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Summary

The renaturation process of different lactate dehydrogenase isozymes (L-
lactate:NAD"® oxidoreductase, EC 1.1.1.27) from their unfolded subunits was
investigated using a number of techniques, (a) kinetics of activity regain, (b)
the kinetics of fluorescence change of the protein tryptophans, (¢) kinetics of
regain of the fluorescence properties of a covalently attached fluorescence
probe (fluorescein) and (d) the kinetics of assembly, by following the inter-
mediate oligomeric species appearing in the assembly pathway from monomers
to tetramers. The results indicate that the unfolded polypeptide is converted to
the active oligomeric species by the following scheme:

Denatured subunit —— partially refolded subunit -, folded subunit

111 . v
——> dimer —» tetramer.

Step I and step II are first-order where step II is rate limiting. The ligands NAD"
and NADH accelerate step II, thus converting step I to the rate-limiting process.
The fact that partially folded lactate dehydrogenase subunits are capable of co-
enzyme binding may indicate the possible role of these ligands in the assembly
of lactate dehydrogenase in vivo. Steps III and IV were found to be fast. The
intermediate formation of an enzyme dimer which then dimerizes to the tetra-
meric species is found to be the major assembly pathway. Only a small portion
of the lactate dehydrogenase tetramer is formed through the intermediate for-
mation of a trimer intermediate.

* In partial fullfilment for an M.Sc. thesis, submitted to the Feinberg Graduate School at the Weiz-
mann Institute, Rehovot, Israel.
** To whom correspondence should be addressed at the Department of Biological Chemistry, The
Hebrew University of Jerusalem, Israel.
Abbreviations: NAD': nicotinamide-adenine dinucleotide; NADH: reduced nicotinamide-adenine
dinucleotide; LDH: lactate dehydrogenase: Nbs;: 5',5" dithio-bis-(2-nitrobenzoic) acid.
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Introduction

The process by which a protein obtains its final structure has been a subject
of intense study in the last decade. Crick stated in 1958 [1] that “Folding is
simply a function of the order of amino acids”, which suggests that the primary
structure of the protein determines the final three-dimensional configuration
which is the most stable thermodynamically.

Anfinsen has indeed proposed a detailed theory [2], proposing the capacity
of amino acid sequences to determine tertiary conformations. Anfinsen’s hy-
pothesis was first proven to be correct from studies on the renaturation of
monomeric enzymes. Studies of Epstein et al. [3] revealed that lactate dehy-
drogenase (L-lactate:NAD" oxidoreductase, EC 1.1.1.27) can be reversibly de-
natured, demonstrating that both the tertiary and the quaternary conformation
are uniquely determined by the amino acid sequence. These results indicate
that the amino acid sequence is the only genetic information required to obtain
an active enzyme. However, it is known that some enzymes need metal ions,
cofactors or other template molecules in order to be active and, therefore, may
be essential in the refolding process. It was shown by Saxena and Wetlaufer [4]
in circular dichroism studies of lysozyme that a very rapid chain folding occurs
before the formation of disulfide bonds. Refolding is, therefore, faster than re-
naturation and full regain of activity. For alkaline-phosphatase of Escherichia
coli, it was found that the refolding of the subunit takes place prior to reassoci-
ation [5]. Stellwagen and Schachman [6] showed that renaturation of aldolase
is first-order with respect to protein concentration, indicating that the subunit
association process is not the rate-limiting step.

Cofactors seem to have a dominant effect on the rate of renaturation. NADH
has been found to prevent dissociation of lactate dehydrogenase in the presence
of sodium dodecyl sulphate [7], in dilute solutions [8] and under other dena-
turing conditions [9]. The presence of NADH during reassociation was found
to stabilize the quaternary structure [10]. In addition, it plays a prominent role
in forming the most active and stable structure of the lactate dehydrogenase
molecule [11].

