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The react.on of p.geon hver mahc enzyme (L-malate NADP ÷ oxldoreductase (oxaloacetate-decarboxylatmg), EC 
1 1 1 40) with dlcarbonyl compounds (2,3-butanedlone, methylglyoxal, 2,4-pentanedione, and phenylglyoxal) 
resulted m a rapid loss of its enzymat,c act,wty The mactlvatmn showed pseudo-first-order kinetics for all the 
dlcarbonyls studied All the log (pseudo-first-order rate constants) vs log (d,carbonyl concentration) plots had 
slopes of near one, lnd,catmg approx 1 1 reagent-active site complexes Butane&one inactivation was reversible 
and was buffer-dependent Pentanedlone-modlfied enzyme showed a new absorption peak at 310 nm. NADP 
could completely protect the enzyme from reactivation Oxaloacetate, ADP, AMP, NMN and adenosine were also 
effectwe in protection Complete inactivation of the enzyme was accompanied by a loss of about six argmme resi- 
dues per enzyme monomer Butanedlone-modlfied enzyme stall bound NADPH as shown by fluorescence titra- 
tion, nor was as binding with NADP ,mpalred as determined by equdlbrmm gel filtration The argmme residues, 
therefore, do not function m the coenzyme binding However, the binding between the modified enzyme and 
['4C]malate was slgmficantly decreased These results led us to conclude that the argmine residues of mahc en- 
zyme are mvolved m the bmdmg of the carboxyl group of substrate malate 

Introduction 

P:geon hver mahc enzyme (L-malate NADP ÷ oxl- 
doreductase (oxaloaceta te-decarboxylatlng), EC 
I 1 1 40) catalyzes the oxldat:ve decarboxylat:on of 
malate to CO2 and pyruvate (M :+= dwalent metal 
Ion) 

M 2 + 

Malate + NADP ÷ ~- CO2 + pyruvate + NADPH + H ÷ 

(1) 

This reaction Is resolvable into the decarboxylase and 
reductase partial reactions 

M 2+  
Oxaloacetate ~ CO: + pyruvate (2) 

M 2 + 
a-Keto acid + NADPH + H + ~ a-hydroxy acid 

+ NADP + (3) 

Chemical modification by ethoxyformlc anhydride 
and photo-oxldaUon m the presence of rose bengal 
indicated the involvement of hlstldme residues m the 
nucleoUde blndxng of mahc enzyme [1 ] Nitration of 
the enzyme with tetramtromethane or acetylatlon 
with N-acetyhmldazole led us to propose a role of 
tyrosme residues m the dlcarboxyhc acid binding [2] 
In addlUon, we found that Oxl(hzed NADP is an affin- 
ity label for this enzyme [3] Lysme was identified as 
the only amino acid residue modified by oxadlzed 
NADP, and this lysme residue was mvolved in nucleo- 
tide binding (Chang et al, unpubhshed data) 

In our prewous tyrosme mod:ficatlon expermaents, 
both carboxyl groups of substrate were requ:red to 
gave protection against acetylatlon [2] Therefore we 
postulated that some other anuno acid residues may 
be mvolved in the substrate binding This paper de- 
scribes the mactwatlon of mahc enzyme by argmme 
specific dlcarbonyl compounds (for a review see 
Ref 4) Our results indicate that argmme residues 
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function in substrate binding for pigeon liver mahc 
enzyme 

Materials and Methods 

Materials [U-14C]Malic acid (Radlochemlcal 
Centre, U K ), methylglyoxal, phenylglyoxal, NADP, 
NADPH, NMN, AMP, ADP, adenosine, adenine, 
nlcotmamide, oxaloacetate, Sephadex G-25 (Sigma, 
U S A) .  L-mahc acid, pyruvlc acid (Calblochem, 
U S A ), 9.10-phenanthrenequmone (Aldrich, 
(U S A ), 2,3-butanedlone (Wako, Japan) and 2 4-pen- 
tanedione (Rledel-de Haen, F R G ) were purchased 
from the designated sources All other chemicals were 
of reagent grade Distilled delomzed water was used 
throughout this work 

