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Abstract

Pigeon liver malic enzyme was inactivated and cleaved at Asp141, Asp194, and Asp464 by thesCorbate system

in acidic environment. Site-specific mutagenesis was performed at these putative metal-binding sites. Three point
mutants, D141N, D194N, and D464N; three double mutant§4D,194N, D(194,464N, and D(141,464N; and a

triple mutant, 0j141,194,464N; as well as the wild-type malic enzyniéVT) were successfully cloned and expressed

in Escherichia colicells. All recombinant enzymes, except the triple mutant, were purified to apparent homogeneity by
successive Q-Sepharose and adenosibéetfisphosphate-agarose columns. The mutants showed similar apgrer-

values to that of the WT. ThK, va Value was increased in the D141N and D194N mutants.Kih@, value, on the

other hand, was increased only in the D141N mutant by 14-fold, correspondinty.6okcalmol for the Asp141-MA*™

binding energy. Substrate inhibition bymalate was only observed in WT, D464N, andl®1,464N. Initial velocity
experiments were performed to derive the various kinetic parameters. The possible interactions between Aspl41,
Aspl94, and Asp464 were analyzed by the double-mutation cycles and triple-mutation box. There are synergistic
weakening interactions between Asp141 and Asp194 in the metal binding that impe(1##&,D4N double mutant

to an overall specificity constafik.ay/(Kg,mnKm maKmnapp)] at least four orders of magnitude smaller than the WT
value. This difference corresponds to an increase of 6.38 kadlenergy barrier for the catalytic efficiency. Mutation

at Asp464, on the other hand, has partial additivity on the mutations at Asp141 and Asp194. The overall specificity
constants for the double mutant$194,464N and D(141,464N or the triple mutant ©141,194,464N were decreased

by only 10- to 100-fold compared to the WT. These results strongly suggest the involvement of Asp141 in the
Mn?*-L-malate binding for the pigeon liver malic enzyme. The Asp194 and Asp464, which may be oxidized by
nonspecific binding of Ct", are involved in the MA"-L-malate binding or catalysis indirectly by modulating the
binding affinity of Asp141 with the MA*.
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Malic enzyme[(S)-malate:NADP" oxidoreductaséoxaloacetate-
Reprint requests to: Gu-Gang Chang, Department of Biochemistry, Nadecarboxylating EC 1.1.1.4Qwas first discovered in pigeon liver
tional Defense Medical Center, P.O. Box 90048, Taipei 100, Taiwan, Refyy Ochoa et al(1947) more than 50 years ago. It was later found
public of China; e-mail: ggchang@ndmcl.ndmctsgh.edu.tw. f ; ;
Abbreviations:D141N, D194N, and D464N, point mutants of the en- WldeSprﬁad Inknatu.re, from baCtenat(.) hulman, ar;]d V;:as thus thouQEt
zyme with asparagine substituted for aspartate at position 141, 194, or 4640 b_e a housekeeping enzyme. In animals a.nd the human body, the
respectively; B3141,194N, D(194,464N, and D(141,464N, double mu- ~ major physiological function of the enzyme is to provide NADPH

tants of the enzyme with asparagine substituted for aspartate at posfor the de novo biosynthesis of long-chain fatty aci@enkel,
tions 141 and 194, 194 and 464, or 141 and 464, respectivélyd D194, 1975; Goodridge et al., 1989

464N, triple mutant of the enzyme with asparagine substituted for aspartate . . ) . .
at positions 141, 194, and 464; MCO, metal-catalyzed oxidation; PAGE, The enzyme is a bifunctional enzyme catalyzing the divalent

polyacrylamide gel electrophoresis: PCR, polymerase chain reaction; SDgnetal ion(Mn?* or Mg**) dependent reversible oxidative decar-
sodium dodecyl sulfate; WT, wild-type pigeon liver malic enzyme. boxylation of L-malate. The enzymatic reaction proceeds in two
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consecutive steps-Malate is first oxidized by NADP generating  Results
an enzyme-bound oxaloacetate, which is then decarboxylated to

