of each subunit are equivalent. However, when affinity have been altered.
magnesium was added to the mutaNADPH binary The X-ray structure showed that the wild-type enzyme has
complex, the plot of emitted fluorescence as a function of two magnesium binding site$), Furthermore, previous
the concentration of added Nigexhibited two saturation ~ biochemical works on mutants affected by the binding of
curves. A first decreasing curve defining a site with a high these two ions demonstrated that the two magnesium ions
affinity for the metal ion with aKq value of 10uM was are required for the catalytic reactio8)( The fact that the
followed by a second increasing curve defining a second monomer is still active suggests that the monomer still binds
binding site with a lower affinity for the metal ion and two magnesium ions. Furthermore, kinetic (Figure 7) and
exhibiting aKg value of 230QuM. Therefore, these results ~ fluorescent (Figure 8) experiments carried out with magne-
demonstrate that monomerization of the enzyme generatedsium demonstrate that the monomer has at least two different
a magnesium binding site with a low affinity. Furthermore, magnesium binding sites. To account for these results, one
consistent with kinetic studies, these results show that thepossible hypothesis is that monomerization generated a third
magnesium binding sites of the monomer are no more magnesium binding site with a low affinity, which would

equivalent. be involved in the reaction. However, a more simple and
rational hypothesis is that the stoichiometry of maximal
DISCUSSION magnesium binding in the monomer has not been altered

and that monomerization induced a decrease in affinity for

Oligomerization is common for a wide range of proteins one of the two magnesium binding sites. Interestingly, the
(10). As 70-80% of all enzymes are oligomeric and only  flyorimetric behavior of the monomer is similar to that
about 32% of these exhibit kinetic cooperativityl], the  opserved with a region IV mutant E488D affected by the
advantage of oligomerization for many enzymes is not a binding of magnesium Mg23j. Our fluorescence experi-
priori obvious. Several studies characterizing monomeric ments carried out on the purified monomer suggest, therefore,
subunits of oligomeric enzymes show that besides cooper-that the two observed saturation curves may correspond to
ativity, three general advantages result from oligomerization the fixation of magnesium Mg1 on a site with a high affinity
such as folding of the oligomeric proteiftZ, 13), formation  (region I1I) followed by the binding of magnesium Mg2 on
and stabilization of the active sites of monomeric subunits, 3 site with a lower affinity (between regions Il and V). In
or maintaining the stability of the tertiary structudel( 15). addition, the observed kinetic cooperativity of magnesium

To understand the function of dimerization in plant suggests that primary binding of magnesium Mgl on region
acetohydroxy acid isomeroreductase, we have generated afll may somewhat stabilize the binding site of magnesium
active monomer of plant acetohydroxy acid isomeroreductaseMg?2, allowing the binding of magnesium Mg2. Thus, the
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strong decrease in magnesium affinity, the modification of ACKNOWLEDGMENT

the Michaelis-Menten behavior to a cooperative behavior,
and the change in the fluorescence properties are particularlyD
important in understanding the function of quaternary
structure of the plant acetohydroxy acid isomeroreductase.
It is clear, therefore, that the plant acetohydroxy acid
isomeroreductase quaternary structure plays a role in the
stabilization of a magnesium binding site with a high affinity.

Despite the alteration of the binding site of magnesium
Mg?2 induced by monomerization, we have shown that the
affinity of the monomeric enzyme for NADPH is similar to
those observed for the dimeric wild-type enzyme. Thus, it
appears that monomerization does not induce conformational
change or destabilization at the level of the N-terminal
NADPH domain. Such a result can be easily understood in
terms of previous crystallographic work demonstrating that
dimeric interactions do not involve the N-terminal domain
but occur only at the level of the C-terminal domain of each
monomer. Furthermore, it appears that the conformation of
the monomer active site upon binding of NADPH and
magnesium ions should also be similar to those of the dimer
complexed with NADPH and magnesium ions. Indeed, both
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