Pigeon liver mallc enzyme was purified according 
to Hsu and Lardy [5] The purified enzyme was rou- 
tinely checked for purity by polyacrylamlde gel elec- 
trophoresls Protein concentration was determined 
spectrophotometrically at 278 nm, using an extinc- 
tion coefficient of 0 86 for a 0 1% (w/v) protein solu- 
tion [5] Mr 260000 [6] was used for calculation of 
enzyme concentration 

Enzyme assay Mahc enzyme activity was assayed 
at 30°C according to Hsu and Lardy [5] The forma- 
tion of NADPH was monitored continuously at 340 
nm m a Gflford 250, Beckman 24 or Vanan 635 spec- 
trophotometer The reductase and decarboxylase par- 
tial actwitles of this enzyme were assayed according 
to Tang and Hsu [7] and Koslckl [8], respectively 

Modtficatton of  mahc enzyme with dwarbonyl 
compounds Butanedlone, methylglyoxal, penlane- 
dlone or phenylglyoxal were dissolved m buffer just 
before use Modification experiments were performed 
at 24°C by the addition of the reagent into the en- 
zyme solution. Immediately after the addition, a 
sample was withdrawn and assayed for the zero-time 
activity The progress of reaction was monitored by 
assaying the enzymatic activity on small aliquots 
withdrawn at convenient time Intervals The kinetics 
of reactivation were examined with semalog plots of 
residual activity vs time The slopes of the hnes 
represent the observed pseudo-first-order rate con- 
stants (kobs) 

Protectton studws Protection experiments were 
performed essentially as described above except that 
the enzyme was premcubated with the protective agent 

before adding the modifying reagent The kob s of the 
inactivation was obtained from each experimental set 
and the percentage protection was calculated accord- 
mg to the equation 

([kobs (unprotected) - kob s (protected)]/kobs 
(unprotected) }× 100 

Quantztatton method for argmme content Mahc 
enzyme was mactwated with butanedlone until most 
of ats activity had been lost The modified enzyme 
and a control sample were dialyzed overnight against 
water The argmme contents were then determined 
by the phenanthrenequmone method [9] The reac- 
tion between the enzyme and reagent was performed 
at 60°C for 1 h to get optimum color yield The fluor- 
escence was measured in a Ammco-Bowman spectro- 
fluorlmeter The excitation and emission wavelengths 
were 312 and 395 nm, respectwely A standard curve 
was made for the calculation of argmme content 

Fluorescence tttranon Fluorescence titration of 
the natwe enzyme or butanedlone-modlfied enzyme 
with NADPH was performed according to Hsu and 
Lardy [10] The nucleotlde was excited at 350 nm 
and the emission fluorescence at 450 nm was mea- 
sured In the control expenment, all reagent except 
the enzyme were added for correction of the quench- 
mg due to reagents 

Bmdmg studws by gel filtratton The NADP brad- 
mg capacity of the enzyme was measured by the 
method of Hummel and Dryer [11] A column of 
Sephadex G-25 was equilibrated with 0 1 mM NADP/ 
50 mM Trls-HC1 buffer (pH 7 0) The absorbance, at 
260 nm, of the eluant was monitored When equthbn- 
um was reached, as mdtcated by a constant baseline. 
0 5, 0 25 and 1 ml water were applied to calibrate the 
column After the emergence of the last trough, the 
same amount of native or modified enzyme (with 
3 5% residual activity) (0 24 mg m 0.6 ml eqmhbnum 
solution) was applied to the column and eluted with 
the equfllbnum solution 

Bmdmg studws by equthbnum dtalysts The malate 
binding of the native or modified enzyme was investi- 
gated by equfllbnum dialysis essentially according to 
Pry and Hsu [12] In a total volume of 0 3 ml, both 
chambers of each cell contained 0 18 mM NADPH/ 
3 3 mM MnC12/42 mM trlethanolarmne-HC1 buffer 
(pH 7 0)/0 83 mM dlthloerythntol/83 /aM EDTA/ 