give CO; and pyruvate. Clelfamd’s groufHermes et al., 1982; Purification and preliminary characterization of the
Urbauer et aI._, 19983n_d Cook's grc_)uijarsterl etal, 1_999_1"’“_'8 expressed recombinant pigeon liver malic enzymes
elaborated this stepwise mechanism by using the kinetic isotope
effect technique. The WT and various mutants of malic enzyme were successfully
In the structure—function relationship studies of pigeon liverexpressed and purified to apparent homogeneity by Q-Sepharose
malic enzyme, we have demonstrated the importance of Lys2and adenosine-3'-bisphosphate-agarose columns. The WT had
Lys3, Arg9, and Phel9 at the N-terminus of this enzyme for thean overall recovery of 80% with specific activity of 35/tug,
Mn2*—L-malate hinding and for the subunit associati@hou  Wwhich is comparable to the value of the natural pigeon liver malic
et al., 1996a, 1996b, 1997, 1998; Huang et al., 1998e metal ~enzyme(Chang & Chang, 1982The affinity column was the most
binding site of the enzyme was further characterized with metal€ffective way to achieve purification of the malic enzyme. For the
catalyzed oxidatiofMCO) systems. The oxidation of biomacro- recombinant malic enzymes, the recovery was usually between
molecules by the MCO systems are involved in many physiologica#t4—-88%, with the triple mutant @041,194,46/N as the only ex-
and pathological conditior{§tohs & Bagchi, 1995; Jacobson, 1996; ception, which had an overall yield of only 15%. This is because
Davies & Dean, 1997; Vaughan, 1997 and references therein; Hipthe triple mutant had very low binding affinity with the adenosine-
peli & Elstner, 1999. Pigeon liver malic enzyme was found to be 2',5'-bisphosphate-agarose affinity column, with the result that it is
very sensitive to MCO system@Nei et al., 1994; Chou et al., less satisfactory for the purity of the triple mutant. However, a
1995. We have successfully used the?fFeascorbate system in major protein band corresponding to approximatdiy65,000, the
characterizing the possible metal-binding site of malic enzymeeported molecular weight of malic enzyme, was observed in the
(Wei et al., 1994 which was affinity cleaved at Asp258. Involve- SDSPAGE for all recombinant malic enzymesig. 1).
ment of Asp258 as the M binding ligand was further confirmed All mutant malic enzymes had similar thermal stability to the
by site-specific mutagenesi§Vei et al., 1995 The proposal of WT when examined by the 5& incubation. Under the native
Asp258 as a direct metal ligand is proven correct by the recentlgonditions with same protein concentration, the WT and all mutant
resolved crystal structure of human mitochondrial malic enzymemalic enzymes absorbed ultraviolet light with maximum absorp-
(Xu et al., 1999. tion wavelength at 280 nm, with similar extinction coefficients and
When the MCO system was changed to?Ciascorbate and at emitted fluorescence maximum at 320 nm with the same emission
acidic pH, an entirely different cleavage pattern of the enzymentensity, showing similar conformation for the WT and mutants.
molecule was observed that allowed us to identify Asp141, Asp194Furthermore, because all mutant enzymes have some kinetic prop-
and Asp464 as the other putative knbinding ligands of the erties that are similar to those of the Viffide infra), those mutant
enzyme(Chou et al., 1995 This possibility was further charac- malic enzymes should retain enough structure to bind substrates
terized by site-specific mutagenesis in the present investigatiorand perform the catalytic reaction.
We have provided strong evidence to suggest that Asp141 be in- Among the point mutants, only D141N showed slower inacti-
volved in the Mr#*—-malate binding for the pigeon liver malic Vvation rate by the Ctr —ascorbate system at pH 5.0 compared to
enzyme. These results provide important information about théhe WT. After the Cd"—ascorbate incubation for 2 h, the residual
metal-binding milieu of malic enzyme and will be useful in re- enzyme activity left was 80% for D141N but only 20% for the WT,
designing the metal site of malic enzyme for improving its stabil-D194N, or D464N mutants. However, all point mutants were com-
ization (Higaki et al., 1992; Regan, 1993; Klemba et al., 1995; Lu petitively inhibited by Cd* with respect to MA*; albeit the D141N
& Valentine, 1997; Hellinga, 1998 and D194N mutants had larger inhibition constants than the WT,

D(141,194,464)N  Wild Type  D141N D194N D464N  D(141,194)N D(194,464)N D(141,464)N

E A ‘ - '
M 1 2 3 4 5 6 7 8 910 11 12 13 14 15 16 17 18 19 20 21 22 23 24

Fig. 1. Polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate of the recombinant pigeon liver malic enzymes.
The enzyme samples from different purification steps were subjected tgFNBE as described in Materials and methods. Lane M

is the M, standards: phosphorylabe M, 94,000; bovine serum albumii, 67,000; ovalbuminM, 43,000; carbonic anhydraskl,

30,000; trypsin inhibitorM, 20,000. Lanes 1, 4, 7, 10, 13, 16, 19, and 22 are those of the crude dxtraietin amount loaded:
9.6-14ug/lane. Lanes 2, 5, 8, 11, 14, 17, 20, and 23 are those samples from the Q-Sepharose (@htein amount loaded:
13-17ug/lang. Lanes 3, 6, 9, 12, 15, 18, 21, and 24 are those from the affinity colgmotein amount loaded: 1.8-2/2y/lane.

