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1 Intmducnon

- -When mammahan lactate ﬂcehydmgenase [[L—lamme.
NAD oxidoreductase, BC 1.1.1.27]{LDH) from pig

heart muscle or from rabbit or pig skeletal muscle is .

mixed with the oxidized form of the cosnzyme an ab-

sorption peak is observed in the region 325 to 340 nm
[1, 2]. The possibility that this peak derives from 1e-

‘duced coenzyme (NADH) formed from lactate present
in the protein preparation was considered both by

‘Winer [1] and by Vesiling and Kunsch [2] who meject- -

ed this possibility on the basis of the extensive purifi-
cation procedure nsed. Winer was unable 1o reduce
significantly the extent of formation of this peak by

metreating the enzyme with NAD followed by 2ialysis.

He concluded that no laciaie was present in the en-
Zyme preparation. Extensive examination of the prop-
erties of this lactate dehydrogenase—NAD binary com-
plex spectrum and i4s similarities to the behaviour of
binary complexes of lactate dehydrogenase and re-
duced coenzymss forced us o se-examine the possi-

-bility that the enzyme does mdeerd contain mgmly

- bound lactate.

22 Materials and meﬂn)ds

Plg heam hciate aem dmgenasa was either prepareﬁ o

by ammonium sulphate fmchmahmn, DEAE cellulose
: ;chmmamgraphy aﬂd gel ﬁlnatmn —a moﬁlﬁaﬁ jp:rc ce-
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ﬁum ({W}me umpubhshed Tﬁsuhs} after that of ?esce :

- et al. [3] — or was purchased fromi the Boehringer

Corporation. Both enzyme preparations had similar
specific activities and showed only very faint traces

of other proteins on polyacrylamide gel electrophoresis. '

Rabbit muscle L.D1 was purchased from both Boghrin-
ger and the Sigma Chemical Company. Dogfish muscle -
1L.Dx3 was kindly provided by Professor M.G. Rossman
{Purdue). Other proteins were Boshringer produets.

Radioactive materials were Amersham products.
Amide-["CINAD was purified shortly before use by
DEAE jon exchange chromatography using an arano-
nivm bisarbonate gradient.

NADH (grade 1) and NAD were from B@Ehﬁngelr.
NAD was purified by ion exchange chromatography
on DEAE cellulose columms.

‘All solutions were made up in double giass distifled
water and other chemicals were Analar or equivelent
grade.

Difference specm weare measuned at 25°C usiug

_- split compartment cells in a Cary 14 spectrophoto-

meier equipped with a high iensity source and a psn
perind control 1o obtain low noise spectra at high ‘bask-

' gmmlﬁ optical Jensities. Grads A pipettes were used.

“1LDH was fmeﬁ of bound nucleotides by dialysis Jin
cellulose tubing boiled in 10 mM EDTA and then in -
glass distilled water) aga:mst 1 M NaClin 25 mM ~hos-

‘phate buffer at pH 7 for 12 to 18 hr. This treatment

increazed the ratio of extinciion at 280 nm to that at:
260 nm from 1.44 1o 2.00. *Chamoal treatment of the

.- enzyme produced equivalent resu]ts.. A typical &’mlysxs
L ..'pmiocol {for 10-50 mg LDH) was 12 hragainst 3.8 -
. of 1M NaCl': 25 mM phosphate, two cbarxges each of =
‘3R of 25 mM phosphate ph 7 for  hr each, fcllowed -
- by 6108 Lz against 3 i of f&-e buffe: 1o be used in the

i fexpemnem

s
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The extinction coefficient for pig heart LDH was
determined (by drying constant weight) to be 1.2 at
280 num and 0.9 at 290 nm ¥for 1 myg per ml solution
(moﬁlm extinction coefficients 168 X 10% and 126 X
102, respectively for a molecnlar weight of 340 000).