Although other workers have investigated the problem of renaturation of
various enzymes [5,6,12,13,29] little is known about the detailed mechanism
of refolding and the process of assembly of subunits into the active oligomer.
Lactate dehydrogenase seems to be an ideal model enzyme for studies on the
reassembly of multisubunit proteins. It is a stable tetrameric enzyme composed
of four identical subunits, possessing no S-S bonds; its various isozyme forms
are easily prepared in large quantities and are available commercially, and both
its structure and function are extremely well characterized [14,15,16]. The
different lactate dehydrogenase isozymes differ in their amino acid sequence,
but the degree of homology is extremely high and thus hybrids are formed in
vivo and can be demonstrated in vitro. The phenomenon of hybridization be-
tween isozyme forms offers a unique opportunity as a tool for the investiga-
tion of the assembly of the tetrameric structure [17]. In this investigation we
report on mechanism of lactate dehydrogenase assembly from its acid dena-
tured subunits.
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Materials and Methods

The different lactate dehydrogenase isozymes were obtained from Boehring-
er (Mannheim, W. Germany), NAD*, NADH and sodium pyruvate were also ob-
tained from Boehringer, L-lactic acid was obtained from Calbiochem. All other
chemicals were of the highest analytical grade available. All solutions were pre-
pared in Corning double distilled water.

Assay of lactate dehydrogenase activity

The assay was performed on a Gilford 2400-S spectrophotometer according
to the Bergmeyer method [18,30]. The assay mixture was composed of 0.67
mM NADH and 3.3 mM pyruvate in 0.02 mM phosphate buffer (pH 7.4), con-
taining 1 mM EDTA and 1 mM dithiothreitol. (The mixture was freshly pre-
pared prior to use). To 3 ml of assay mixture in a spectrophotometric cuvette,
an aliquot of the enzyme was added. The change in absorbance at 340 nm
versus time was recorded. The activity was determined from the initial slope.
The extinction coefficient for NADH at 340 nm is 6220 M™! - ecm ™.

Denaturation of lactate dehydrogenase isozymes and their renaturation

In order to determine the optimal condition of denaturation, various sets
of experimental conditions were tried for pig isozyme systems..5 min at 0°C
(pH 2.5) were necessary to obtain complete dissociation to subunits' and de-
denaturation of the enzyme [17,19]. Longer periods of denaturation ot higher
temperatures prolonged the half life of renaturation and caused incomplete
renaturation.

Ten minutes of incubation in the denaturation medium results in 35—45%
renaturation whereas 90—100% renaturation was achieved under the conditions
used. Similar low renaturation values are obtained if denaturation is carried out-
at 25°C instead of 0°C. The cause for the irreversible damage to the lactate
dehydrogenase molecule under these conditions is not known. The percent re-
naturation was defined as the activity of the totally renaturated sample com:
pared to the specific activity of the initial sample prior to denaturation, multl-
plied by 100.

Experimental conditions were used to obtain 90—100% regain of activity
upon renaturation. Denaturation was, therefore, conducted at 0°C for 5 min in
0.2 M glycine/phosphate buffer pH 2.5, containing 1 mM EDTA and 1 mM’
dithiothreitol in polypropylene or polycarbonate test tubes. It was found that
glass should be avoided whenever lactate dehydrogenases are exposed to low
pH. The exposure of lactate dehydrogenase to low pH in the presence of glass
causes irreversible denaturation. This finding was also observed in the acid
denaturation of beef isozymes [20]. Renaturation was achieved by dilution of
the acid denatured enzyme into 0.06 M phosphate buffer pH 7.6 to obtain a
final pH of 7.4. The process of renaturation was followed by (a) regain of en-
zyme activity, measured by taking aliquots for lactate dehydrogenase assay
(10—50 ul); (b) by the change in the protein fluorescence measured on a
Hitachi Perkin-Elmer MPF III fluorescence spectrophotometer (excitation
wavelength 289 nm, emission wavelength 340 nm) and (c) following the fluo-
rescence change of the covalently attached reporter group fluoresceinmercury-
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(Aex = 504 nm, A, = 526 nm) upon renaturation. In (a) and (b) the enzyme
concentration was 1 mg/ml in the denaturation mixture and 0.033 mg/ml in
renaturation mixture. In (¢) the concentration was 0.74 mg/ml in the denatura-
tion mixture and 0.05 mg/ml in the renaturation mixture. The remaining ex-
perimental details are described in the legends to Figs. 1—4. Details on the pre-
paration and properties of fluorosceinmercury-lactate dehydrogenase are given
below. In all graphs 100% renaturation was defined as the maximal regain of
activity or the total change in fluorescence of the renatured sample. In all cases
full renaturation measured in either way corresponded to 90—100% of the the-
oretical absolute value.