Lanes 1-3, 0141,194,46/N triple mutant; lanes 4—6, WT,; lanes 7-9, D141N; lanes 10-12, D194N; lanes 13-15, D464N; lanes 16—
18, D(141,194N; lanes 19-21, DL94,464N; and lanes 22—-24, 41,464N. The results are composed of different slab gels from
different preparations.
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indicating their weakening binding affinity with the €. The  energyA(AG) by a mutation is estimated by Equation 1, in which

inhibition constantK; c,) values were 15.4 3.4, 54.7+ 3.4, 50+ the increased free energy(AG) is expressed asGp¢

2.5, and 11.2+ 5.3 uM for the WT, D141N, D194N, and D464N,

respectively. AGmy = —RTInKwr = (=RTIN Kipytand = RT IN(Kinytand Kwr),

Preliminary kinetic analysis indicated that the appat&ptiapp 1)

values for all mutants were similar to the WT value. The triple

mutant, which has a low affinity with the adenosings2bisphos-  whereKyt andKmuaniare the dissociation or Michaelis constants

phate-agarose affinity column, also showed simiafnapp With  for the WT and the mutant, respectiveRis the gas constant and

that of the WT. These results suggest that the structural environf js the absolute temperature.

ment of the nucleotide-binding domain may not be disturbed by The contribution of mutation in decreasing thg; value mea-

the mutations. Théy, ma and Ky mn, 0N the other hand, varied sures the introduction of energy barrier in catalysis and can be

considerably among mutants. The strong substrate inhibition bstimated by the following relationshipGuu= [RTIN (Keat mutant’

L-malate in WT was only observed in the D464N and®1,464N  k_, )], which will give a negative sign in the calculated value

mutants. The detailed kinetic behaviors of these mutants were thefar the cases of elevating activation energy. A positive sign repre-

analyzed with the initial velocity studies to derive tig value for  sents decreasing of the activation energy. The effects of muta-

metal ion in the absence afmalate(Kqy wn) and theK, value for  tion on the transition state stabilization, as reflected in khg/

L-malate. (Ka mnKm malKm napp) Values, were calculated in a similar manner
as described fok.,. The weakening effect of mutations on the
nucleotide and.-malate binding was estimated by evaluating the

Kinetic properties of the recombinant K values(Mildvan et al., 1992

pigeon liver malic enzymes Double mutants of independent acting residues will give addi-

All recombinant malic enzymes showed intercepting patterns foflV€ EffeCts. Any synergistic or antagonistic interactions between
the initial velocity experimen¢Fig. 2). These results indicate that two residues were analyzed by the double mutation cycles as shown

the sequential kinetic mechanism of the enzyme in thévand " Figure 3. The coupling energpAG;,) between residues A and
r-malate binding(Hsu et al., 1976; Wei et al., 1995vas not B in the A/B double mutant was calculated according to Equa-
changed after mutation at these putative metal sites. All mutantion 2 (Mildvan et al., 1992
exhibited a smaller catalytic constdig,,) than the WT. Thé&, may B
for D141N or D194N mutants was increased by 5.2- or 7.3-fold, AAGin = AGdoubte mutant~ (AGmutant s+ AGmutant 8 @
respectively, compared to the WT val(ieable 1. Only the D141N
mutant hadKy, un andKq vn Values that were increased by approx-
imately 13-fold more than the WT value. Although Asp194 and
Asp464 were thought to be located in the metal-binding milieu of
the enzyme, because these two residues were cleaved byte Cu . : - .
ascorbgte systefChou et al., 1995 it turns out that these ere not The triple mutation box shown in Figure 4 may provide further
the cases. Mutation of As.;,)194 or Asp464 alone to asparaginienformation concerning the interactions among all three mutating
residue does not alter the metal interaction or binding to the enzym£03|t|ons(HorOV|tz & Fersht, 1999

Mildvan’s group(cf. Kuliopulos et al., 199Dhad theoretically
and experimentally evaluated the effects of multiple mutations on AMAGi, = AG; — X AG, + 3 AG,
the kinetic constants of an enzyme. The malic enzyme catalyzed — AG.— S AAG.. — SAG 3
oxidative decarboxylation follows an ordered bi-ter kinetic mech- > = 2 AG, ®

anism(Hsu et al., 196Y. For the mutants, an overall specificity whereAG; is the free energy change for the triple MUteEAG,

constant] keay/(KaunKmwaiKmnaoe)] is an appropriate kinetic and>AG; are the summation of the free energy changes for all the
parameter that should reflect the structural perturbations of th%ouble mutants and point mutants, respectivelAG;, measures
environment in the transition state of the centralMB?". P » 1eSp nt

oo o T ot o he i e COPEEy bt e e pot e
(Kg mnKon matKmnaop) values of D141IN(10726) and D194N gy chang

6 40 parameters for all mutants are listed in Table 2. The possible in-
(107 is ciomparableélo ).to .that of the 1141,194N double teractions between aspartate residues 141, 194, and 464 are sum-
mutant (10~4®). However, this is not the case for the Asp464

mutant. Furthermore, Asp194 and Aspd64 seem to play an oppomanzed in Table 3. The opposite signs of the calculated values of

