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1. Two methods of preparing pig heart soluble malate dehydrogenase are described. A
slow method yields an enzyme composed of three electrophoretically separable subforms.
The more rapid method reproducibly gives a high yield of an enzyme that consists
predominantly of the least acid subform. 2. The A1 IU of the protein was redetermined as
15 at 280nm. By using this value the enzyme molecule was found to contain two in-
dependent and indistinguishable NADH-binding sites in titrations with NADH. 3. No
evidence was found for the dissociation of the enzyme in the concentration range 0.02-
7.21uM. 4. L-Malate (0.1 M) tightened the binding of NADH to both pig and ox heart
enzyme (2-fold), but, in contrast with the report by Mueggler, Dahlquist & Wolfe [(1975)
Biochemistry 14, 3490-3497], did not cause co-operative interactions between the binding
sites. 5. Fructose 1,6-bisphosphate had no effect on the binding of NADH to the pig
heart enzyme, but with the ox heart enzyme the NADH is slowly oxidized. This slow
oxidation explains the 'sigmoidal' binding curves obtained when NADH was added to
ox heart soluble malate dehydrogenase in the presence of fructose 1,6-bisphosphate
[Cassman (1973) Biochem. Biophys. Res. Commun. 53, 666-672] without the postulate of
site-site interactions. 6. It is concluded that neither L-malate nor fructose 1 ,6-bisphosphate
could in vivo modulate the activity of soluble malate dehydrogenase and alter the rates of
transport of NADH between the cytosol and the mitochondrion. 7. Details of the
preparation of soluble malate dehydrogenase have been deposited as Supplementary
Publication SUP 50080 (8 pages) at the British Library Lending Division, Boston Spa,
Wetherby, West Yorkshire LS23 7BQ, U.K., from whom copies may be obtained under
the terms given in Biochem. J. (1978) 169, 5.

The malate dehydrogenase present in the soluble
fraction of pig heart extracts has been shown by an
X-ray-diffraction study to be a dimer oftwo identical
subunits (Hill et al., 1972). It is thus surprising that
there is conflict in the literature as to the number and
the natures of the NADH-binding sites in the dimeric
mole. Two sites per molecule have been reported by
Thome & Kaplan (1963), Pfleiderer & Auricchio
(1964) and Holbrook & Wolfe (1972). Cassman &
King (1972) have shown that for ox heart soluble
malate dehydrogenase the nature ofNADH binding
varies with the protein concentration and that at
high protein concentrations there is slight positive
co-operativity in NADH binding. This was ascribed
to a monomer-dimer equilibrium in which only the
dimer binds NADH. Koren & Hammes (1975) have
also proposed that the enzyme exists in a monomer-
dimer system in which NADH binds to both the

Abbreviation used: SDS, sodium dodecyl sulphate.
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monomer and dimer with equal affinity, but with
differing NADH fluorescence enhancements. This is
in contrast with Holbrook & Wolfe (1972), who found
no evidence for distinguishable NADH-binding
sites.

It has been suggested that soluble malate de-
hydrogenase is a regulatory enzyme in the transport
of reducing equivalents between the cytosol and the
mitochondrion. Cassman (1973) reported that L-
malate alters the binding constant of NADH to the
ox heart soluble enzyme, but has no effect on the
reported co-operativity, and fructose 1,6-bisphos-
phate was found to inhibit NADH binding at low
enzyme concentrations. Cassman & Vetterlein (1974)
report the isolation of two forms of the ox heart
enzyme (s-MDH. and s-MDHb); the forms of the
enzyme have identical amino acid composition and
molecular weights. Mueggler et al. (1975) report that
negative co-operative interactions between the
NADH-binding sites of the pig heart soluble enzyme
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are induced by L-malate, and that at saturating con-
centrations of NADH L-malate binds with negative
co-operativity.
Both the soluble and mitochondrial malate de-

hydrogenase are considered to be involved in the
transport of reducing equivalents across the mito-
chondrial membrane (see, e.g., Williamson et al.,
1973). If the properties of the soluble enzyme were
altered by L-malate and/or fructose 1,6-bisphos-
phate this would have important regulatory con-
sequences and provide a means of linking cellular
energy states to the transport of NADH across the
mitochondrial membrane.
To resolve these uncertainties the binding of

NADH to the enzyme was re-examined. As a pre-
liminary, the reproducibility of the enzyme prepara-
tion was investigated and the A 1'/ for the enzyme was
redetermined.

Methods and Materials

NADH (grade II, disodium salt) was purchased
from C. F. Boehringer und Soehne G.m.b.H.,
Mannheim, Germany, and was purified by chroma-
tography (Holbrook & Wolfe, 1972). Microgranular
ion-exchange celluloses were obtained from H. Reeve
Angel and Co., London E.C.4, U.K. Sephadex G-100
was purchased from Pharmacia, Uppsala, Sweden.
All other chemicals were purchased from either
Sigma (London) Chemical Co., Kingston-upon-
Thames, Surrey, U.K., or BritishDrug Houses, Poole,
Dorset, U.K.