Gel electrophoresis

Disc gel electrophoresis was performed according to the method of Davis
[21] in the cold. The gel buffer was 0.38 M Tris - HCI, pH 8.8, containing 5%
glycerol. The running buffer was 0.025 M Tris/0.192 M glycine, pH 8.4. The
gels were fixed with 12.5% trichloroacetic acid for about 30 min, and then
stained with a solution of G-250, Coomassie Blue (0.012%) in 12.56% trichloro-
acetic acid for at least another 30 min. The gels were destained using 7% acetic
acid overnight.

Determination of the molecular nature of the assembly intermediates

In order to analyze the pathway of the assembly of pig lactate dehydroge-
nase subunits, the following experiment was performed. One of the isozymes
(H or M) was dissociated and denatured at pH 2.5 as described above. Its sub-
units were then diluted into the renaturation mixture as described in the ex-
perimental section. At various specified times a 5-fold excess of subunits of the
other isozyme was added to aliquots of the reassembly mixture of the first iso-
zyme. In this way most of the species formed subsequent to this addition are
hybrids of the form H, M,_,. The mixtures were then allowed to complete
renaturation for 4 h. They were then concentrated by vacuum dialysis, using
the collodium membranes (Sartorius vacuum dialysis concentrating device, Cat.
No. SM 16304), to a concentration of about 2 mg/ml. Disc gel electrophoresis
was then performed on the concentrated samples as described in the previous
section.

Determination of thiols

SH groups were determined using the Ellman reagent, 5',5' ,dithiobis(2-nitro-
benzoic)acid (Nbs,) [22]. The reaction with the enzyme was performed in 8 M
urea in phosphate buffer pH 8.0 with a 25 molar excess of Nbs, over enzyme.

The modification of lactate dehydrogenase SH with fluoresceinmercury acetate

The reagent was prepared according to the method of Karush et al. [23].
Fluorosceinmercury acetate was allowed to react with enzyme in 5 : 1 ratio in
0.02 M PO, buffer pH 7.4. The modification process was judged complete when
99% of the enzymatic activity was lost. The modified enzyme was separated
from excess reagent on a Biogel P-6 column (2 X 22 cm) equilibrated with 0.02
M phosphate buffer pH 7.4. The enzyme was concentrated to 7.4 mg/ml by
ultrafiltration, on collodium membranes, using a Sartorius vacuum dialysis
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concentrating device. The change of fluorescence, under renaturation condi-
tion, as described before, was measured (A, = 504, A.,, = 526). Determination
of SH groups revealed that the isolated fluoresceinmercury-lactate dehydroge-
nase derivative possesses two fluoresceinmercury moieties bound per subunit.
One of the two fluoresceinmercury groups is probably bound to the active site
SH group since the derivative is devoid of enzyme activity (see below). The
fluoresceinmercury-lactate dehydrogenase retains its tetrameric structure both
before denaturation and following renaturation.

The denaturation of lactate dehydrogenase

The procedure used for lactate dehydrogenase denaturation was shown pre-
viously [20] to cause complete dissociation of the enzyme to subunits, accom-
panied with total loss of enzyme activity.

