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The microorganism Micrococcus lactilyticus derives its energy from the fermentation 

of lactate to propionate, acetate and CO2. One of the steps in this fermentation, the 

conversion of lactate to malate, is catalyzed by a malic-lactic transhydrogenase 

(reaction 1). 

malate + pyruvate 
c 

oxalacetate + lactate (1) 

This enzyme was described by Phares and Long (1956). The enzyme has no malic or lactic 

dehydrogenase activity and does not require exogenous cofactors. None of the artificial 

electron acceptors tested, including phenazine methosulfate, wi I I function as oxidant. 

Tie enzyme was identified as a highly fluorescent pyridinoprotein (Dolin, Phares and 

Lcng, 1964) containing firmly bound NAD+ and NADH in a molar ratio of 0.3/l. The 

fluorescence and spectral properties of the enzyme were briefly described. These data 

wi II be reported in more detail in the present communication. A malic-lactic 

transhydrogenase has also been isolated by Allen and Galivan (1965). 

EXPERIMENTAL 

Isolation and molecular properties - Cultures of M. lactilyticus were grown and 

extracts prepared as previously described (Delwiche, Phares and Carson, 1956). Briefly, 

the purification consists of chromatography on DEAE-cellulose, equilibrated with 0.01 M 

* Research sponsored by the U. S. Atomic Energy Commission under contract with 
the Union Carbide Corporation. 
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Tris-acetate, pH 7.6. After eiution of the enzyme with an approximately linear gradient 

of sodium acetate (0.02 M to 1 M, pH 7.6), the active eluates are pooled, fractionated 

with ammonium sulfate and the fraction precipitating between 0.53 and 0.60 saturation is 

rechromatographed on Sephadex G-75, equilibrated with 0.5 M ammonium acetate, pH 

6.7. Elution is carried out with the latter buffer. Active fractions are pooled, dialyzed 

against 0.01 M Tris-acetate, pH 7.5, and placed on a column of DEAE-Sephadex A-50, 

equilibrated with 0.02 M Tris-acetate, pH 7.5. A linear acetate gradient is used for 

elution (0.05 M Tris-acetate, pH 7.5 to 0.2 M ammonium acetate, pH 6.7). The active 

fractions (approximately 20 times purified over the original extract) appear homogeneous 

in velocity sedimentation at protein concentrations of 0.2 to 2.5 mg/ml. Preliminary 

results obtained by short-column equilibrium sedimentation (Yphantis, 1964) indicate a 

molecular weight of 115,000 at 3’ (assuming a v of 0.75), with dissociation to a lower 

molecular weight at higher temperatures. Molecular weight determinations were carried 

out in 0.01 M Tris-Cl (pH 7.4), containing 0.1 M NaCI, at a protein concentration of 

1 mg/ml. Based on the total pyridine nucleotide content, estimates of the minimum 

molecular weight range between 30,000 and 40,000. 

Assays - Enzyme-bound NADH is liberated by bringing the enzyme to pH 10 to 11 

with KOH and heating for 2 min at 100’. The liberated NADH is assayed fluorimetrically 

(Lowry et al., 1957) with either alcohol or lactic dehydrogenase. Oxidized NAD is 

assayed as follows. The enzyme is brought to pH 1.5 with HCI. This treatment 

immediately and irreversibly destroys the fluorescence of the enzyme, as would be expected 

if all the fluorescence were attributable to NADH. The NAD+ is then assayed 

fluorimetrically by the strong-alkali method (Lowry et al., 1957). A Neurospora 

NADase control establishes the specificity of the assay for NAD+. Bound pyruvate is 

assayed with lactic dehydrogenase on the same heated fraction used for the NADH 

determination. 

The enzyme assays, as well as the spectral and fluorimetric determinations reported 
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in this paper, were carried out under conditions in which the enzyme hos maximal 

activity (0.1 M Tris-Cl buffer, pH 7.9). in the standard assay (2 X 10 -2 
M substrates) 

the formation of oxalacetate (reaction 1) is followed spectrophotometrically at 280 mu. 