Enzyme assay
The assay medium contained 0.12M-L-malate,

2mM-NAD+ and 0.1M-glycine adjusted to pH10.0
with 5 M-NaOH. Assays were at 25°C and the reaction
was monitored by the change in A340. One unit of
enzyme activity caused the production of 1 pmol of
NADH/min.

Protein assay
Protein concentration of the pure enzyme was

calculated by using Alo, = 15 at 280nm (this value
was determined as described below). Molar enzyme
concentrations are calculated from w/v protein con-
centrations assuming a molecular weight of 70000 for
the dimer.

Enzyme preparation
Two methods (1 and 2) were used to prepare the

soluble enzyme from pig hearts. Both are modifica-
tions ofthe procedure ofGerding & Wolfe (1969) and
are shown in Scheme 1. Method 2 was used to
prepare the enzyme from ox heart. Details of the
procedure have been deposited as Supplementary
Publication SUP 50080 at the British Library Lend-

ing Division, Boston Spa, Wetherby, West Yorkshire
LS23 7BQ, U.K.

Polyacrylamide-gel electrophoresis
Tubular gels containing 8% (w/v) polyacrylamide

were used, either with or without SDS (Tanner &
Boxer, 1972). When no SDS was used the samples
were loaded in 50% (w/v) sucrose and run at 3mA
per gel for 12-24h at room temperature. Protein was
detected as described by Berg (1969) by using
Coomassie Brilliant Blue. Enzyme activity was re-
vealed by using 1.1 mM-NAD+, 0.5mM-Nitro Blue
Tetrazolium and 0.07mM-phenazine methosulphate
in 20mM-L-malate, adjusted to pH8.0 with 0.5M-Tris
base (this is a modification ofthe stain used by Thorne
et al., 1963).

Isoelectric focusing
This was done in an LKB (Croydon, Surrey, U.K.)

Ampholine PAG plate gel, pH range 3.5-9.5, run
according to the manufacturer's instructions. Samples
were applied in the centre ofthe gel. Gels were stained
for protein as described by the manufacturer or for
enzyme activity as described above.

Gelfiltration
A water-jacketed column (2cm x O00cm), kept at

13°C and packed with Sephadex G-100, was used to
measure the elution volume and to estimate the
molecular weight of the enzymes. The column buffer
was 50mM-Tris/acetate, pH8.0, or 10mM-sodium
phosphate, pH6.0, and the flow rate was maintained
at 10ml/h. Samples were applied in 2ml of column
buffer. The elution volume was the volume of eluate
collected from the point when the sample had half-
penetrated the gel. Column fractions were assayed for
malate dehydrogenase activity and their A280 was
measured. The elution volume of soluble enzyme
activity was compared with the elution volumes of
bovine serum albumin (mol.wt. 67000), myoglobin
(mol.wt. 16000) and pig heart lactate dehydrogenase
(mol.wt. 144000).

Synthetic-boundary centrifugation
This was used for determining the A`1, for the

enzyme. At low speed a synthetic-boundary cell can
be combined with the schlieren optical system of the
ultracentrifuge to provide a sensitive differential
refractometer for evaluating the w/v concentration of
protein solutions. The A280 of an enzyme solution
(previously dialysed against 10mM-sodium phosphate
buffer, pH 7.0) was measured. Several photographs
were taken within 30min after reaching a speed of
3000rev./min. The area (A) under the peak was
measured by first enlarging the photograph and
drawing around the profile. The photographic paper
was then cut out and weighed. This area was propor-
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CYTOPLASMIC MALATE DEHYDROGENASE

Method 1

Hearts

Minced, homogenized

Homogenate

Left overnight, centrifuged

l~

Pellet

Supernatant

Acid precipitation

Solution

Batch CM-22 and DE-1 I adsorption

Solution

Diluted to 50 litres, batch
adsorption to DE-52

Method 2

Hearts

Minced, homogenized and centrifuged

Supernatant

Batch CM-22 and DE-II
adsorption stop

Solution

Diluted to 50 litres, batch
adsorption on DE-52

DE-52 packed into a column
and enzyme eluted, precipitated
and redissolved in buffer

Enzyme solution

DE-52 packed into a column,
enzyme eluted, precipitated
and redissolved in buffer

Enzyme solution

33 %- and 55 %-satd.-(NH4)2SO4 fractionation

Enzyme solution

55 /.-satd.-(NH4)2SO4
fractionation

Enzyme solution

Hydroxyapatite chromatography

Enzyme solution

DE-52 column chromatography

Enzyme solution

Complete precipitation, enzyme redissolved
and crystallized by additions of (NH4)2SO4

Crystalline enzyme suspension

Scheme 1. Summary of the methods used to purify soluble malate dehydrogenase

tional to the protein concentration (Cp, g/l), the
refractive-index increment and the optical magnifi-
cation factor. Similar measurements were made for
a sucrose solution of known concentration (CQ) when
the concentration of protein can be calculated by
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comparing the area under the protein peak (Ap) with
the area under the sucrose peak (A,) by using:

C Ap 143'C,
sAs 185

Pellet
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where 143 g/dl = refractive-index increment for
sucrose (Gosting & Harris, 1949) and 185 g/dl = re-
fractive-index increment for proteins (Huglin, 1972).

