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Ker' ~ords Mahc enzvme, Heat stabthty Ammontum acttvatton (CI thermocellum) 

'Mahc' enzyme (L-malate NADP ÷ oxldoreductase (oxaloacetate-decarboxylatlng, EC 1 1 1 40) was purified from 
Clostndmm thermocellum by DEAE-cellulose, agarose-NADP and Sephadex G-200 column chromatography The 
117-fold punfied 'mahc' enzyme displayed a maximum actlwty of 135 units/rag at 40°C and represented 0 8% of 
the total cell protein Sodium dodecyl sulfate (SDS)-polyacrylamlde gel eleetrophoresls analysis of the protein 
suggested 90% purity and an approximate tetramerlc subunit molecular weight of 40 000. The enzyme absolutely 
required both bivalent and monovalent cations for catalys~s Mn 2+ and NH4 ÷ were the most effective cationic 
activators examined Increasing NH4 + concentration increased both enzyme activity and affinity toward L-malate 
The apparent Km for L-malate was 3 10 -4 M at 0 4 mM NH4CI Enzyme activity increased linearly when tempe- 
rature was raised between 22-60°C and a Qlo of 2 1 was calculated from an Arrhenms plot The enzyme was 
stable to heating at 60°C but was denatured at higher temperatures The enzyme half-hfe was 10 mm at 72°C 
The enzyme displayed a broad pH optimum (7 2 - 8  2 for Tns-HCl buffer) but was inactivated by p-chloromer- 
cunbenzoate The high thermal stabdlty, low apparent molecular weight and NH4 + activation are properties not 
common to all prewously described 'mahc' enzymes 

Introduction 

"Mallc' enzyme (L-malate NADP ÷ oxldoreductase 
(oxaloacetate-decarboxylatang, EC 1 1 1 40) catalyzes 
the oxidative decarboxylatlon of  L-malate to pyru- 
vate and CO2 (L-malate + NADP -~ pyruvate + CO2 + 
NADPH) The existence of  'mallc' enzyme has been 
demonstrated in a variety of  plant, animal and micro- 
bial tissues, its properties and proposed metabolic 
functions have been reviewed [1] The presence of 
high levels of  'malic' enzyme activity in crude cell 
extracts of  Clostrldtum thermocellum was recently 
reported [2] Anabollc NADPH synthesis was sug- 
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gested as the physiological role of  the enzyme, since 
the oxidative hexose monophosphate shunt pathway 
was not detectable and extracts contained a unidirec- 
tional, NAD-hnked oxaloacetate reductase activity 
[2] Initial attempts to demonstrate 'mahc'  enzyme 
in Cl thermocellum by standard spectrophotometrlc 
methods faded to show significant activity, however, 
high activity was observed when pyruvate accumula- 
tion was quantified with a commercial lactate dehy- 
drogenase This discrepancy was shown to be a depen- 
dence of  the activity on (NH4)2SO4 contained m the 
commercial lactic dehydrogenase used 

Blotechnologlcal apphcatlons of  enzymes often 
depend on the development of  stable catalysts En- 
zymes from thermophfllC bacteria are by and large 
more stable to temperature and certain chemical 
effectors than sunflar catalysts from mesophdes 
[3,4] ThermophfllC anaerobic bacteria are considered 
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promBlng for industrial fermentation of blomass to 
chemical feedstocks and fuels [4,5] Cl thermocel- 
lure IS employed in processes for the direct fermenta- 
tion of cellulosic blomass to ethanol [5] Very httle 
is known about the catalytic features or potential 
apphcatlons of enzymes from thermophlhc anaerobes 
that may represent future commercial sources of 
inexpensive enzymes We report here on the catalytic 
properties of the first 'mahc' enzyme partially puri- 
fied and characterized from a thermophlhc bacteri- 
um 