0 83 mM [14C]malate (pH 7 0) (104 cpm/p.mol) The 
native (15 7 p.M or modified mahc enzyme (12 6 pa'Vl) 
was added to one chamber Radtoactlwty m each 
chamber was determined before and after dialysis 
overmght at 24°C in a Packard 3320 hquld scintilla- 

tlon spectrometer 

Results and Dlscusglon 

Modtftcanon of mahc enzyme wtth dlearbonyl com- 
pounds 

Incubation of mallC enzyme with argmlne-specx- 
fic dlcarbonyl compounds 2,3-butanedxone [13], 
methylglyoxal [14], 2,4-pentanedlone [15] or phe- 
nylglyoxal [14,16] all caused inactivation of the en- 
zyme The acUvlty loss followed pseudo-first-order 
klneUcs m all cases For phenylglyoxal and butane- 
dlone, the pseudo-first-order kinetics were traced up 
to ~97% lnact~vatlon The mactxvatxon process was 
dependent on reagent concentration The reactivation 
of mahc enzyme at different levels of phenylglyoxal 
or butanedlone is shown in Fig I and Fig 2, respec- 
uvely Similar results were obtained with methyl- 
glyoxal or pentanedlone (data not shown) When kobs 
for the macUvatlon was plotted against the reagent 
concentration, four straight hnes go through the on- 
gin (Fig 3), indicating that there is no enzyme-rea- 
gent complex formed prior to mactxvatlon From the 
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Fig 1 Inactwatlon o f  mahc  enzyme by phenylglyoxal  Mallc 
enzyme (0 3 ~M) was incubated with different  concentra- 
tions o f  phenylglyoxal  m 37 mM borate butfer  (pH 7 5) at 
24°C Ahquo t s  were removed and assayed for enzyme activ- 
Ity The phenylglyoxa/  concentrat ions  were as follows 
o o, 0 62 mM, • --, 0 93 mM, [] ~, 1 24 
r a M , •  i ,  1 8 6  m M , ~  % 3  l l m M a n d •  • ,  
4 97ram 
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Fig 2 Inactivation of  mahc  enzyme by butanedlone  Condi- 
t ions were the same as in Fig 1 execpt  that  the enzyme and 
buffer  concentrat ions were 0 69 aM and 48 mM, respec- 
tively The butanedlone  concentraUons were o-  o, 2 82 
mM, • • ,  5 6 3  raM, Q - ~ ,  8 4 5  mM, • ---l, 
11 3 mM and ~-- % 1 4 1 m M  

slopes of the hnes, the second-order rate constants 
were calculated and are summarized in Table I A plot 
of log kobs vs log reagent concentration also gave 
straight hnes (data not shown J with the slope appro- 
aching 1 (Table I), suggesting that one molecule of 
reagent is required for the macttvatlon per molecule 
of the enzyme [17] Table I also show that a-dlcar- 
bonyls reacted with mahc enzyme much faster than 
/3-dlcarbonyl (2,4-pentanedtone) Pentanedlone 
reacted with the enzyme at a slower rate The modl- 
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Fig 3 Effect  o f  dlcarbonyl concentrat ions  on the rate of  
inactivation The pseudo-first-order rate cons tants  (Kob s) 
f rom Figs 1 and 2, and stmflar plots  for methylglyoxal  and 
pentanedlone mactwat lon were plot ted against dlcarbonyl 
concentra t ions  o o, phenylglyoxal  (mM), • • ,  
butanedione  (mM), [] o, methylglyoxal  (mM), 
• • ,  pentanedlone  (M) 
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TABLE I 

SECOND-ORDER RATE CONSTANTS FOR THE REAC- 
TION BETWEEN MALIC ENZYME AND DICARBONYL 
COMPOUNDS 

The constants were calculated from the slopes of the hnes m 
Fig 3 The last column shows the slopes of the hnes m a log- 
log replot of the data from Fig 3 

Reagent kob s Slope 
(M-1 mm-1 ) 