NADH binding to the enzyme
The enhanced NADH fluorescence (excitation at

297nm and emission through a Kodak Wratten 98
filter; maximum transmission at 440nm) and/or the
decreased protein fluorescence (excitation at 297nm
and emission through a Kodak Wratten 18A filter;
maximum transmission 360nm) ofan enzyme solution
(3ml) was monitored as NADH was continuously
added to a stirred protein solution. All measurements
were made by using a dual-wavelength-filter fluori-
meter/spectrometer, which has been described by
Shore et al. (1975). When the effect of added com-
pounds was to be studied, the compound, neutralized
with 5 M-NaOH where necessary, was added directly
to the enzyme solution before the titration began.

Phosphate content of soluble malate dehydrogenase
Forms a and b of the ox heart enzyme are distin-

guished by their phosphate content and, since they
are reported to have different responses to fructose
1,6-bisphosphate (Cassman & Vetterlein, 1974), the
phosphate content of the enzyme used in the present
study was determined to allow a comparison with this

work to be made. The enzyme to be tested was
dialysed against two 5-litre changes of 10mM-NaCI.
Trichloroacetic acid (3M; 9ml/ml ofenzyme solution)
was added to the enzyme, and the precipitate sedi-
mented (2000g, 2min) in a bench centrifuge and
washed four times by alternate suspension in water
(lOml) and sedimentation. The precipitate was finally
resuspended in water (2ml). Phosphate associated
with the protein was converted into Pi by the method
ofJones et al. (1951) and measured by the colorimetric
assay ofAllen (1940) (except that one-fifth the volume
of all solutions was used).

Results

Homogeneity
Typical purification results for soluble malate

dehydrogenase by methods 1 and 2 are shown in
Table 1. The major differences are that in method 2
the homogenate incubation and acid-precipitation
steps are omitted and the procedure is shortened so
that within 6h there is a 27-fold purification of the
enzyme. The large loss of activity after DEAE-
cellulose chromatography is due to removal of the
mitochondrial enzyme. The product of both methods
1 and 2 gave a single protein-staining band on

Table 1. Purification data for malate dehydrogenase prepared by methods 1 and 2
An outline of the method is given in Scheme 1. Details have been deposited at the British:
Division), as Supplementary Publication SUP 50080.

Stage of
procedure

Method 1
Extract
After batch DE-11

adsorption step
Eluate from batch
DE-1 1 column step

Hydroxyapatite
chromatography

DE-52 column
chromatography
eluate

Method 2
Extract
After batch DE- 11

adsorption step
Eluate from batch
DE-52 column step

Hydroxyapatite
chromatography

DE-52 column
chromatography
eluate

Volume
(ml)

14000
14000

Activity
(units)

990000
900000

500 70000

300 50000

250 35000

13000
13 000

Library (Lending

Total Specific
protein activity
(mg) (units/mg)

195000 5.1
190000 4.7

2700 25

700 70

350 100

650000
600000

400 80000

250 50000

300 30000

2900

900

400

27

55

75
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EXPLANATION OF PLATE I

Comparison of the subforms ofpig heart soluble malate dehydrogenase
The subforms were resolved by polyacrylamide-gel electrophoresis (a) and isoelectric focusing (b). The polyacryl-
amide gels were run in the absence ofSDS; samples of enzyme (about 50,ug) wereloaded in sucrose (50%, w/v) and the gels
run at 3mA per gel for 12h. Before staining the gels were sliced horizontally; one half of the gel was stained for protein
(a, 1 and 3) by the method of Berg (1969), and the other for enzyme activity (a, 2 and 4) by a modification of the pro-
cedure of Thome et al. (1963). Gels used in isoelectric focusing, pH range 3.5-9.5, were run and stained for protein
according to the manufacturers' instructions (LKB, Croydon, Surrey, U.K.) (b, 1 and 2). Pig heart enzyme prepared by
method 1 (a, 1 and 2, b, 5) was resolved into three major subforms, and enzymes prepared by method 2 (a, 3 and4; b, 6)
into one major subform, which corresponded to the least acidic subform of the enzyme prepared by method 1.
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CYTOPLASMIC MALATE DEHYDROGENASE

SDS/polyacrylamide-gel electrophoresis. This band
was not resolved from pig heart lactate dehydro-
genase. In the absence ofSDS, the product ofmethod
1 was resolved into three subforms and that ofmethod
2 into two (Plate 1). By slicing the gel longitudinally
and staining half for protein and the other for en-
zyme, it was found that all protein-staining bands were
also catalytically active. The major component from
method 1 was the most acidic subform, and that from
method 2 was the least acidic subform. By using iso-
electric focusing it was possible to improve the reso-
lution of the subforms and to identify the major
component from method 2 as the minor component
from method 1.