Materials and Methods 

Chemicals All chemicals were reagent grade N2 
gas was purchased from Matheson (Chicago, IL) N1- 
COtlnamlde dlnucleotldes were obtained from Sigma 
(St Louis, MO) Agarose-NADP type 3 (NADP 
attached to agarose through C-8) was purchased from 
P-L Blochemxcals (Milwaukee, WI) Molecular weight 
cahbratmn proteins were obtained from Pharmacla 
(Plscataway, N J), Boehrlnger (Mannhelm, F R G)  
and as a gift from W J Brlll, Umversxty of Wisconsin 

Organtsms and culttvatton methods CI thermocel- 
lum strata AS39 [6,2] was used as the source of ceils 
for 'mahc' enzyme purxficaUon CI thermocellum was 
grown on complex medium [6] in 5 1 New Brunswick 
fermenters that contained the following per 1 of dis- 
tilled water 1 5 g KH2PO4/2 9 g K2HPO4/0 5 g 
MgC1 6 H20/2 14 g urea/0 05 g CaCI: 2 H20/1 25 
mg FeSO4 6 H/O/10 g Mops buffer/8 g celloblose/ 
6 g yeast extract/1 g cysteIne-HC1/2 mg resazurm 
Fermenter cultures were constantly stirred at 100 
rev/mln and continuously gassed wtth N2 at 20 cc/ 
mln and incubated at 60°C Cells were harvested at 
the late exponentml growth phase (13 h) and were 

TABLI: I 

collected by cenmfugatlon at 35 000 Xg m a Sorvall 
RC-5 centrifuge (DuPont Instruments) equipped with 
a KSB continuous-flow system 

Preparatton o f  cell extract Cells were suspended 
in a 20 mM Tns-acetate buffer (pH 7 7)/3 mM dlthio- 
threitol solution (1 g cells/5 ml) that contained 1/~g/ 
ml DNAase The suspension was passed through a 
French pressure cell at 1 400 kg/cm z The lysate was 
centrifuged at 2 0 0 0 0 × g  for 30 mm Extracts were 
stored at -20°C The protein content of the cell 
extract and other fractions was determined by the 
method of Bradford [7] using Bio-rad (Rockvllle, 
NY) reagents 

SDS-polyaco, lamMe gel electrophorests Standard 
method [8] used 0 3 × 10 cm gel (7 5%) slabs The 
following proteins were used to cahbrate the molec- 
ular weight creatlne kxnase, 40 000, hen egg albumin, 
43 000, E coh glutamate dehydrogenase, 53 000 and 
bovine serum albumin, 67 000 

'Mahc' enzyme assays The standard assay mixture 
(1 ml total volume) contained 0 1 M Trls-HC1 buffer 
(pH 7 8, adJusted at 40°C)/2 mM L-malate/0 5 mM 
NADP/5 mM MnCI2/20 mM NH4CL The reaction 
was followed at 334 n m  (6334 = 6 1 mM -~ cm -~) 
using an Eppendorf recording photometer 1 umt was 
defined as the amount of enzyme catalyzing the 
reduction of 1 gmol/mm of L-malate at 40°C Assays 
under other conditions are as described m the text 
The same assay condmons were used to determine 
the influence of temperature on activity except for 
replacing Tns-HC1 buffer with 50 mM potassmm 
phosphate (pH 7 1) and MnC12 by MgC12 

Results 

1~ nzyme purification 
Cell extract (12 ml, 58 mg protein) was applied to 

PURII~ICATIONOI 'MALIC'INZYMt t ROM CI THLRMOCtzLLOM 

ActlvRy was measured by tile standard 'mahc' enzyme assay at 40°C 

Purification step Volume Total Total 
(ml) protein ac t iv i ty  

(rag) (umts) 

Specific activity 
(umol/mm per mg) 

Yield Purltlcatlon 
(-lold) 

I Crude extract 12 58 0 67 
II DEAE-cellulose 5 8 5 74 
III Agarose-NADP 1 0 8 63 
IV Sephadex G-200 6 0 4 54 

115 
87 

79 
135 

100 
100 
94 
81 

1 
8 

67 
117 



a 1 5 X 3 0 cm DEAE-ceUulose column (Whatman 52) 
that  was equthbrated m 20 mM Trls-acetate buffer (pH 