(KZ for malate, - 3 X TOW3 M; KS ,for pyruvate, - 7 X 1O-3 M). The turnover is 

approximately 13,000 moles per min per mole enzyme-bound pyridine nucleotide. 

Fluorescence was determined with a Farrand fluorometer (thiamin filters). 

Excitation and emission spectra were obtained with an Aminco-Bowman spectrofluorometer. 

RESULTS 

Spectrum - The spectrum of the transhydrogenase is shown in Fig. 1. There is a 

peak at 275 mu and a broad absorption band which has its maximum at 350 mu. This 

spectrum was taken manually. In a recording spectrophotometer, the ultraviolet side of 
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Fig. 1. Spectrum of the transhydrogenase in 0.1 M Tris-Cl, 0.1 M, pH 7.9. Pyrocell 

micro-cuvettes were used (0.2 ml volume, 1 cm light path). 0, transhydrogenase; 

0, transhydrogenase + potassium pyruvate, 10 umoles per ml; A, transhydrogenase + 

potassium malate, 10 pmoles per ml. Spectra are corrected for absorbance of reagents 
and for. dilution. 
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the protein peak shows four inflection points, which correspond with the fine-structure 

of phenylalanine. On the addition of excess pyruvate, the absorbance in the region 

from 340 to 390 mp decreases, leaving a band at 330 mu. This spectral change is 

accompanied by complete quenching of NADH fluorescence. At all degrees of partial 

quenching of fluorescence by pyruvate, the excitation peak remains at 350 mp, i.e. the 

330 mp absorption band does not contribute to the excitation spectrum. The 330 mp 

band can be made to disappear if the ionic strength is raised to 0.45 by the addition of 

KCI. Under these conditions, the bleaching caused by pyruvate extends from 310 to 

400 mp. Spectral changes similar to those elicited by pyruvate are also caused by 

oxaiacetate. The addition of malate alone to the enzyme causes no change in the 

spectrum or fluorescence intensity. It is interesting that the 330 mp band of 

the transhydrogenase resembles the absorption band of the nonfluorescent 

enzyme- NAD+*fluoropyruvate complex of lactic dehydrogenase (Winer, 1965). 

Reversal of complex formation - The changes caused by pyruvate addition to 

native enzyme are reversed by dialysis. Table I illustrates the effect of pyruvate 

addition and dialysis on the pyridine nucleotide content and fluorescence of the 

transhydrogenase. The native enzyme is 15 times as fluorescent as free NADH. On 

addition of pyruvate, the fluorescence is completely quenched and no NADH is 

detectable. After dialysis for 27 hr (line 3) 83% of the initial fluorescence returns 

and the NAD+/NADH ratio is 1.1 D (compared to 0.28 for the original enzyme). The 

total pyridine nucleotide content, however, has not changed. Enzyme-bound pyruvate 

was not determined, but the spectrum at this stage is that of an enzyme in which 

pyruvate-induced bleaching at 370 mp has proceeded to one-half the extent shown in 

Fig. 1. The absorption peak is now at 340 rnp- Addition of excess pyruvate causes 

the bleaching to proceed to the full extent shown in Fig. 1; conversely, addition of 

malate produces the spectrum of the original enzyme. 

The fluorescence-to-NADH ratio of 22 may be in error. If the enzyme at this 

306 



TA
BL

E 
I 

PY
RI

DI
NE

 
NU

CL
EO

TI
DE

 
CO

NT
EN

T 
AN

D 
FL

UO
RE

SC
EN

CE
 

OF
 

M
AU

C-
LA

CT
IC

 
TR

AN
SH

YD
RO

GE
NA

SE
 

Ad
di

tio
ns

 

um
ole

/m
I 

en
zy

m
e 

Re
lat

ive
 

NA
DH

 
NA

D+
 

NA
D’

 
+ 

NA
DH

 
pv

ru
va

te 
NA

D+
/N

AD
H 

flu
or

es
ce

nc
e 

Fl
uo

re
sc

en
ce

/N
AD

H 

1.
 