Absorbance factor (Alcm)
The average value of A%, at 280nm for the pig

heart enzyme determined by differential refractometry
was 15 (Table 2). For the ox heart enzyme the value
was 10.5. The absorbance factor was also determined
by using the biuret method (Beizenherz et al., 1953)
and from the absolute amino acid analysis of a
solution of known absorbance for pig heart soluble
enzyme. A value ofAl% = 15, the average of our three
determinations, is used below. It compares reasonably
well with the values from biuret and amino acid
analysis and the values of Kitto & Kaplan (1966) and
Glathaar et al. (1972). The value of 15 is considerably
higher than the value of 9.3 obtained by Gerding &
Wolfe (1969). The value for the ox enzyme, deter-
mined by the same methods as that for the pig enzyme,
is much lower. We have no explanation for this,
although we have only limited experience with the ox
enzyme.

Phosphate content of soluble malate dehydrogenase
Values of 0.3 (s.D.±0.1, n = 9) and 0.4 (S.D.±0.1,

n = 9) mol of trichloroacetic acid-precipitable phos-
phate/70000g of pig and ox heart enzyme respectively
were obtained. These values are in close agreement
with the value for the b form of ox heart soluble
malate dehydrogenase reported by Cassman & Vetter-

lein (1974). We obtained 0.045mol of Pi/mol of tryp-
sin in a control experiment.

Number and nature of the NADH-binding sites on
soluble malate dehydrogenase
The equilibrium titration of the binding sites of the

enzyme with NADH was followed simultaneously
by enhanced nucleotide fluorescence and by the
decreased protein fluorescence. If the sites are indis-
tinguishable and equivalent, the fractional saturation
of the NADH-binding sites (v) can be related to the
total concentration of NADH added (Lo), the
dissociation constant for NADH (Kd) and the total
concentration of binding sites (E0) by:

Kd 1= -E0
(I-v) (

A graph of 1/(l-0) against Lo 0 will be linear, of slope
lIKd, and on extrapolation will give an intercept on
the Lol axis of Eo. At high sites concentration
(> Kd), accurate information is gained about the con-
centration of binding sites, whereas at low protein
concentrations (<Kd) accurate information about Kd
is obtained.
The fractional saturation ofthe ligand-binding sites

(0) was equated to the ratio AF/AFmaz., where AFmax.
is the limiting value ofthe fluorescence difference (AF)
at high concentrations of added ligands. AFmax. was
chosen by inspection of the original experimental
record (the hyperbolic graph of AFagainst Lo). Errors
due to the chosen end point being fractionally too high
or low were seen as departures from linearity (Stinson
& Holbrook, 1973). The value of AFmax. to which AF
approached asymptotically always compared reason-
ably with the highest AF measured in the titration.
No significant difference in the titration curve was

found between enzyme prepared by method 1 or 2.
Fig. 1 shows a typical titration curve, with the enzyme
prepared bymethod2(1.3 pM), in 50mM-sodium phos-
phate buffer, pH6.0. The plot of 1/(1-v) against L01/
is linear (to 00.9); thus theNADH sites occupied are
identical and independent. Over a period of 2 years
with enzyme prepared by both methods 1 and 2 and

Table 2. AIlo of malate dehydrogenase
A1,'o at 280nm from the literature is compared with the values determined in the present work. A value of 15 for the
pig heart enzyme and 10 for the ox heart enzyme were used in this study.

Species Method

Pig Differential refractometry
Amino acid analysis
Biuret
Dry weight
Amino acid analysis

Ox Differential refractometry
Differential refractometry

15
16+2
13.6
9.3

13.1

Reference

The present work
The present work
The present work
Gerding & Wolfe (1969)
Glathaar et al. (1972)

10.5 The present work
9.0 The present work
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C.)a

C.)8.
=C.)

(c(a)

40Vf!

(i)
-(ii)

4pM

[NADHI
(b)

6.01

0
2. 1,M

Fig. 1. Determination of the number ofNADH-binding sites on soluble malate dehydrogenase
(a) Binding of NADH was monitored by the decrease in protein fluorescence (ii) and the increase in nucleotide
fluorescence (i) on adding NADH to a solution of the enzyme. Determinations were performed in 50mM-sodium
phosphate buffer, pH6.0; the binding curve shown was obtained by using pig heart enzyme (1.35,m) prepared
by method 1. (b) Plots of 1/(1-v) against Lo/I were linear to v = 0.9. (c) Superimposition of curves (i) and (ii) from (a).

Table 3. Protein-concentration-independence of NADH-
binding parameters

The Kd and number of NADH-binding sites on pig
heart malate dehydrogenase at various enzyme con-
centrations were determined in 50mM-sodium phos-
phate buffer, pH6.0. At intermediate protein con-
centrations (1.55-3.95pM), where binding curves
contain information about both Kd and the concen-
tration of NADH-binding sites (see the text), there
is no change in Kd or the concentration of bound
NADH. Over the whole range Kd changes by less than
a factor of 2 compared with a value of 0.6±0.21uM
determined for the Kd at this pH.

NADH bound

by a determination using gel filtration (Pfleiderer
& Auricchio, 1964) (1.6mol of NADH bound/
70000g of enzyme of specific activity 70units/mg).
Equilibrium titrations at low protein concentrations
(about 0.4,gM) enabled the Kd to be determined in
50mM-sodium phosphate buffer, pH6.0. A value of
0.4±0.1 AUM (n = 12) was determined for the enzyme
prepared by method 1 and 0.6±0.2/uM (n = 12) for
enzyme prepared by method 2. Where binding of
NADH to the enzyme was monitored simultaneously
by the change in nucleotide fluorescence and protein
fluorescence, the two binding curves were completely
superimposable (Fig. lc).