7 7) After washmg the column with 10 ml of  the 
same equilibration buffer, the actwlty was desorbed 
stepwlse by the ad&tlon of  0.1 M NaC1 in 20 mM 
Tris-acetate buffer (pH 7 7) The actwlty fractions 
were pooled (5 ml total volume) and diluted 2-fold 
m equlhbratlon buffer The diluted enzyme was 
apphed to a 1 5 X 1 2 cm agarose-NADP column pre- 
viously washed with equthbration buffer The activity 
was eluted sharply m a 1 0 ml fraction by the ad&- 
tlOn of  a 2 mM NADP m 20 mM Tns-acetate buffer, 
pH 7 7 The protein solution (1 0 ml) was applied to 
a 1 0 X 40 cm Sephadex G-200 column equilibrated 
m 0 05 M Tns-HC1, pH 8 0 The actwlty eluted as a 

symmetrical peak (6 ml) centered at Kay = 0 39 (Kav 

= V - V o / V  t -  1Io, Blue dextran and dmxtrophenol 
were used for measurement of  1Io, the void volume, 
and V t, the total solute volume, respectively) On the 
basis of  these results and a cahbratlon curve that 
included catalase (Mr 190 000), fructose blphosphate 
aldolase (158 00) and albumin (68 000), the enzyme 
molecular weight was roughly esttmated to be 
170 000 The purification procedure is summarized In 
Table I An overall purification of  l l7-fold was 
achieved with a yield of  81% The final specific en- 
zyme actwlty was 135 U/mg at 40°C The purified en- 
zyme did not  recognize NAD as cofactor durmg actw- 
l ty measurements at a concentration range of  
0 0 5 - 1 0  0 mM 

Analysis of  'mahc'  enzyme (purification, Step IV) 
on SDS-polyacrylamlde gel electrophoresls demon- 
strated one major band that migrated as a 40 000 mo- 
lecular weight peptlde and a much weaker peptlde, 
30000  (<10% of  total protein) The band pattern 
exhibited for the enzyme preparation m Step III 
mcluded an addmonal  45 000 molecular weight band 
and a significantly higher amount  of  the 30 000 mo- 
lecular weight band 

Btvalent and monovalent catton act twty requtre- 
ments  

Fig 1 illustrates the absolute monovalent  cation 
reqmrements for 'mahc '  enzyme actwlty Enzyme 
actlwty was 2 5-times higher with NH4 ÷ than K ÷ as 
monovalent  cation Half-maxtmal actwatlon values 
were observed at 0 8 mM NH4 ÷ and 5 0 mM K ÷ Na ÷ 
or l.a + &d not  serve as cat~omc activators of  'mahc'  
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Fig 1 Dependence of 'mahc' enzyme actwlty on mono- 
valent cations Assay mixtures (1 ml) contained 0 1 M Tns- 
HC1 (pH 7 0 adjusted at 40°C)/2 mM L-malate/05 mM 
NADP/5 mM MnCI:/1 /lg purified enzyme (Step IV), and the 
monovalent cation concentration indicated 100% activity 
represents 135/amol/mm per mg protein at 40°(2 z~ a, 
NH4, o o, K, • ~, Na and D a, LI 
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enzyme The dependence of  'mahc'  enzyme actlvaty 
on NH4 ÷ was studied at pH values between 6 3 - 7  8 
Maxtmal enzyme actlvuty was pH dependent,  but  
enzyme affinity to NH4 + was not  pH dependent Half- 
maxtmal actwatlon values for NH4 + were 0 7 - 0  8 mM 
for each of  the pH values examined The same results 

TABLE II 

EFFECT OF BIVALENT METAL CATIONS ON 'MALIC' 
ENZYME ACTIVITY 

Assay mixtures contained 0 1 M Tns-HC1 (pH 7 0)/2 mM 
L-malate/20 mM NH2CI/0 5 mM NADP/0 05 mM EDTA, the 
indicated bivalent metal chloride(s), and 1 ~g punfted 'mahc' 
enzyme (Step III) 100% activity represents 79/zmol/mm per 
mg at 40°C 