Tr
an

sh
yd

ro
ge

na
se

 
0.

09
6 

0.
02

7 
0.

12
 

0.
04

1 
0.

28
 

10
0 

15
 

2.
 

” 
+ 

py
ru

va
te 

0”
 

- 
0 

0 

3.
 

” 
+ 

+ 
di

al
ys

is 
py

ru
va

te 
(1

) 
0.

05
5 

0.
06

1 
0.

12
 

1.
1 

83
 

22
 

4.
 

” 
+ 

+ 
di

al
ys

is 
py

ru
va

te 
(2

) 
0.

08
3 

0.
02

4 
0.

11
 

0.
06

2 
0.

29
 

94
 

16
 

5.
 

NA
DH

 
1 

* 
No

 
NA

DH
 

is
 d

et
ec

ta
ble

; 
ho

we
ve

r, 
in

 
th

e 
pr

es
en

ce
 

of
 

ex
ce

ss
 

py
ru

va
te,

 
th

e 
as

sa
y 

pr
oc

ed
ur

e 
for

 
NA

DH
 

ca
us

es
 

a 
co

nv
er

sio
n 

of
 

en
zy

m
e-

bo
un

d 
py

rid
ine

 
nu

cle
ot

ide
 

to
 

an
 

un
ide

nt
ifie

d 
flu

or
es

ce
nt

 
de

riv
at

ive
. 

Tr
an

sh
yd

ro
ge

na
se

 
wa

s 
tre

at
ed

 
wi

th
 

a 
50

C-
fo

ld 
ex

ce
ss

 
of

 
po

ta
ss

ium
 

py
ru

va
te 

ov
er

 
en

zy
m

e-
bo

un
d 

NA
DH

 
(lin

e 
2)

. 
Th

e 
no

nf
luo

re
sC

en
t 

en
zy

m
e 

wa
s 

th
en

 
dia

lyz
ed

 
ag

ain
st 

20
0 

vo
lum

es
 

of
 

Tr
is-

Cl
 

bu
ffe

r, 
0.

02
 

M,
 

pH
 

7.
9.

 
Lin

e 
3 

sh
ow

s 
th

e 
re

su
lts

 
of

 
an

 
ex

pe
rim

en
t 

in
 

wh
ich

 
di

al
ys

is 
wa

s 
co

nt
inu

ed
 

for
 

27
 

hr
, 

wi
th

 
thr

ee
 

ch
an

ge
s 

of
 

bu
ffe

r 
(2

00
 

vo
lum

es
 

ea
ch

 
tim

e)
. 

Lin
e 

4 
sh

ow
s 

th
e 

re
su

lts
 

of
 

an
 

ex
pe

rim
en

t 
in

 
wh

ich
 

di
al

ys
is 

wa
s 

co
nt

inu
ed

 
for

 
48

 
hr

, 
wi

th
 

fou
r 

ch
an

ge
s 

of
 

bu
ffe

r. 
Fl

uo
re

sc
en

ce
 

wa
s 

de
te

rm
ine

d 
on

 
su

ita
bly

 
dil

ut
ed

 
al

iq
uo

ts
 

of
 

en
zy

m
e, 

wi
th

 
a 

Fa
rra

nd
 

Fl
uo

rw
cte

r 
(th

iam
in 

filt
er

s)
. 



Vol. 21, No. 4, 1965 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

stage of dialysis contains dissociable pyruvate, it may be difficult to obtain an accurate 

correlation between NADH content and fluorescence intensity. Dialysis of 

pyruvate-treated enzyme for 48 hr (fine 4) causes the enzyme to return approximately 

to its initial condition. The dialyzed enzyme has 100% of its initial activity, and the 

spectrum is that of the original, untreated enzyme. 