[Enzyme] Kd
(#M) (PM) (PM)

0.3 0.15
0.3 0.6
0.3 1.0
0.6 2.8
0.6 7.7
0.8 9.4
0.9 11.9
0.8 12.4

(mol/70000g of
enzyme)

1.0
1.3
1.3
1.8
1.9
2.0
2.0
1.7

Protein-concentration-independence ofNADH-binding
parameters

Table 3 reports determinations of Kd and number
of sites forNADH at pig heart malate dehydrogenase
concentrations from 0.15 to 7.25pM. Over the whole
range, Kd changes by less than a factor of2 compared
with the average value of 0.6 ±0.2pM obtained at the
more reliable low protein concentrations. This change
is not significant. The values at high protein concen-
trations are less accurate. At the intermediate protein
concentrations (1.55 and 3.954gM), where the curves
contain information about both Kd and Eo, the results
are in excellent agreement.

1978

0.15
0.45
0.8
1.55
3.95
4.7
5.95
7.25

with specific activities varying from 75 to 110 units/
mg, it was found that 1.8±0.2 (28) mol ofNADH was
bound/70000g of enzyme. This result was supported
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CYTOPLASMIC MALATE DEHYDROGENASE

The slight trend in Kd with protein concentration
probably does not reflect a monomer-dimer equi-
librium. The enzyme activity was eluted from a
calibrated Sephadex G-100 column at an elution
volume (just after bovine serum albumin) that was
independent of protein concentrations in the range
0.02-4.6pM-enzyme. This confirms the result of Bleile
et al. (1977). The elution volume did not change when
1 mM-NADH was included in the buffer used to
equilibrate the column. This lack of dissociation was
confirmed, since, in contrast with the mitochondrial
enzyme (Shore & Chakrabarti, 1976), a sample of
soluble malate dehydrogenase covalently labelled
with fluorescein isothiocyanate showed unchanged
polarization offluorescein fluorescence (P 0.218) over
the concentration range 0.03-3 AM (J. J. Holbrook &
J. D. Shore, unpublished work).

Does soluble malate dehydrogenase dissociate in the
presence ofNADH?

Cassman &King (1972) reported thatNADH binds
to the ox heart enzyme with slight positive co-
operativity with Hill coefficient of 1.33 at 0.56mg of
protein/ml and 1.1 at 0.01 mg of protein/ml. They
suggested that the enzyme exists as a monomer-
dimer equilibrium and that NADH binds very tightly
to the monomer. Koren & Hammes (1975) repeated
these experiments. When NADH binding was mea-
sured by forced dialysis they found two equivalent

NADH-binding sites (Kd = 14AM); when binding was
monitored by nucleotide fluorescence enhancement
they obtained a non-linear binding plot.
With the pig soluble enzyme in 20mM-sodium

phosphate, pH6, at enzyme concentrations of 0.15-
7.254Mwe measuredNADH bindingbyNADH fluor-
escence enhancement. The binding curves always
gave linear plots of 1/(1-v3) against [NADH]Jotai/iU
showing that a single dissociation constant
(0.6+0.2,UM) could describe both NADH-binding
sites over this whole enzyme concentration range.
Thus the pig enzyme does not exist as a monomer-
dimer equilibrium at pH6 with greatly different
affinities for NADH [Cassman & King (1972) used
dissociation constants ofNADH from the monomer
of 0.25./M and of 25pM from the dimer].

Fig. 2 shows results in 20mM-phosphate buffer/
1 mM-EDTA, pH6.9: exactly the conditions used by
Cassman & King (1972) and Koren & Hammes
(1975), but for the pig soluble enzyme. The nucleo-
tide-fluorescence enhancement (fluorescence at the
end point) increases linearly with enzyme concen-
tration, and the inset shows that both NADH-binding
sites may be described by a single dissociation con-
stant. Similarly, with the ox heart enzyme we found
under the same conditions linear plots of 1/(1-v0)
against Lo/li at enzyme concentrations of 0.6,pM,
2.4,UM and 4.8AuM. The single dissociation constant of
NADH at each concentration was 1.1 gM, 1.0/AM and
1.2/AM respectively. Again there was no indication of

100 -

2. 0 M

4 A M

3

U 5.0 m

*Lole'
....

_ 0. 7M

4.9 9.8

10-6 x[NADH]0 (M)

Fig. 2. Effects of changing malate dehydrogenase concentration on the binding ofNADH
Binding of NADH to the enzyme was monitored by the change in nucleotide fluorescence associated with NADH
binding in 20mM-potassium phosphate buffer/imM-EDTA, pH6.7, while the concentration of pig heart enzyme
was varied from 0.7 to 2.0AM. The inset shows a typical analysis with 2/M-enzyme. The nucleotide fluorescence
enhancement increases linearly with enzyme concentration and both NADH-binding sites are described by a single
dissociation constant at all enzyme concentrations.

u

u
C)1
a.)