. . - A-AGint(lA'lvlgz} andAAGint(141,464 IN Ky mn OF Ky win Clearly indicate
site role in the effect on the binding between Asp141 and'Mn that opposite interactions exist between Aspl41 and Aspl94 or

We thus applied more rigorous analysis to the interactions betwee 3p141 and Asp464 in the metal binding. The sum of the free

these three aspartate residues by the double mutation cycles an - TN )
triple mutation box theorie&Carter et al., 1984; Fersht et al., 1992; energy barriers to Mt binding introduced by the single mutants

. N " D141N(1.52 kcaymol) and D194N(0.59 kcaymol) is 2.11 kcaf
Horovitz & Fersht, 1992; Mildvan et al., 1992 mol, which is 1.02 kcalmol less than that in the 41,194N
double mutan{3.13 kcafmol), indicating a synergistic weakening
of Mn?* binding in the double mutant. Such synergy indicates
anticooperativity in the M#™ binding by Asp141 and Asp194, in
the wild-type enzyme by 1.02 kcahol (Mildvan et al., 1992
To quantitatively evaluate the interactions of the effects of anyThus, Asp194 destabilizes metal binding by Asp141. This is more
mutation on the kinetic binding parameters, the difference in freesasily seen by the fact that the D141N mutation is more damaging

in which AAG;,; measures the cooperative contribution by both A
and B. A positive sign means a synergistic effect exists between A
and B, zero for additive effect between A and B, and a negative
sign for an antagonistic effect.

Interactions between residues Aspl41, Aspl194,
and Asp464 in the pigeon liver malic enzyme
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Fig. 2. Initial velocity patterns with respect tomalate and manganese ion for the recombinant pigeon liver malic enzimafg,

from top to bottom, théMn?"] was 4.0, 5.0, 8.0, 10, and 1BV, respectively. For mutants, from top to bottom, fivn?"] was 3.0,

4.0, 5.5, 8.0, and 10.zM, respectively, in D141N; 2.5, 3.0, 3.5, 4.5, and @0, respectively, in D194N; 3.5, 4.0, 4.5, 5.5, and

7.0 uM, respectively, in D464N; 55, 70, 90, 125, and 220, respectively, in 0141,194N; 5.0, 6.0, 8.0, 11.5, and 2aM,
respectively, in 0194,464N; 8.6, 10, 12, 15, and 2@M, respectively, in 0141,464N; and 13, 16, 20, 26, and 40M, respectively,

in D(141,194,464N. The symbols are those of the experimental data. The lines through these data are computer fitting results
according to Equation 4.

to metal binding in the presence of D1946-fold, Table ] than mutant(0.91 kcaJmol) by 0.70 kcalmol, indicating partial addi-

in the wild-type(12.3-fold, Table L tivity of the two effects in the double mutant. Such partial addi-
Conversely, the sum of the free energy barriers t¢Mbinding tivity indicates cooperativity between Asp141 and Asp464 irtMn

introduced by D141N1.52 kca)mol) and D464N(0.09 kca)mol) binding, by 0.70 kcalmol. Overall mutation at Asp141, Aspl194,

is 1.61 kcafmol, which exceeds that in the(D41,464N double  and Asp464 destabilize the metal binding of the enzyme by 1.54
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© s 2 o kcal/mol indicating a strong interaction between these three as-
g % 5 g partate residues in the metal binding milieu of the malic enzyme.
2 s X 2 2 Mutation at both the Asp141 and Asp194 has the greatest effect on
2 w2 s = é é the overall catalytic efficiency. The value of the overall specificity
x g Sss s gé B é 33 ° constantKeay/ (Kg,mnKm malKmnapp), for the D(141,194N double
o | & 2 53_‘ g 87 598 é mutant is at least four orders of magnitude smaller than the WT
5|8 s é % % g % 3 % % = value, corresponding to an increase of 6.38 kaadl energy bar-
ClE v ddn rier for the catalytic efficiency.



Table 2. Thermodynamic parameters for the D(141,194)N, D(141,464)N, and D(194,464)N double mutants and the D(141,194,464)N triple mutant
of the recombinant malic enzynfes

(kcal mol™?)

Parameters AGwT5D141N AGwr-p194N AGwT-p464N AGwT-D(141,194N AGwT-5D(141,464N AGwT-D(194,464N AGwT-D(141,194,46/N
Kd mn 1.52 0.59 3.13 0.91 1.21 1.51
Kimmn 1.59 0.13 2.76 1.39 1.12 1.28
K, Mal 1.0 1.2 1.09 0.20 0.67 —-0.02
Kmnapp 0.28 —-0.94 0.63 -0.18 0.33 -0.23

Keat -0.9 -1.39 —-1.55 —-1.04 —-0.76 -0.84

Keat/ (K Kentar Ko naop) ~3.67 —2.22 ~6.38 ~1.96 —2.94 ~2.09

apositive AGn,; values reflect increasing barriers to binding or decreasing of activation e(&@jy in catalysis.