Phenylglyoxal 7 08 0 98 
2,3-Butanedlone 5 48 1 05 
Methylglyoxal 1 69 0 83 
2,4-Pentanedlone 0 032 1 2 

fled enzyme showed an absorption peak at 310 nm, 
charactensUc for the enamme or the pynmldlne for- 
matlon from the lysme or the argmlne modification, 

respectively [15] The increase of the absorbance 
was m good correlation with the decrease in enzyme 
activity (Fig 4) The modification of argmme was 
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Fig 4 Spectra change of mahc enzyme during pentane- 
dlone reactivation Mahc enzyme (0 66 ~zM) samples were 
reacted with 48 mM pentanedlone m 0 5 M carbonate buffer 
(pH 85) for 0, 05, 1, 2 or 4h,  respectwely The enzyme 
actlwty remaining was 100, 65, 38, 21 and 0 8%, respec- 
twely These samples were then dmlyzed overmght against 
5 mm borate buffer (pH 7 5) and the ultraviolet spectra 
momtored Only the samples with 100% (a), 65% (b), and 
0 8% (c) activity were shown for clarity 
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l~]g 5 E f f e c t  o f  b u f f e r  o n  the  r e a c t i v a t i o n  o f  m a h c  e n z y m e  

b v  b u t a n e d l o n e  A M a h c  e n z y m e  (0 63 /2M) ~ a s  i n c u b a t e d  

w i th  6 45 mM b u t a n e d l o n e  m 45  m M  b o r a t e  b u f f e r  (pH 7 5)  

(~, o) ,  or  T n s - H C l  b u I f e r  (pH 7 5) (o *) B T h e  

s o l u t i o n  m b o r a t e  b u f f e r  ~ a s  d i l u t ed  200-1o ld  w i t h  5 0  mM 

Trls-HC1 buffer (m-- -m) or borate butter (~ u) Both 
dilution buffers contained 10 mg/ml bovine serum albumin 

indicated by the lrreverslblhty after hydroxylamme 
treatment [15] 

The reactivation of mahc enzyme by butanedl- 
one was found to be buffer-dependent Borate 
buffer specifically enhanced the rate of inactivation 

The reactivation in Trls-HC1 buffer was much slower 

(Fig 5A) Dilution of the inactivated enzyme in 
borate buffer with Tns-HC1 partially reversed the 

enzyme activity (Fig 5B), while dilution with borate 

buffer was without any effect These results indicate 
argmme modification by butanedlone [4,18] The 

low reversibility could be due to a rearrangement of 
the Intermediate glycol into a non-dlssoclable product 

by a pmacol-type rearrangement (cf Scheme I of 
Ref 4) 

The modification of argmlne residues was further 
demonstrated by comparing the argmme contents of 
the native and modified enzyme by the fluorlmetrlc 
method Mallc enzyme has a total of 102 argmme 
residues in an enzyme tetramer [6], of wluch about 

72-+ 7 (weighted mean of eight determinations) 
reacted with phenanthrenequmone We found that a 
butanedlone-modlfied enzyme with 3 5% residual 
activity had only 48-+ 6 (in eight determinations) 
argmme residues, indicating mod~ficatlon of about 
24 argmme residues per tetramer (or 6 arglnme per 



enzyme subumt) Experimental errors make the 
above number an uncertain one Furthermore,  the 
number of  mo&fied arginme residues may be under- 
estimated if  some modified groups were reversed after 
dialysis However, we &d not observed reactwatlon of  
the enzyme actwlty after dialysis with water The 
at tempts to determine the argmme content  of  NADP- 
protected enzyme were unsuccessful, probably due 
to the interference of  NADP wbach could not be 
completely removed by dmlysls, as noticed by abnor- 
mally high ultrawolet absorption of  the dialyzed 
sample Prolonged dialysis caused protein precipita- 

tion 
Both the reductase and decarboxylase partial actw- 

ltles of  mahc enzyme were decreased during the 
course of  butane&one modification but at a slower 
rate than the overall oxidative decarboxylase mactwa- 
tmn (data not  shown) 