REGAIN OF LDH ACTIVITY UPON RENATURATION
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Fig. 1. The regain of protein activity upon renaturation of (a) H4 and (b) Mg4. 1 mg/ml protein was in-
cubated at pH 2.5, 0.2 M glycine/H3PO4. 1 mM dithiothreitol 1 mM EDTA for 5 min at 0°C and then
diluted 30-fold into 0.06 mM inorganic phosphate buffer pH 7.4 containing 1 mM dithiothreitol 1 mM
EDTA. Top: activity vs. time. Bottom: semilog plot of the same data. LDH, lactate dehydrogenase.
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Fig. 2. The regain of protein fluorescence upon renaturation. (a) H4 and (b) Mg (Aey = 289 nm, Agyy =
350 nm) experimental conditions as in Fig. 1. LDH, lactate dehydrogenase.

Results

The order of renaturation reaction

The kinetics of renaturation of pig lactate dehydrogenase isozymes (Fig. 1)
was found to follow strict first-order kinetics. The rate of renaturation was
found to be higher for pig muscle (M,) than for the pig heart isozyme (H,). It
was also observed that the regain in protein fluorescence (Fig. 2) occurs at a
faster rate than the regain of enzyme activity, but is still a first-order process.
The data could not be fitted to a second-order process. The zero points were
obtained by diluting the denatured enzyme directly into the assay mixture
(Fig. 1) or into the fluorescence cuvette (Fig. 2) respectively.

Changes in protein concentration in the range of 10—50 ug/ml in the rena-
turation solution did not affect the order of the renaturation reaction.

Changes in the conditions of denaturation or renaturation (e.g. temperature,
time or pH) did not affect the order of the reaction but affected both the rena-
turation half-life and the final yield of renatured material (Table I).

The effect of glycerol on renaturation
Glycerol slows markedly the renaturation process of lactate dehydrogenase
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TABLE ]

EXPERIMENTAL CONDITIONS OF DENATURATION AND RENATURATION FOR LACTATE
DEHYDROGENASE ISOZYMES

Isozyme Denaturation Renaturation
Time Tem- Temperature Half- % * k

pera- °c life (min!)

ture (min)

°c
Pig Hy 5 min 0 25 3.5 90 1.98 - 10_;
Pig Hy 1h 0 18.5 57 42 1.22 - 10_2
Pig Hq 5 min 25 25 12.5 67 5.54 - 10_2
Pig Hyq 5 min 0 25(30% glycerol) 10.5 91 6.60 - 10_1
Pig My 5 min 0 25 1.1 97 6.30 - 10_l
Pig My 5 min 0 25(30% glycerol) 6 91 1.16 - 10_1
Rabbit My 5 min 0 25 2.3 67 3.01- 10_2
Rabbit Mg 5 min 0 25(30% glycerol) 11 66 6.30 - 10

* percent renaturation of maximal value expected.

isozymes (Fig. 3). Increasing glycerol concentrations led to longer half-lives of
renaturation in all three lactate dehydrogenase isozymes tested although the
first-order nature of the renaturation process remained unchanged (Tables I
and II, Fig. 3).

Effect of ligands on the rate of renaturation

The coenzymes NAD" and NADH were found to accelerate the rate of rena-
turation. These results are summarized in Fig. 4 and also in Table III. The
effect of the substrates L-lactate and pyruvate is rather small when alone,
whereas the effect of the cofactors NAD" and NADH is very significant. The
renaturation reaction is substantially accelerated in the presence of either coen-
zyme. The accelerating effect is further amplified when the renaturation is per-
formed in the presence of 30% glycerol (Fig. 5). Higher concentrations of
ligands did not accelerate further the process of renaturation.

The combination of NADH and L-lactate in the renaturation medium is more
effective than NADH alone in accelarating the renaturation rate and the effect
of the two ligands seems to be additive (Table III). The combination of NAD*
and pyruvate, on the other hand, results in no regain of activity. This effect has

TABLE I1I
THE EFFECT OF GLYCEROL ON LACTATE DEHYDROGENASE RENATURATION

For experimental details see Fig. 5, and for % renaturation see Table I.