Table 3. Calculated thermodynamic parameters for the double-mutation cycles and the triple-mutation box of the recombinant mali¢ enzymes

(kcal mol™t)

Parameters AGp141N-D(141,194N AGp141N-D(141,464N AGp194n-5D(141,194N AGp194N-5D(194,464N AGpagan-D(141,463N AGp46aN-D(194,464N
Kd mn 1.61 —-0.61 2.54 0.62 0.82 1.12
Km,Mn 1.17 -0.20 2.63 0.99 1.26 0.99

K, Mal 0.09 -0.80 -0.11 —-0.53 0.02 0.49
KmnaDP 0.35 —0.46 1.57 1.27 0.24 0.75
Keat —-0.65 -0.14 —-0.16 0.63 —-0.53 —-0.25

Keat/ (K wn Kentar Ko napp) —27 1.71 ~4.16 ~0.72 ~161 ~259
Parameters AGp(194.464N-D(141,194,46/N AGp(141,464N-D(141,194,46/N AGp (141.194N-D(141,194,46M AAGin(141,194 AAGin(141,464 AAGint(194,464 AAAGint(141,194,46%
Kd,Mn 0.30 0.60 -1.62 1.02 -0.70 0.53 —-1.54
Kmmn 0.16 -0.11 —1.48 1.04 -0.33 0.86 —-2.14
Kmmal —-0.69 —-0.22 -1.11 -1.11 —-0.98 -0.71 0.40
Km,NADP —0.56 -0.41 -0.86 1.29 —-0.04 1.69 —-2.09

Keat —0.08 0.20 0.71 0.74 0.37 1.14 -0.29
Keat/ (Kd,mn Km mal Km,nabp) 0.85 -0.13 4.29 -0.49 2.06 -0.37 2.95

3positive AG, values reflect increasing barriers to binding or decreasing of activation e(&@jy in catalysis.
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D141 AGy p19a—N194 D141 metal site, should not be unambiguously taken as the metal-
Blgj 0.59 > E glgi binding ligand. The susceptibility of amino acids toward oxidation
) and cleavage varies among proteins according to the individual
g > local environment in each case. Oxidation and cleavage sites by
‘U‘ 0.62 J\C)D the MCO system represent the most susceptible sites in the locally
3 7, 2 generated free radical environment at the putative metal-binding
3 N141AGp D1g4—-N19} % site, which deserves detailed analysis of its functional role.
2 3123 1.61 = It was found that millimolar range of Gt actually promoted
® the oxidative decarboxylation activity of malic enzyrffReutter &
AG5 p19a—N19a ) D141 Lardy, 1958, and in the micromolar range, €t is competitively
E ot : 115 o s inhibitory against MA* in WT (Chou et al., 1995 or mutant
. N464 -1.62

-0.46 with the malic enzyme and compete with kinfor the enzyme’s

>
L

% enzymes(this study. CU?* is thus assume to have high affinity

]

g metal site that induces a caged modification reaction in the pres-

1, ence of ascorbatéChou et al., 1996 We, therefore, obtained
N141 AG3 p194—N194 4 N141 limited and specific cleavage pattern in the®Ctinduced oxida-
ED194 0.60 EN194 tive modifications as reported previousighou et al., 1995 For

confirming these putative metal sites to be the true metal-binding
Fig. 4. Triple mutation box for the D141,194,46yN triple mutant. Thermo-  ligands, site-directed mutagenesis was employed. It turns out that
dynamic triple mutant box shows the free energy changes of theMfer  5i1hough all cleavage sites are the negatively charged aspartate

left edge of the boxand the triple mutantbottom right edge of the bgx . . . s
The numbers shown in each mutation step represent the free energy chan'ifeS'dueS' which appear to be excellent ligands for the positively

(AGmus in kcal/mol) for the metal binding calculated from th&, v, val-  Charged metal ion, removing the negative charge by mutating it to
ues. A positive value ofGny reflects increasing barrier to M binding.  the asparagine residue does not always abolish the metal binding.
Because a divalent ion Mg or Mn?" is absolutely essential for
the malic enzyme-catalyzed reaction, any factor influencing the
metal binding should be reflected in thes or Kmmn (Kgmn)