Fluorescence properties - Tryptophan and NADH emission peaks occur at 330 and 

440 mp respectively. Thus both these peaks are shifted to the ultraviolet when compared 

with the emission characteristics of the free compounds in aqueous solution. The 330 mp 

fluorescence is excited at 280 mp and the 440 mp fluorescence at 280 and 350 mp. 

Pyruvate quenches the 440 mp emission peak of NADH, but not the tryptophan emission. 

When fluorescence is quenched with the minimum amount of pyruvate, a 2.5-fold excess 

of malate causes the reappearance of 70% of the initial fluorescence. 

At enzyme concentrations of 2 X lo-’ M (as NADH), 50% quenching of NADH 

fluorescence occurs at the following molar concentrations: pyruvate, 3 X 10 
-6 

; 

oxalacetate, 1.6 X 10 
-6 -4 

; a-ketogfutarate, 1.5 X 10 (immediate), 3.5 X 10m6 (after 

50 min); oxamate, 10 
-2 

. Fluorescence is also quenched by a-ketobutyrate, but not 

-3 
by acetaldehyde, acetone or acetoin, the latter three at a concentration of 2 X 10 M. 

Neither NAD+ nor p-chloromercuribenzoate causes fluorescence quenching, i.e. 

NADH is not displaced from the enzyme by NAD+ or the mercurial. 

More exact data on keto acid dissociation constants are not available. Analysis 

of fluorescence titration data by the method of Klotz (1946) or Winer and Schwerdt 

(1959) suggests that the pyruvate binding sites are not equivalent and independent under 

the conditions used. 

Substrate specificity - The inactivity of artificial electron acceptors has been 

mentioned. Apparently the bound NADH is not accessible to compounds such as 

phenazine methosulfate which can oxidize NADH spontaneously. With malate as donor, 

the keto acid may be replaced by a-ketobutyrate, but not by acetaldehyde, acetone, 
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acetoin, oxamate or o -ketogIutarate. The latter compound is a weak inhibitor. With 

pyruvate as the keto acid, DL-isocitrate does not replace L-malate. 

DISCUSSION 

The behavior of the transhydrogenase seems to be unique for a pyridinoprotein. As 

isolated, the enzyme contains a 3.5fold excess of NADH over NAD+, both nucleotides 

bting firmly bound. The fluorescence of the bound NADH is quenched on addition of 

the oxidant (pyruvote). However, the reducing equivalents originally present in NADH 

remain enzyme-bound, since on dialysis (Table I) the enzyme returns to its original 

condition. It is not clear whether the complex between transhydrogenase and pyruvate 

i:; more accurately represented as E* NADH. pyruvate or Es NAD+* lactate. Since the 

f uorescence of the enzyme is also quenched by a-ketoglutarate (a weak inhibitor) at 

Ic,w concentration and by oxamate at high concentration, it may be that quenching does 

not require complete transfer of hydrogen from NADH to keto acid. Schwerdt and Winer 

(1963) have suggested that the quenching of NADH fl uorescence of lactic dehydrogenase 

Ely oxamate “arises from attraction of a hydride ion by the polarized carbonyl of oxamate 

i=-r the ternary enzyme-NADH-oxamate complex, with resultant resonance of the pyridine 

ring into the nonfluorescent benzenoid form. ” In the case of the transhydrogenase, such 

CI mechanism of quenching may occur even with enzymically active keto acids. An 

alternate structure involving reduced enzyme (EH*NAD’.pyruvate) may be proposed for 

the nonfluorescent complex of the transhydrogenase. This is suggested by the work of 

Schellenberg (1965) on yeast alcohol dehydrogenase. Thus, one may visualize at least 

three kinds of complex, only one of which contains lactate. Whatever the structure of 

the complex, it is clear that the half reaction (oxidation of enzyme-bound NADH by 

pyruvate and dissociation of lactate) does not fit with the present data. If the 

nonfluorescent complex is an intermediate in transhydrogenation, further reaction of the 

complex with the reducing substrate (the hydroxy acid) is necessary in order to remove 

reducing equivalents. from the enzyme. 
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