Cation Maximum activity (%) 

0 25 mM 5 mM 

Mn 2+ 100 99 
Mg 2+ 62 77 
Zn 2+ 78 19 
Co 2+ 61 61 
Cu 2+ 25 2 
Ca 2+ 0 0 
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were observed when either Mn 2+ or Mg 2+ were present 
as divalent activators in reaction assay mixtures 

'Mallc' enzyme activity also had an absolute 
requirement for divalent cations as shown with vari- 
ous metal chlorides in Table II These experiments 
used two different metal concentrations, and were per- 
formed in assay mixtures that contained 0 05 mM 
EDTA in order to lower the background activity to 
zero in the absence of  bivalent metal additions Mn 2+ 
was the most effective bivalent catlomc activator 
examined Mg 2+, Zn 2+ and Co z+ were more effective 
activators than Cu 2+ Ca z+ did not activate 'mahc'  

enzyme at the concentrations examined 

pH, temperature and general activity requirements 
The dependence of 'mallc '  enzyme activity on 

L-malate concentrations was shown to vary with the 
[NH4 ÷] An apparent Km for L-malate of  3 10 -4 M 
at saturating NH4 ÷ (20 mM) and 1 0 10-3M at 
hmmng NH4* (0 4 mM) Raising the NH4 ÷ concentra- 
tion from 0 4 to 20 mM Increased both enzyme activ- 
ity and affimty toward malate 

Analysis of the pH dependence of  'mahc'  enzyme 
with Trls-HC1 buffers demonstrated that enzyme 
activity increased sharply from 6 2 to 7 2, was nearly 
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Fig 2 Temperature stablhty of 'mahc' enzyme Incubation 
condltlons the mixture (1 ml) contained 0 05 M potassium 
phosphate (pH 7 1)/2 mM EDTA/0 1 mM NADP/5 ~tg purl- 
fled 'mahc' enzyme (Step III) The enzyme was heated in 
stoppered tubes at the temperature indicated and coded prior 
to activity measurement at 40°(2,100% activity represents 79 
/~mol/mm per mg protem o o, 60°C, ~ ~, 65°(2, 
D D, 72°C and • o, 78°C 

constant between 7 2 - 8  2, and then rapidly declined 
at higher pH values Mg 2÷ was used as bivalent cation 
in these experiments because the reaction mixtures 
with Mn 2÷ precipitated at pH values above 8 2 The 
pH p r o n e  observed with MnCl2 (5 raM) as bivalent 
cation was identical for pH values up to 8 2 

The temperature stablhty of  'mahc'  enzyme was 
examined at 60, 65, 72 and 78°C (Fig 2) The en- 
zyme remained completely stable (1 e ,  no loss of  
activity) after heating for 2 h at 60°C A 20% loss ot 
activity was observed after heating for 1 h at 65°C 
Enzyme stability decreased dramatically at higher 
temperatures and enzyme half-hfe was only 10 mm 
at 72°C Detailed studies were not performed to exa- 
mine the effect ot chemical additions on thermal 
stability The relation of temperature to specific 
activity of  'mahc'  enzyme was examined in Arrhe- 
nms plots Activity increased linearly as the tempe- 
rature was raised from 20 to 62°C and calculated Qlo 
and energy of  activation values obtained were 2 1 and 
14 Kcal mol, respectively 

The influence of  sulfhydryl group mhlbitors (l e ,  
p-chloromercurlbenzoate)  on 'mahc'  enzyme activity 
was examined The addition of  0 2 mM p-chloromer- 
cunbenzoate to a standard assay mixture caused com- 
plete loss of  enzyme activity in less than 1 rain Im- 
mediate addition of  dlthlothreltol (4 mM) reserved 
the observed p-chloromercurlbenzoate inhibition by 
greater than 80% 