U

0
= 50

C)
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dissociation of the enzyme or of non-identical en-
vironments at each NADH site on the dimeric
enzyme.

Changed protein fluorescence of soluble malate de-
hydrogenase is proportional to the number ofNADH-
binding sites occupied

Fig. 1 shows that changes in protein fluorescence
are proportional to the enhanced fluorescence of
NADH. This is but one example of such results ob-
tained with both pig and ox enzyme, at pH 6 and pH 8
and over a wide range of protein concentrations. It
confirms the results of Cassman & King (1972) and
of Mueggler et al. (1975). Linear changes in protein
fluorescence when NADH binds to the oligomeric
dehydrogenase are unusual (Holbrook, 1972) and
require explanation. Non-linear decreases in protein
fluorescence arise when the F6rster (1959) mechanism
is the main cause of the decreased protein fluores-
cence. Linear protein fluorescence changes occur
when either there is only one NADH site per protein
molecule or when the change in tryptophan fluores-
cence results from a protein rearrangement induced
byNADH binding. Since with both the pig and the ox
enzymes we have shown that two NADH residues
are bound to each molecule and that under the
measurement conditions the enzyme remains dimeric,
we are forced to choose the second alternative, namely
that NADH binding induces a local conformation
change that results in a changed quantum yield of
neighbouring tryptophan residues. This conclusion is
not novel. Cassman (1973) noted that below pH7.5
the quenching of tryptophan fluorescence in ox
soluble malate dehydrogenase arose from processes
other than Forster (1959) energy transfer.

Effects ofL-malate on NADH binding
Mueggler et al. (1975) have reported that NADH

binding to the pig heart enzyme at pH 8.0 in Tris/
acetate buffer (0.5M in acetate) and in the presence
of 0.1 M-L-malate shows negative co-operativity. Pre-
liminary experiments at pH 6.0 showed that, in agree-
ment with Cassman (1973), 5mM-L-malate lowered
the dissociation constant forNADH (Kd) from 0.5 flM
(3) to 0.2/M (3) and that the nucleotide fluorescence
was enhanced. The form of the binding curve showed
that bothNADH-binding sites were indistinguishable
and independent.
The binding ofNADH to pig and ox heart malate

dehydrogenase was monitored by the decreased pro-
tein fluorescence at pH 8.0 in 0.1 M-L-malate as des-
cribed by Mueggler et al. (1975). However, NADH
binds only weakly at pH8.0 (Holbrook & Wolfe,
1972), and the decrease in protein fluorescence
caused by added NADH must be resolved into two
components, (a) the 'trivial' decrease caused by
absorption of the incident (297nm) and fluorescent
(340nm) light by the added soluble NADH ('inner

filter effect') and (b) the decrease caused by NADH
bound to the protein.
To determine the extent of the 'trivial' quench of

fluorescence, a series of proteins that have not been
reported to bind NADH were titrated with NADH.
The proteins were bovine serum albumin, trypsin,
chymotrypsin, duck ovotransferrin. The initial fluor-
escence and the measured fluorescence were related
to the concentration (c, mM) of NADH by:

Initial fluorescence = measured fluorescence
x IOcco.5 (i)

where e is the apparent millimolar absorption coeffi-
cient and 0.5cm is the effective path length for ex-
citation and emission. By using an analogue simulator
(Clayton, 1973) values of E were selected such that
the 'initial fluorescence' from eqn. (i) remained un-
changed as NADH increased to 0.1 mm. As expected,
the values for E did not depend on the protein
(tryptophan, 10.9; bovine serum albumin, 12.7;
trypsin, 11.7; chymotrypsin, 12.6; duck ovotrans-
ferrin, 12.9). The average of E is 12.5±1.6 (15)
litre *mmolh * cm-'. This is as expected from the sum
of the approximate absorption coefficients ofNADH
at the exciting (297nm; 6 litre mmol-I cm-') and
fluorescent (340nm; 6.22 litre mmol-h * cm-') wave-
lengths. The curves in Fig. 3(a) are an example of the
effectiveness of the correction.

Equilibrium titrations of either the pig or the ox
enzyme were performed in the presence or absence of
0.1 M-L-malate, over a concentration range of 1.9-
9.5 M-protein. Typical results are alsoshown in Fig. 3,
where the binding curve has been corrected for
'trivial' quenching due to NADH absorption. Plots
of 1/(1 -ve) against Lo/vi are linear, showing that the
NADH-binding sites are identical and independent.
Failure to correct for 'trivial' quenching produces
non-linear plots. Uncorrected curves were interpreted
by Mueggler et al. (1975) to mean that L-malate pro-
duces interaction between the NADH-binding sites
on the enzyme. This interpretation is not justified.
Table 4 summarizes a series of experiments under
conditions described by Mueggler et al. (1975). No
evidence of interaction between the two NADH-
binding sites on each enzyme molecule was obtained.
Mueggler et al. (1975) would have observed apparent
site-site interaction because they failed to correct for
inner-filter effects. The precise value of E used to
correct results must be determined anew for each
pair of excitation and emission wavelengths and for
different instrument geometry. In fact, the concen-
tration of buffer used in the experiments reported by
Mueggler et al. (1975) was 0.05M and not the 0.5M
stated in the paper (R. Wolfe, personal communi-
cation). Thus there is no quantitative difference be-
tween the results without L-malate from their and our
laboratories.
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(i)