The effect of mutations on the transition state stabilization of thevalues. However, th&, yin(Kgun) values for D194N and D464N
catalytic reaction was also revealed by tg changes. Mutation  are comparable to those of the WT value. These results do not rule
at Aspl41, Aspl194, and Asp464 decreasing the stability of theout direct involvement of Asp194 or Asp464 as ¥nbinding
transition state by elevating the activation enefg*) of 0.9, ligands, but do argue strongly that they probably do not function as
1.39, and 0.51 kcdinol, respectively. The positive valuesmiG,; ~ such. However, it is also possible for malic enzyme to have a
(Table 3 for the three double mutants indicate synergistic effectsweaker, nonspecific binding of Gt at Asp194 and Asp464 that
which suggest that these noninteracting aspartate residues migkgsults in oxidative damage in the presence of ascorbate with the
facilitate the same nonrate—limiting stéllildvan et al., 1992 induction of redox chemistry as demonstrated previo€liiou
et al., 1995. A time-dependent study of the differential rates of
cleavage is designed and aimed to delineate this possibility.

The above conclusion is corroborated by the recently solved
For an enzyme that requires metal ion during catalysis, identificaerystal structure of human mitochondrial malic enzyiXe et al.,
tion of the metal site by metal-catalyzed oxidation has been de1999, which has an overall 56% identity and 71% similarity with
veloped as one of the most powerful techniques in characterizinghe pigeon liver malic enzyme. As shown in Figure 5, the func-
the metal ligand¢Berlett & Stadtman, 1997; Hlavaty & Nowak, tional unit of the enzyme is a dimer. Each monomer is composed
1997; Cao & Barany, 1998; Gallagher et al., 1998he most  of four structural domains with the active site formed from do-
promising characteristic of this technique is that the oxidationmains A, B, and G Xu et al., 1999. Asp194 and Asp464, located
often occurred as a caged reaction and is accompanied by subt domains B and A, respectively, are remote from the active
sequent affinity cleavage at the putative metal site, which is excenter. On the other hand, Asp141 is located near to the modeled
tremely useful in identifying the putative metal ligands. Usually metal ligands Glu234 and Asp235. The corresponding residue of
the cleavage occurs at limited sites, which make separation of thAsp141 in the human mitochondrial malic enzyme is Aspl162,
cleaved peptides a simple routine; usually a $PSGE is ade-  which seems not to be involved in metal binding due to improper
guate. Because of advances in protein sequencing technology, blairientation and distance. Involvement of Glu234, Asp235, and
ting of the cleaved peptides from the SIFAGE plate into the Asp258 in the metal binding has been identified in the crystal
polyvinylidene difluoride(PVDF) membrane allows sequencing structure of the enzyme complex with Ybor Lu®* (R. Batra, Z.
of these peptides to be performed directly in the membrane. Thi¥ang, D.L. Floyd, H.C. Hung, G. Bhargava, G.G. Chang, L. Tong,
is an obvious advantage over affinity labeling modification that isunpubl. obs. However, there might be some subtle structural dif-
usually not followed by cleavage. Site-specific proteases are needddrences between the pigeon liver cytosolic and human mitochon-
to cleave the peptide chain and the subsequent separation of ldrial malic enzymes. Alternatively, Asp141 could be involved in
beled active-site peptide involves the most challenging step fothe Mr?*-L-malate binding, but not a direct metal ligand. The side
characterizing the labeling site. chain of Asp141 is located right next to that of Phe236, which

The present investigation clearly indicates that metal-catalyzedlirectly follows the Mrf™ ligands Glu234 and Asp235. A local
oxidation and subsequent affinity cleavage, like chemical modifi-change in the Asp141 environment, caused by the As@\sn
cation, have some pitfalls that one should be aware of. The oximutation, might perturb the conformations of Glu234 A
dation and cleavage sites, even if it happened to be a reasonabdsp235, and thereby have an indirect effect on the?Mhinding.

Discussion
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Fig. 5. Crystal structure of the functional dimer of human mitochondrial malic enzyme. Malic enzyme is a tetramer with double dimer
structure. The structural features of the enzyme are color coded in one of the subimalises in redB-strands in blue, and random
coil in yellow. Each subunit composes of four structural domdiisD). The metal ligands Glu234, Asp235, and Asp258 are
highlighted with space-filling representation in gray. The mutation positions in this study are shown in space-filling representation in
green. The numbering system of the amino acid residues is that for the pigeon liver malic enzyme. The corresponding numbers in the
human mitochondrial enzyme are Glu255, Asp256, and Asp279, respectively. The bound nucleotide at domain C is shown with

ball-and-stick representation in CPK color. N and C denote the amino- and carboxyl-termini of the polypeptide chain, respectively. The
other subunit is shown in green.