Discussion 

'Mahc' enzyme was easdy isolated from Cl 
thermocellum by simple procedures that included an 
effective affinity chromatography step with agarose- 
NADP Analysis of  the enzyme by Sephadex G-200 
chromatography and SDS-polyacrylamlde gel elec- 
trophoresls suggested that the enzyme exists as a 
tetramer with an approximate molecular weight of  
170000 The purification procedures employed 
yielded a protein that was approx 90% pure This 
degree of  pun ty  was sufficient for analysis of  the 
general enzyme features described here, and for ana- 
lysis of  its practical applications m the future 

In general, the physical features of  Cl thermocel- 
lure 'mahc '  enzyme differ slgmficantly from other 
'mallc '  enzymes reported in the literature The 
apparent 40 000 subunlt molecular weight of  this en- 



zyme was significantly lower than that reported for 
'mahc '  enzymes ( 6 0 0 0 0 - 7 0 0 0 0 )  from pigeon heart 
[9], pigeon hver [10] o r e  cob [11] The apparent 
molecular weight of  natwe 'mahc '  enzyme from Cl 
thermocellum is therefore considerably lower than 
the 550000 molecular weight reported for the 
E cob e n z y m e [ l l ]  The thermal stablhty of  the CI 
thermocellum enzyme, as expected, was far greater 
than for 'mahc'  enzymes isolated from mesophfllc 
organisms [9] The maximal thermal stabdlty of  
'mahc'  enzymes displayed a striking correlation to 
the orgamsms' growth temperature opt imum of  62°C 
[12] The temperature-activity relationship from 20-- 
62°C as expressed in Arrhenlus plots for CI thermo- 
cellum 'mahc '  enzyme was a straight, non-broken 
hne, and this is not  characterlst~c of  some thermo- 
phdlc pyndlne  nucleotade-hnked oxadoreductases 
For example, broken Arrhenlus plots at 45 -50°C  
have been described for lactate dehydrogenases from 
thermophdlc Bactllus species [13] and alcohol dehy- 
drogenases from thermophlllc anaerobic species 
[17] Zuber [13] has suggested that thermophdlc en- 
zymes are less efficient catalysts than mesophfllC en- 
zymes because of  calculated lower values for AH and 
more negatwe values for AS above 45°C than below 
In contrast,  the Q~o value of  Cl thermocellum 'mahc '  
enzyme was 2 1 and the enzyme did not display a 
lower catalytic efficiency at mesophdlc temperatures 

The general catalytic features of  CI thermocellum 
'mahc '  enzyme appear qmte slmdar to many 'mahc'  
enzymes described [1,14,15] The enzyme was abso- 

lutely dependent on NADP as cofactor and bivalent 
cataons as actwators ( M n > M g > Z n > C o >  Ca) 

Several 'mahc'  enzymes described [1,14] are 
actwated by monovalent  cations in addit ion to reqmr- 
mg bivalent catmns E cob 'mahc '  enzyme &splayed 
high affimty and absolutely required K ÷ or NH \÷ 
[11 ] The pH actlwty curve for CI thermocellum en- 
zymes was somewhat broader and more alkaline when 
compared to known 'mahc'  enzymes [1,14] Also, 
the p-chloromercurlbenzoate Inhibition studies 
suggest that the thermophdlc enzyme is similar to 
other 'mahc'  enzyme actlwtles which are sensmve to 
cysteme blocking agents [ 16 ] 

NH4 ÷ activation may have a special physiological 
function for C1 thermocellum 'mahc '  enzyme En- 
zyme activation appeared specific, the dependence 
was absolute and saturation occurred at very low con- 
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centratlon Also, the NH4 ÷ concentration affected 
both the apparent V and K m for L-malate Although 

K + substituted for NH4 ÷ and activated 'mallc'  en- 
zyme, higher substrate concentrations were 
reqmred and considerably lower actwatlon was ob- 
served It ~s tempting to speculate that NH4 ÷ activa- 
tion of  'mallc '  enzyme as a physiological sagnal in Cl 
thermocellum which turns on NADPH generation 
when enough NH4 ÷ is avadable for blosynthesls 
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