(ii)

16uM 20,uM
[NADH] [NADHI

(c)iE

i)

i)

20 itM

[NADH]
Fig. 3. Effect of 0.1 M-L-malate on the binding ofNADH to malate dehydrogenase

Determinations were performed in 0.5M-Tris solution adjusted to pH8.0 with acetic acid. Binding of NADH was
followed by the decrease in protein fluorescence. In (a) is shown a typical titration (with bovine serum albumin)
used to determine the correction factor for 'trivial' quenching by NADH: (i) shows the corrected data and (ii) the
uncorrected data. Similarly in (b) and (c) are the corrected (i) and uncorrected (ii) NADH-binding curves for pig
heart enzyme (1.9,uM) in the presence (c) and absence (b) of 0.1 M-L-malate. When the binding curves are corrected
for 'trivial' quenching they are consistent with identical and independent NADH-binding sites.

Table 4. Effect of 0.1 M-L-malate on the binding ofNADH to malate dehydrogenase
Binding was monitored by the decrease in protein fluorescence on adding NADH. All results were corrected for 'inner-
filter' effects caused by added NADH by using E= 12.5 litre mmolP Icmn1. The buffer was prepared by adjusting a
solution of 0.5M-Tris with or without 0.1 M-L-malate to pH8.0 with acetic acid. Plots of 1/(1-vi) against L,/v5 were
linear. n.d., Not determined.

NADH bound

L-Malate Kd (pM)

+

+

11
5.5
8.8
5.5

11
6.8
10
4.2
8.5
4
10
4.2

(mol/70000g
(PM) of enzyme)
n.d.
n.d.
11
11
19.8
19.8
n.d.
n.d.
10.6
10.6
18.5
17

1.9
1.9
2.1
2.1

1.9
1.9
1.9
1.8

Effect offructose 1,6-bisphosphate
This metabolite is reported to be an allosteric in-

hibitor of the binding of NADH to ox heart malate
dehydrogenase (Cassman, 1973), and we have con-

Vol. 169

firmed that the NADH titration of ox heart enzyme
in the presence of 5mM-fructose 1,6-bisphosphate
(Fig. 4b) is highly anomalous. The plot of 1/(1-vi)
against L4/vi was non-linear and at first sight suggests

(a) (b,

ii)

C)

OD

C:
LC

Q

0

u

v

C)

CL)
I)

407t..

Species
Pig

Ox

[Enzyme]
(PM)
1.9
1.9
5.7
5.7
9.5
9.5
1.9
1.9
5.7
5.7
9.5
9.5
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(b

40y.

O. 58JLM 0 58 uM
[NADHI

(dj

3

1.75 ptM

Fig. 4. Effect of 5 mM-fructose 1 ,6-bisphosphate on the binding ofNADH to malate dehydrogenase
Binding of NADH to the enzyme was followed by quenching of protein fluorescence. Experiments were performed in
50mM-sodium phosphate buffer, pH6.0. For pig heart enzyme (0.19pM) the binding curve (a) was hyperbolic and the
plot of 1/(1-v) against L0/i (c) is linear, as expected of independent and identical sites. The binding curve
generated by the ox heart enzyme (b) appeared to be composed of two phases and the plot of 1/(1-v6) against Lo/vf (d)
was not linear.

~t4
ct C;; u

u c)
o-._ =

,= Q
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v41

(i)

(ii)

[NADH]

Fig. 5. Apparent sigmoidal NADH binding to ox heart
malate dehydrogenase in the presence of 5mM-fructose

1,6-bisphosphate
The quenching of protein fluorescence (ii) and ap-
pearance of A340 (i) were simultaneously monitored
as NADH was slowly added (0.14/1M-NADH min-')
to a solution of ox heart enzyme (0.85pM) in 50mM-
sodium phosphate buffer, pH6.0. From the quenched
fluorescence curve (ii) there is apparent sigmoidal
NADH binding. However, no A340 (i) is apparent
during the first portion of the titration; from the
point of appearance of A340 (i) the binding curve is
hyperbolic, as predicted for identical and independent
NADH-binding sites. The apparent interaction ob-
served when NADH is bound to ox heart enzyme in
the presence of 5 mM-fructose 1 ,6-bisphosphate is due
to a slow oxidation of NADH.

negative site-site interactions. Titrations of pig heart
enzyme under exactly the same conditions and with
the same solutions as used for the ox enzyme on the
same day showed no measurable effect of added
fructose 1,6-bisphosphate (Fig. 4a).