Direct evidence for the participation of Asp141 in the metal bind- Asp141 decreases the K affinity by an order of magnitude.
ing of pigeon liver malic enzyme will be awaited for the crystal Mutation at residue 194 itself does not affect the metal binding.
structure of the cytosolic enzyme to elucidate. However, mutation at both Asp141 and Asp194 reduces the metal
Manganous ion, via metal-bound water molecules, participatebinding affinity by another order of magnitude compared with
in polarization of the carbonyl and carboxyl groups of the dianionD141N. No interacting was observed between Asp141 and Asp194
transition state, which is located at the second sphere of the metai theL-malate binding. The Asp464, however, seems to somewhat
ion (Hsu et al., 1976 We have identified Asp258 of the enzyme offset the binding energy betweeamalate and the enzyme con-
molecule as a direct binding ligand by the techniques of metaltributed from the other two aspartate residues.
catalyzed oxidation and site-directed mutagen@afsi et al., 1994, The structural basis for the modulatory effects of remote Asp192
1995 and by structural workKXu et al., 1999. In the present and Asp464 on the MAT binding is not clear at the present stage.
paper, we show that thé,, napp Was not appreciably altered for all Our mutagenesis data for D464N have essentially ruled out any
the mutants we studied, indicating that all these mutations are ndunctional role of Asp464 in the enzyme. D464N has almost the
involved in the nucleotide binding domain, and domain C of thesame kinetic parameters as the WT; ollyya deviates by ap-
enzyme is not touche@Fig. 5. On the other hand, mutations at proximately threefold. Asp464 should have no impact on the ca-
Aspl41, Asp194, or Asp464 have different effects on the#Mn  talysis by the enzyme. Like Asp464, Asp194 is also fully exposed
L-malate binding that result in greatly decreased catalytic effi-on the surface of the enzyme and is far from the active(Eiig 5).
ciency of the enzyme. We have suggested different stability of th@One would expect minimal effects for the D194N mutant. How-
Mn?*-L-malate domain and the nucleotide domain, which resultecever, the kinetic properties of D194N are dramatically different
in a three-state unfolding process of the enzyme upon urea den#om those of the WT, approximately sevenfold fQf, mai, 1/5 for
turation(Huang et al., 1998 The present results strongly support Ky, napp, and %10 for ke, Only the Ky vn is comparable to that
the location of Asp141 in the Mif -L-malate domain. Our results of the WT. There is no structural reason for these observations. It
are also corroborated by the early proton relaxation data, whictmight be that D194N mutant has some problems with the folding
indicate that.-malate or pyruvate, but not the NADRinteracts  and/or oligomerization. The side chain of Asp194 is in the vicinity
with the enzyme-bound Mit to decrease the number of fast ex- of the dimer interfacéFig. 5. Our previous experimental results
changing water ligandéHsu et al., 1976 indicated that some N-terminal deletion or substitution mutants
One of the novel observations reported in this paper is thatnduced dissociation of the quaternary struci@kou et al., 1997
interactions exist between different aspartate residues in the rérhe possible effect of mutation at Asp194 on the subunit inter-
mote areas of the malic enzyme. The synergistic interactions beactions is now under investigation in this laboratory.
tween Asp141 and Asp194 in the Bihbinding are clearly shown Because Asp141 and Asp258 are highly conserved among malic
in theK,, un andKy mn values. Removing the negative charge from enzyme from various sourcésf. Wei et al., 1994; Chou et al.,
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1995, we conclude that, in the metal-binding milieu of the malic gel electrophoresi$SDS/PAGE) to examine the puritChang
enzyme active center, Asp258, at the metal binding motif ofet al., 1994.

FNDD?%8IQGTA (Wei et al., 1994, 1995 are direct metal binding Fluorescence spectra of the recombinant malic enzymes were
ligands. Aspl141 at the metal binding motif of &)VTD*GE analyzed with a Perkin-Elmer LS 50B luminescence spectrometer
RILGLGDLG (Chou et al., 1995 may be in the second sphere of at 30°C. All spectra were corrected for the buffer absorption. The
the metal site, located near themalate binding domain and is Raman spectrum of water was also corrected.

indirectly involved in the metal bindingHsu et al., 1976 The

highly conserved Asp194 and the less conserved Asp464 may C(Enzyme assay and protein determination

operate in the metal binding in the native pigeon malic enzyme and

is the site that may be considered as the future candidate in endl/@lic enzyme activity was assayed in triethanolamine-HCI buffer
neering the metal binding domain of the malic enzyme. (66.7 mM, pH 7.4 at 30°C according to the published procedure

Our results also indicate that the metal binding milieu of pro-and the chelations of metal ion hymalate and NADP were
teins is in a balance of many contributing factors. Some of thes&°'rectedChang et al., 1992An enzyme unit was defined as the
factors favor the binding, some destabilize it. Adjusting the coop-€NZYmMe amount that catalyzes the production afiiol of NADPH

erativity between residues should be taken into consideration i€ Minute under the assay conditions using an absorption coeffi-
any designing of the metal binding site of proteins. cient of 6,220 M* for the NADPH. Protein concentration was

determined by the protein-dye binding method of Bradid@i76.
An M, of 260,000 for the tetrameric enzyme was used in the