All solutions were passed through washed 0.435 um

pore diameter Millipore filtess (Mﬂhpoxe (UK) L1d.).
3, Results
3.1. Binary complex specira

Fig. 1 shows difference spectra prodnced by mixing
pig heart LDH with NAD at pH values of 7.2, 8.7 and
9.7 (pH was measured before and after mixing). The

absorptinn maximum of the difference spectra at pH
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Fig. 1 Effecﬂ of pH on ahe difference spectrum pmﬁuceﬁupom

mixing pig heart LDH and NAD. (e—e— o) pH 7.2 sodium pe- - i 
~tassivm phosphate buffer, Amax = 325 to 330 nm; (o—o—o0)

pH 3.7 ammonia—ammoniam chloride buffer, Apax = 333 to
357 mm; {(2—a—2) pH 9.7 sodinm ca:rhnnaﬁe~—b.carbona1e
buffer, Amax = 338 10 339 nm: A1l spettra were. doneat I =

0.1, INAD1= 350 xM, | LDH] = 5.9 uM (1 mg/ml) (concen- . *

trations after mixing). The reference cell contained the same
somponents unmixed. Al pH 9.7 the enzymes loses activity.
and the experiment was performed after a-shortened | final -

&saiysxs, but had lost 20% aof its: nngmzﬂ actwﬂy-. LT
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7.2 Yies between 325 nm and 330 nm am'l ai 1he h:g’her
pH values between 333 and 338 nm. Controls with' .
catalytic amounts of LDH prodoceéd no diﬂ«e:ence spec-

tra (indiczting there was no substiate in the ‘buffers used)

" and controls with either LDH and buffer or ] NAD and.

buffer also showed no alterations after mixing. The high
‘pH did not alter the NAD {as shown both by its spec-
trum and by its ability to react with alcohol dehydro-
genase and ethanol} during the times reguired for the
experiments. Charcoal treatment did not alter the bi-
nary difference spectrum.

This dependence of the abse- tion maximum of the
binary complex difference spectrum resembles the be-.

" haviour of enzyme bound NADH : absorption maximum

at 340 nm at high pH but 325 nm at pH 7 [4]. The ob-
served increass in the magnitude of the difference spec-
trom with increasing pH would be expected if L-lactate -
were being oxidized. Similar resnits were obtained for

- the skeletal muscle enzymes (rabbit, pig and dogfish).

The fluorescencs emission specivum of the pig heart.
LDH~NAD complex resembles that of enzyme bound
NADH [5].

3.2. Treatment to diminish the LDH{NAD difference
Spectyum

Treatment of LDH with high concenirations of
NAD ai pH 8—9 followed by dialysis was found to
produce a slight reduciion in the magnitude of the dif-
ference specirum. This suggested that repetitive treat-
ments with NAD mighi have a larger effect. This was
accomplished by using a gel filiration column equi-
librated with NAD, but which would @x@]nﬁe the @n—

Zyme.

Pig heart LDH (90 mg) WaS passed mmugh a column
{93 X 140 em) of Sephadex G-100 {(Pharmacia Corp.)
equilibrated with 1 mM NAD in1= 0.1, pH 8.9 am-.
monia—ammonium chloride buffer at 0.3 ml per min

- (t=2king about 18 hr). (The concentration of NAD as o
~determined by assay with alcohol dehydmgenase and -

‘ethanol was unaltered during this time.) The protein

eluate after cnncemmhmn and dialysis 10 remove NAD

‘gave a difference spectrum of ‘15 X 102 absorbance

uRits at 340 nm { ILDHE 0. 7 mgfml; [NAD]= 200

M, 1=90.1,pH 9.0 ammoma—.ammomum chloride
~ boffer). A sample of the untreated £NnZyme gave a chan-
“geof 53X 10> absorbance units under identical con-
S «dmons Bcth samples had the same spe cific ac’;w;ty
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{Iommls with cmalyim amou*nts oi’ LDH mixed with
the NAD soluiion produced no rch:an;ge fr@m the nm-
mixed baseline, -

This reduction in ﬂ’lB magnitude of ihe bmary com--

plex spectrum is consistent with the presence of an
oxidizable substrate b@und to the enzyme.

3.3. Measurement of NADH proddced from LDH z‘ma"
NjﬁD -

Emtensiveiy dialyzed LDH was found to catalyze
the equilibration of radioactivity between amide-
[**CINAD and unlabelled NADH {mixing 9.3 mg of
LDH with 10 pmoles [**CINAD at pH © and 25°C,
gave equal specific activities for NADH and NAD af-
ter 75 min — a control with a catalytic amonat of
LI hzd no effect over this time).