Protectton studtes 
NADP (2 8 raM) was able to protect  90% of  the 

enzyme activity when 0 7/aM mahc enzyme was incu- 
bated with 3 11 mM phenylglyoxal  in 40 mM borate 
buffer, at pH 7 5 and 24°C Full protect ion of  mahc 
enzyme against butane&one lnactwatmn was afforded 
by NADP (Table II) The nucleot]de analogues, ADP, 
AMP, NMN and aden•sine,  whach are mhlbitors of  
mahc enzyme (Chang et a l ,  unpublished data), all 
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gave substantial protect ion However, adenine, mco- 

tlnamide, PPI and P, &d not  Substrate L-malate or 
pyruvate did not  give any protect ion either On the 
other hand, oxaloacetate,  a substrate in the decarbo- 
xylase partial actwlty ( g  m = 70/.tM) [2] and a com- 
petmve inhibitor vs L-malate (Kls = 0 3 2  mM) m 
oxidative decarboxylase activity [ 19], gave a substan- 
tial protectmn (Table II) Slmtlar results were also 
obtained from the phenylglyoxal mo&ficat lon experi- 
ments These results suggest that mactwatlon of  the 
enzyme was due to modification of  active-site argi- 
nine residues It should be noted that mahc enzyme 
has an ordered kinetic mechamsm [20], with NADP 
as the leading substrate followed by malate The pro- 
ducts are released in the order of  CO2, pyruvate, and 
NADPH The lack of  protectwe effect of  L-malate or 
pyruvate could be a tmbu ted  to the low affin]ty 
between the enzyme and substrate in the absence of  
nucleotide The decarboxylat lon of  oxaloacetate by 
mallc enzyme is metal-dependent (reactmn 2) NADP 
activates the reaction but  it is not required, indicating 
that oxaloacetate can combine with the enzyme in 
the absence of  nucleonde 

Bmdmg studtes 
The protect ion by nucleotldes or oxaloacetate sug- 

gests the involvement of  argmme residues in the nu- 
cleotlde cofactor or the substrate binding site How- 

TABLE II 

PROTECTION OF MALIC ENZYME FROM BUTANE- 
DIONE INACTIVATION 

Mahc enzyme (0 7 taM) was incubated with 2 82 mM butane- 
dlone m 20 mM borate buffer (pH 7 5), at 24°C, m the 
presence of NADP, ADP, AMP, NMN (6 34 mM), aden•sine 
(3 7 mM) or oxaloacetate (2 53 mM) as indicated Enzyme 
assay and the calculation of % protection were as described m 
Materials and Methods 

Addlnons % Protection 

NADP 100 
ADP 59 
AMP 34 
NMN 52 
ADP + NMN 70 
AMP + NMN 64 
Adenosine 54 
Oxaloacetate 71 

IO0 

I J I 
0 7 ~ 4  

[NADPH] (/JM) 

Fig 6 Fluorlmetrlc titration of  the native and butanedlone- 
modified enzymes with NADPH AU cuvettes contain 100 
mM Tns-HCI buffer (pH 7 0) and the foil•wing D a, 
without enzyme, o o, 1 35 xtM native enzyme and 
• •, 1 35 ~tM butanedlone-modlfied enzyme with 4 3% 
res]dual actw]ty The quenching due to butanedlone was cor- 
rected 
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ever, one can not assign a functional role to any 
amino acid residue only on the basis of protection ex- 
periments [21] Therefore we went on to carry out 
some binding studies to ascertain whether the modifi- 
cation of arglnlne residues abolishes the nucleotlde or 
the substrate binding The binding between mahc en- 
zyme and NADPH was tested by fluorescence titra- 
tion The fluorescence of NADPH was enhanced 
when bound to mahc enzyme [10,12] Fig 6 shows 
the plot of relative fluorescence vs NADPH concen- 
tration Both the native and butane&one-modified 
enzyme gave fluorescence enhancement The recipro- 
cal plot of 1/F against 1/[NADPH] gave straight hnes 
with site dissociation constants tot NADPH of 4 7 
and 30 pM for the native and modified enzyme. 
respectwely Similar results were obtained with the 
phenylglyoxal-modlfied enzyme The site dissociation 
constants for NADPH were found to be 9 and 43 gM, 
respectively, for the native and modified enzyme with 
9 6% residual activity Thus, NADPH binding was not 
abohshed but the affinity for NADPH appeared to be 
decreased after arglnme modification The above 
results were unexpected since the involvement of 
argmme residue in the pyrldlne nucleotlde coenzyme 
binding has been found in many dehydrogenases [4] 
and was suggested as a general role in the binding of 
pyrophoshate group throughout the family of pyri- 
dine nucleotlde-dependent enzymes [22] To further 
characterize the nucleotide binding site, the binding 
between mallC enzyme and NADP was examined by 
equdlbnum gel filtration experiment A butanedl- 
one-modified enzyme did not lose its binding capa- 
city toward NADP The bound NADP in the modi- 
fied enzyme (with 3 5% residual activity) was about 
80% as compared with the same amount of native en- 
zyme Although the amount of bound NADP was 
slightly decreased by the mo&ficatlon, but It cer- 
tainly can not be explained as the residual activity 