Materials and methods calculation ofkey values.
. -~ _ Apparent Michaelis constants for the substrate and cofactors
Site-specific mutagenesis were determined by varying the concentration of one subgioate

Site-directed mutagenesis of point mutants was carried out accor@ofactors around itsK, value and maintaining the other compo-
ing to the procedure of Zoller and Smithi982. The synthetic  NeNts constant. Fitting of kinetic data was carried out with the

oligonucleotides used as mutagenic primers were: EZ-FIT computer prograniPerrella, 1988
D141N, BsTGTGGTGAQWCGGAGAACGGA Heat stability
The sensitivity of WT and various mutants of malic enzyme to
D194N, STTTGCTGAAAACCCTTTGTE; thermal denaturation were examined by heating the enzyme solu-
tion at 58°C. Aliquots of the sample were redrawn at various time
D464N, BACATATTGGRACGACGTATS intervals and immediately assayed for enzyme activity. The resid-

. . ) . o ) _ ual enzyme activity was plotted vs. incubation time, which was
in which the mutation positions were highlighted and underlined iNfitted to a double exponential equation according to a three-state

the oligonucleotide sequence. The uracil-containing template DNAtmfoIding model as described previougkiuang et al., 1998
was annealed with phosphorylated mutagenic oligonucleotide and '

in vitro extended by T4 DNA polymerase and T4 DNA ligase,
respectively. Restriction enzyme digestion and ligation were use
to construct double and triple mutants. A DNA fragment containingThe inactivation experiments were performed 4COby adding

the D464N mutation, generating by tNeil andBsu36l digestions,  freshly prepared solutions of cupric nitra& M) and ascorbate
was used for 0141,464N and D(194,464N construction Afl 11 (20 mM) into the enzyme solutiof0.97 uM) in a sodium acetate
andBsu36l fragments were used for preparation ofl21,194N buffer (66.5 mM, pH 5.0. The progress of enzyme inactivation
double mutant and (141,194,46N triple mutant. The expressed was monitored by assaying the residual enzyme activity left in the
malic enzyme contained an extra Met-Asp-Ser tripeptide at themall aliquots withdrawn at the designated time intern@lbou
N-terminus. Except for this small difference, the recombinant wild-et al., 1995.

type malic enzyme had an otherwise identical amino acid sequence

to the natural pigeon liver malic enzyme in the total of 557 amino|pjtia| velocity studies

acid residues. All the mutated cDNAs were also examined by

dideoxy chain termination sequencif@anger et al., 19370 ex- Initial velocity study was performed by varying the concentration
clude any unexpected mutations having resulted from the in vitr@f Mn®" from 3.0 to 10.5uM and ofr-malate concentrations from

extension. The absence of adventitious base changes was verifid3 t0 1.0 mM. For mutants that have altered metal.-onalate
binding affinity, the Mrf* or L-malate concentration was adjusted

) o ) ) accordingly. Concentrations of the other compondb&7 mM
Expression, purification, and spectroscopic analysis triethanolamine-HCI buffer, pH 7.4; and 0.23 mM NADPwere
of the recombinant pigeon liver malic enzymes held constant. The enzyme amount used was small enough to give

The mutated plasmids were transformed into BL21 bacteria. Thé linearAsso nmVs. time plot for at least 3-5 min. The slope of this
transformants were incubated in LB medium and induced byl m initial recorder tracing was taken as the observed enzyme velocity
isopropylB-D_’[hioga|actopyranosidePTG)_ The cells were then (U) The data were fitted to Equation 4 Wlth the EZ'F'T Computer
harvested by centrifugation at 5,080g for 5 min. After sonica-  Program(Perrella, 1988to estimate the various kinetic parameters.
tion, the recompmant enzymes were purified by two successive V. [Mal][Mn?*]

chromatographic steps, Q-Sepharose and adeno$fiéBphos- |, — m
phate-agarose, according to Chang et(#91). All purified en- Ka.mn K val T Kmmn[Mal] + Koy wa[Mn?*] + [Mal][Mn?*]
zymes were subjected to sodium dodecyl sulfate-polyacrylamide (4)

gnzyme inactivation with the Gti—ascorbate system
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in which v and V,, are the observed and maximum velocities, Hellinga HW. 1998. The construction of metal centers in proteins by rational

i + design.Fold Des 3R1-R8.
respectivelyKamn, Kmun, andKm mal are theK (?f free. M, Hermes JD, Roeske CA, O’Leary MH, Cleland WW. 1982. Use of multiple
extrapolated to zero-malate concentration, the Michaelis constant isotope effects to determine enzyme mechanism and intrinsic isotope ef-
for Mn?*, and the Michaelis constant formalate, respectively. fects. Malic enzyme and glucose-6-phosphate dehydrogeBmatemistry
21:5106-5114.
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