Lactate dehydrogenate Renaturation half-life (min)
isozyme
No glycerol 30% glycerol 50% glycerol
Pig heart Hy 3.5 10.5 37.0
Pig muscle M4 1.1 6.0 36.0

Rabbit muscle RMy 2.3 11.0 23.5
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THE EFFECT OF GLYCEROL ON THE KATE OF RENATURATION
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Fig. 3. The effect of glycerol on the rate of lactate dehydrogenase (LDH) renaturation o————0, no
glycerol present; A » 30% glycerol; o 0, 50% glycerol. 1 mg/ml of protein was dissociated at
pH 2.5, 0°C for 5 min and then diluted 30-fold into the renaturation mixture pH 7.4.

been observed previously [24] and is probably due to the formation of an
abortive ternary complex which inhibits the enzyme. NAD" and NADH did not
have any effect on the rate of protein fluorescence regain upon renaturation.
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THE EFFECT OF LIGANDS ON THE LDH RENATURATION KINETICS
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Fig. 4. The effect of ligands on the renaturation kinetics of pig heart, (semilog plot). The denaturation
and renaturation of the enzyme was conducted as described in Fig. 3. All ligands were incorporated in the
renaturation mixture, each at a concentration of 10 mM. LDH, lactate dehydrogenase.

The renaturation of fluoresceinmercury-lactate dehydrogenase

Incubation of Has-lactate dehydrogenase with a 5-fold molar excess of fluo-
resceinmercury acetate over enzyme subunit, results in the formation of an in-
active lactate dehydrogenase derivative. This derivative possesses 2 mol of fluo-
resceinmercury acetate per enzyme subunit. The fluoresceinmercury is bound
to 2 of the 4 SH groups per subunits, since after the fluoresceinmercury reac-
tion only 2 out of 4 SH groups [25] can be identified by the reaction with
Nbs; in 8 M urea. The absorption spectrum of the fluoresceinmercury-H,-
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THE EFFECT OF LIGANDS ON THE LDH RENATURATION KINETICS
IN THE PRESENCE OF GLYCEROL
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Fig. 5. The effect of ligands on the renaturation kinetics of pig Hg in 30% glycerol. LDH, lactate dehydro-
genase.

lactate dehydrogenase derivative is shown in Fig. 6 and the corrected emission
spectrum is shown in Fig. 7.

Denaturation-renaturation experiments were performed on the purified fluo-
resceinmercury-conjugated H, isoenzyme, under the same conditions as used
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TABLE I
THE EFFECT OF LIGAND AND GLYCEROL ON LACTATE DEHYDROGENASE-H4 RENATURA-
TION

Denaturation and renaturation of pig heart was conducted as described in the Materials and Methods
section. The ligands were incorporated in the renaturation mixture each at a concentration of 10 mM.

Ligands Half-life (min) of renaturation
No glycerol 30% glycerol

None 3.5 10.5

Pyruvate 3.2 8.5

L-Lactate 3.0 7.8

NAD" 1.8 4.5

NADH 2.0 4.0

NADH + L-lactate 1.5 3.5

NAD?* + pyruvate No regain of activity No regain of activity
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Fig. 6. Absorbance spectra of fluoresceinmercury acetate and fluoresceinmercury acetate-conjugated Hy.
(1075 M in fluoresceinmercury acetate) in 0.02 M phosphate buffer pH 7.4 on Cary 14.
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Fig. 7. Fluorescence spectra of fluoresceinmercury acetate and fluoresceinmercury acetate-conjugated Hy
(1076 M in fluoresceinmercury acetate) in 0.02 M phosphate buffer PH 7.4 (Agx = 490). FMA, fluores-
ceinmercury acetate.
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CHANGE OF FMA FLUORESCENCE UPON RENATURATION
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Fig. 8. The change in fluorescence due to renaturation of fluoresceinmercury acetate-conjugated pig heart
isozyme. (Agx = 504, Ao, = 526), see Fig. 4 for experimental details. FMA, fluoresceinmercury acetate.

for the unmodified enzyme. The decrease in fluorescence upon renaturation
was followed (Fig. 8). The renaturation process was found to be first-order
with a half-life of 1.9 min.