Another possible function of arglnlne residues may 
be the Interaction with the substrate carboxyl group 
Kinetic studies indeed suggested the involvement of 
positively-charged groups of pigeon liver malIC en- 
zyme in the binding of 1-carboxyl group of L-malate 
[23,24] From the inhibition and alternate substrate 
studies. Schlmerltk and Cleland [23] suggested that 
binding of the 1-carboxyl group of L-malate was by 
mn pmrlng with lysme or arglnme residues However, 
pH studies ruled out lysme residues since binding of 

oxaloacetate did not decrease at high pH, as it should 
have done if lysme was involved [24] 'pH' studies on 
the profile V/K for L-malate [24] showed a depen- 
dence of t-malate binding on a group with a pK value 
of 9 The pK value of arglnlne IS usually much higher 
than 9 However, decrease of the pK value of argmxne 
residues in the active center is possible as proposed 
by Patthy and Th~sz [25] to explain the site specifi- 
city of the a-dlcarbonyls Competitive inhibition by 
anions vs L-malate [23] also suggests that there IS a 
cationic group at the active site which binds the 1-car- 
boxyl group of L-malate 

We have examined the l~netlc parameters of the 
native and the butanedlone-modlfled enzyme (with 
18% residual activity) The apparent Km for pyru- 
vate Increased 3-fold from 18 to 56 mM after modlfi- 
canon The K m for L-malate, NADP and NADPH, and 
the K, for oxaloacetate were not changed The V 
value of the oxidative decarboxylatlon of L-malate by 
the partially modified enzyme was decreased to 18% 
of the original These data do not permit the distinc- 
tion between decreased binding of carboxyhc acid 
substrate and the decreased binding of nucleotlde 
coenzymes Direct evidence for the involvement of 
argmme residues in the malate binding was provided 
by equlhbrlum dialysis (Table Ill) The binding capa- 
city of the modified enzyme with [14C]malate was 
decreased The loss of enzyme actlvlty was progres- 
sively Increased with the decreased binding of [14C]- 
malate 

Results of the present study provide evidence for 
the presence of arglnlne residues in the malate bind- 
ing site of pigeon liver mahc enzyme Together with 

TABLE I11 

MALATE BINDING ABILITY OF THE MODIFIED 
ENZYME 

The binding ot native and phenylglyoxal-modffled enzyme 
with L-[ i 4C]malate was determined by equdlbrmm dmlysls 
as described m Materials and Methods 

Enzyme actwxty (%) L-[ x 4C]Malate bound/subumt 

100 0 98 
71 063 
65 0 58 
31 043 
12 0 23 



the results from a previous study on the effects of 
nltratxon and acetylatmn on this enzyme [2], we may 
conclude that both argmme and tyrosme residues are 
revolved m the binding of the carboxyl group of 
malate to the enzyme-coenzyme complex Argmlne 

has been proposed to be m the substrate binding s~te 

of bovine lactate dehydrogenase [26], pig heart 
cytoplasmic malate dehydrogenase [27] and pig heart 

lsocltrate dehydrogenase [28] The relatweness of 
these enzymes to mahc enzyme lmphes that they 
might have a similar reactaon mechamsm 
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