However, the explanation of the anomalous titra-
tion is not NADH site-site interactions as suggested
by Cassman (1973). Fig. 5 shows a very slow titration
in which A340 was monitored at the same time as the
protein fluorescence. Under these conditions the
decrease in the protein fluorescence is roughly sig-
moidal, but the absorbance of the added NADH,
which should have increased from the start, showed
a Jag phase. From the point of appearance of A340
(that is NADH), the binding curve for NADH is
hyperbolic, as expected of identical and independent
NADH-binding sites. As an important control a
titration of the pig enzyme recorded on the same day
with the same buffer, NADH and fructose 1,6-bis-
phosphate solutions is also shown in Fig. 4. This does
not contain the anomaly.

Titration of an enzyme in which NADH is
destroyed in the presence offructose 1 ,6-bisphosphate
would lead to an incorrect identification of site-site
interactions (Cassman, 1973). Nevertheless, the pres-
ent results do not allow us to put forward an
explanation of the oxidation of the initially added
NADH. Possible explanations are restricted by the
observation that the oxidation is catalysed by the ox
enzyme preparation, but not by the pig preparation,
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and that the oxidation requires fructose 1,6-bis-
phosphate.

Discussion

Both methods used to prepare soluble malate
dehydrogenase reproducibly give results similar to
those reported in the present paper. Method 1 yields
an enzyme with three main electrophoretically dis-
tinguishable subforms, with the most acidic forms
predominant, as reported in earlier work (Thorne et
al., 1963; Gerding & Wolfe, 1969). Method 2, which
is rapid and avoids prolonged exposure of the extract
to low pH, yields in the main the least acidic subform.
The subforms are all enzymically active and have the
same subunit and molecular weights. The electro-
phoresis and electrofocusing experiments suggest that
each subform differs from the next by a small, but
constant, difference in charge. Deamidation of the
enzyme in the crude homogenate or in the acid preci-
pitation step would explain our findings, especially
the increase in the most acidic subforms. Deamidation
ofamino acid amides was also suggested by Glathaar
et al. (1972) to explain subforms of the mitochondrial
enzyme prepared from a similar homogenate. Since
method 2 is milder and more rapid than method 1,
we assume that the least acidic subform most closely
reflects the form of the enzyme in the living tissue
(although this assumption may change when a
molecular explanation of the subforms is available).

In a previous study Holbrook & Wolfe (1972)
actually measured only 1.4 NADH-binding sites/en-
zyme molecule. This value was thought reasonable
at that time because the enzyme preparation used had
a specific activity of 80units/mg (compared with the
1 Ounits/mg for the enzyme prepared by Gerding &
Wolfe, 1969). However, the purest enzyme samples
prepared by methods 1 and 2 contained only active
enzyme molecules, and yet were found to bind only
1.1 mol of NADH/70000g of protein with specific
enzyme activities in the range 80-100 units/mg (by
using A1 / = 9.3 at 280nm). Because a value of 1.1
NADH-binding sites/dimer might have reflected in
solution the differences between the NAD+-binding
sites observed in the crystal (Hill et al., 1972), we
critically examined the assumptions involved in this
determination. The absorbance factor at 280nm used
by Gerding & Wolfe (1969) was found to be much too
low. The new value of A "/Z at 280nm (15±1) yields
1.8 ±0.2 NADH-binding sites/70000g ofenzyme. We
conclude that both subunits in the molecule can bind
NADH. This is in agreement with the number of
NAD+-binding sites on the malate dehydrogenase
molecule (A. Lodola & J. J. Holbrook, unpublished
work).

In our many experiments we have never obtained
results from titrations of the enzyme with NADH
monitored by either decreased protein fluorescence or

enhanced NADH fluorescence that suggest that the
two sites in the pig heart enzyme are anything but
identical and indistinguishable (as an example, see
Fig. 2). This is in agreement with previous titration
experiments (Holbrook & Wolfe, 1972) and with a
steady-state kinetic study of the pig heart enzyme
(Frieden & Souza, 1975). It is noteworthy that, in a
symposium paper by Weininger et al. (1977), the un-
equal occupancy of NAD+-binding sites in pig heart
enzyme crystals were found to be due to crystal-lattice
forces, which ofcourse would be absent from solution.
There is thus no longer a conflict between the hyper-
bolic binding of NADH observed by Koren &
Hammes (1975) using equilibrium dialysis and the
results ofNADH binding monitored by fluorescence.
We have shown in this paper that (i) the apparent

negative co-operativity (Mueggler et al., 1975) in the
presence of0.1 M-L-malate at pH 8.0 was not observed
whenNADH-binding curveswerecorrected for inner-
filter effects and that (ii) the site-site interactions ob-
served by Cassman (1973) when NADH binds to ox
heart enzyme in the presence of fructose 1 ,6-bisphos-
phate are due to the oxidation of the added NADH.
From all our results it is clear that both NADH-
binding sites on the soluble malate dehydrogenase
molecule are identical. It was the apparent non-
identity of the sites that led Cassman & Vetterlein
(1974) to propose a regulatory role for this enzyme.
Since in the present paper we have shown that the
enzyme is dimeric in solution, and that the two
NADH-binding sites are occupied in a random
manner with or without added L-malate or fructose
1,6-bisphosphate, we conclude that there is no equi-
librium evidence to support the proposed regulatory
role of the enzyme.

A. L. was supported by a Science Research Council
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