The molecular nature of the assembly intermediates
When equal amounts of H, and M, are allowed to renature together after
separate denaturation as described in the experimental section, five bands are
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0.2 M glycine/H 3PO4 containing 1 mM dithiothreitol and 1 mM EDTA in a final concentration cf 1 mg/
ml at 0°C for 5 min. Then the sample is diluted 30-fold into 0.05 M sodium phosphate buffer pH 7.4 con-
taining 1 mM dithjothreitol and 1 mM EDTA at room temperature. At different times a sample of 5-fold
excess of H subunits is added to a sample of the renaturing M species. The assembly is then allowed to
continue for another 2 h, Then the samples are concentrated by vacuum dialysis using a Sartorius vacuum
dialysis device. The concentrate was centrifuged and then electrophoresed on polyacrylamide gels.

observed upon electrophoresis. A modification of the technique can be used to
follow the pathway of assembly of H, and M, isozymes. A denatured prepara-
tion of one of the isozymes was allowed to renature and at various times sam-
ples of the renaturing subunits were challenged with a five-fold excess of dena-
tured subunits of the alternative isozyme. Thus the species which were present
in the renaturing sample would preferentially react with the subunit added in
excess. After addition of the quenching subunit, the process of renaturation is
allowed to proceed to completion (see Materials and Methods) and the samples
concentrated and analyzed electrophoretically.

The pathway of assembly of My can be followed in Fig. 9. Five isozymes
(M4, M;H, M,H,, MH; and H,;) can be detected upon hybridization of the M,
assembly mixture with H, subunits, in excess. MH; represents the monomer
intermediate (M); M,H, the dimer intermediate (M,); M;H the trimer inter-
mediate (M;); and M, represents the assembled muscle isozyme. Almost no
M;H is formed during the assembly indicating that M, does not appear at sig-
nificant concentrations as an intermediate in the renaturation pathway of the
muscle isozyme. On the other hand both MH; and M,H, are present through-
out the renaturation process. There is a gradual decrease in the concentration
of these two isozymes and a corresponding increase in the concentration of the
M, homoisoenzyme.

The assembly pathway of H, is illustrated in Fig. 10. In a similar manner as
before M;H stands for H; M,H, for H,; MH; for H;; and H, for the reassembled
heart isozyme. The results are basically similar to those obtained for the assem-
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Fig. 10. The reaction of assembly Hg with excess of M subunits (see Fig. 9).

bly of muscle isozyme. There is a continuous increase, with time, in the forma-
tion of H,, parallel to a gradual decrease in the concentration of M,H, and
M;H. A very light band of MH; is present throughout the entire renaturation
process. This band could represent either the rapid formation of H; followed
by rapid dissociation because of high trimer instability, thus yielding a low but
relatively constant concentration of H;. MH; could result only to a small ex-
tent from the interaction of MH with H,. However, this reaction cannot con-
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tribute more than a negligible fraction of MHj; since most MH dimers would
react preferentially with M, dimers present in a five-fold molar excess over the
H, dimers.

Discussion

The rate-limiting step in the assembly of lactate dehydrogenase isozymes

The renaturation process of two types of pig lactate dehydrogenase iso-
zymes, heart (H;) and muscle (My) occurs via refolding and reassembly from
their unfolded subunits and follow first order kinetics. The first-order kinetics
implies a unimolecular rate-limiting step which controls the kinetics of the
overall renaturation of the lactate dehydrogenase tetramer form its unfolded
subunits. Essentially two mechanisms could account for such behaviour (Fig.
11): (a) A slow refolding of the denatured subunit representing a rate-limiting
step, followed by rapid assembly of the refolded subunits, and (b) rapid re-
folding and assembly into an inactive tetramer followed by a rate-limiting an-
nealing process within the tetramer to form an active enzyme.