Radioactive NADH was isolated after mixing 1.DH .
with [**CINAD. In a typical experiment 26 mg dia-
byzed pig heart LDH in 6 ml pH 9 ammonia—ammo-
ninm chloride or {phosphate buffer) were mixed with
4 pmoles [ CINAD {46.6 mCi/mmole). After 20 min
HgCl, was added {(final conen. 1.7 mM). After a further
60 min urea was added {8 M final conen.). Carrier
NADH was added 90 min after the nrea and the mix-
fure was passed down a Sephadex G-25 column after
a further 30 min. The eluate following the protein
peak was passed through a DEAE celiulose {carbonate
form) column and the pyridine nucleotides were eluted
with a gradient of ammonium hydrogen cabonate. The
NADH peak was collected and the specific activity
carefully measured. From the value obtained it was
calculated that betwe:n one and two moles of oxi-
dizable substrate had veen present per mole of LD,
The [**CJNADH could be converted back to [**C]-
NAD with acetaldehyde and horse lver alcohel dehy-
drogenase. This MAD had the same specific activity as
the NADH; therefore the significant portion of the -
radioactivity was | present as NADH and not as a con-
19mmam. o :

3..4, Exiﬁaﬂi‘on of lactate from the enzyme

- The nbiquity of lactic acid makes confirmation of -
its presence in a prorem difficuli. The following exper- -

“iments were done with great eare and polythene gloves
were worn, but the possibility of adventitious lactate s

coniamnatmn cannm be uemnel y relmnna“teﬁ
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When freeze-dried 30-50 mg samples of carefully

dialyzed LDH were treated with 2 N HCI for several
- hours the concentrated and nentraiised acid exiracts

were found to contain substances capable of reducing

'NAD in the presence of LDH. Conirols done with
‘chymotrypsin which had been dialyzed in the same

buffer as the LDH produced a change at 340 wum which
was at most 15% of that produced with the LDH sam-
Piss. Typically, 30 mg of LD produced a total of 15
to 20 nmoles of NADHR after subtraction of the con-
trol values. Such experiments involve considerable

" losses and indicate on the order of 0.1 mole of sub-
siraie per mole of LDH (1400860 molzcuiar weight).

1.DH, acidified to pH 1 with HC1 was extracted
with diethyl ether in a continuous extraciion appara-
tus for 48 hr. The concentrated exiract contained ma-
terials capable of being substrates for LDH in the pres-
ence of NAD. The LDH was treated with diazomesthane
[6] and the products were separated by gas liquid chro-
matography on both 15% polyethylene glycol on
Chromosorb W (at 70° or 85°C) and 10% dicthyl suc-
cinate on Chromosorb G (at $5° or 85°C) columns.
Peaks having the same reteation volumes as authentic
methyl lactate were found with extracts from pig heart
LDH (both prepared and purchased) and rabbit skeletal
muscle LDH. Controls with no protein and controls
with bovine serum albumin, chymotrypsin, and pig
heart malate dehydrogenase did not show this peak.
Controls with added lactate did give a peak in this po-
sition. When the extraction was done at pH 7 no
methyl lactate peak conld be found in LDH extracis.

3.5. Exchange experiments with { **CjL-loctate and
P2CIpyrvate

Experiments in which LDH was incubated for sever-
al hours with NAD and [*®C]LJactate or with ADH
and [ CJpynvate did not shov: any incorporation @f ,
radioactivity into the proiein after gel filtration on
Sephadex G-25 which was significantly above that

- found with control proteins. Even under conditions

known to dissociate reversibly the LIDH tetramer 17,8}
no szgmﬁuam sradmaﬁmrﬁy was mvortpora‘t@ﬁ into ihe :

o p.m,em.

sy
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All Df thebe results may be e*&plameﬁ by the hypo-

- thesis that the LDH prepamnons used gontained tight-

"1y bound L- laciate which was not removed by dialysis.

Oxidation of some of this pmducm enzyme bound
~NADH — the origin of the spectrum of the binary
) c@mplex with NAD. NADH can be nsu-l:ated afier incu-
bation of the wenzyme ‘with NAD. The amounts of
“bound lactate™ are difficulit to determine exactly

but appear to not exceed one mole ; per monoiner of

: molecnla: weight 35 000. -

- The bound laciete is not ex‘changeable wnh free
-subsirate and is removed only nnder acid conditions,
“This indicates that it must be very tightly bound —
perhaps covalently. As this supposedly bound lactate
can be oxidized; ’tlghﬁy bound pyruvaie may also ex-
ist and we have some experimental evidence in support
of this. Passage of LDH through a Sephade~<G-100 col-
umn equilibrated with NAD at high pH should proguce
“*high pyruvate® LDH. -

~ These resulis sirongly indicate that punﬁed pig
heart muscle and skeletal muscle LDH preparations
gontain small amounts of lactate which cannot be
removed by conventional dialysis. The nature and
‘function of this bmmd sulbolxaa te are m present un--
LDDWD .
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