Situation (a) would imply that if H subunits or M subunits are first allowed
to renature and reassemble separately for several half times, and then mixed
with subunits of other isozymes in excess, hybrids will form as was indeed
found (Figs. 9 and 10) [17]. Situation (b) would imply that if H and M sub-
units are allowed to renature and reassemble separately for a short period and
then mixed no H, My_, hybrids will be formed. From our present findings and
previous results [17,19] we can eliminate the second alternative (b).

The possibility that the rate-limiting step occurs during the refolding of the
isolated subunit followed by rapid assembly, is further supported by the fact
that monomers still exist in the assembly mixture after a few half-lives of regain
activity (Figs. 9 and 10). Furthermore, the results suggest that species such as
H, may have enzymatic activity, since then the activity is almost fully regained,
significant quantities of H and H, can still be observed.

The effects of ligands and glycerol on lactate dehydrogenase renaturation
Glycerol slows down the regain activity (Tables II and III, Fig. 3), but does

A . Sequentiol Pathway
M+M — M2
M2+M _— M3
M3+ M — My

B. The Dimer Pathway

M +M — M2
M2+ MZ'—" M4

Fig. 11, Possible assembly pathways of Hg.
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not change the order of reaction. This fact indicates that even in a viscous me-
dium the rate-limiting step is still at the subunit level. The presence of glycerol
in the renaturation mixture can serve as a tool in amplifying the effect of
ligands upon renaturation. The effect of ligands is summarized in Table III. The
cofactor in either the oxidized (NAD") or in the reduced form (NADH), has a
significant effect on the renaturation rate, whereas the substrates L-lactate and
pyruvate have only a minor effect. This observation confirms previous findings
by Novoa and Schwert [26] that the substrate can combine only with the
binary enzyme-coenzyme complex. When the substrate L-lactate and cofactor
NADH were present together in the renaturation mixture their accelerating
effect was found to be additive. On the other hand, the presence of NAD" and
pyruvate in the renaturation mixture completely inhibited regain activity. This
is apparently the result of the formation of an abortive ternary complex of
lactate dehydrogenase - NAD" - pyruvate [24]. It was shown previously by
Jaenicke et al. [9] and by Cho and Swaisgood [8], that the presence of the co-
factor alone, under various dissociation conditions, inhibits tetramer dissocia-
tion. This observation indicates that the cofactor has a profound influence on
the tertiary and the quaternary structure of the enzyme, as was indeed proved
directly by the crystallographic studies of Rossmann and his group [14,16].
The regain of protein fluorescence occurs faster than the regain of enzymatic
activity (Figs. 1 and 2). Thus the monomer presumably refolds into a native
tertiary structure at the subunit level in at least two consecutive slow steps, one
slightly faster than the other. Only then the subunit is ‘ripe’ for assembly which
probably occurs much faster, as was shown for alkaline phosphatase [5]. Sub-
sequent association into the tetramer does not affect the fluorescence but is
necessary for the regain of activity.

In a recent publication Jaenicke [27] has reported that the rate-limiting step
in the reactivation of lactate dehydrogenase is a second-order process. The dif-
ference between the experiments described here and in previous communica-
tions [17,19] and those described by Jaenicke [27] is, that his renaturation ex-
periments were conducted at a protein concentration of 0.1 to 1 ug/ml, where-
as our experiments were conducted in the 20 to 50 ug/ml concentration range.
At low concentrations (0.1 ug/ml) it has, indeed, been shown [10] that the
native lactate dehydrogenase tetramer dissociates to dimers. It seems, therefore,
that the formation of the active oligomeric form of the enzyme becomes rate-
limiting at very low protein concentration. It is interesting to observe that simi-
lar results were found in the refolding kinetics of the dimeric triose phosphate
isomerose [28]. Waley finds that the renaturation half-life depends markedly
on protein concentration at low concentrations (0.1 ug/ml), but at higher con-
centrations the half-life becomes independent of concentration. These findings
indicate that the oligomeric form of the enzyme is the active species and its for-
mation becomes rate-limiting at low protein concentrations. In analogy, the
findings of Jaenicke and our findings taken together, indicate that the refolded
lactate dehydrogenase subunit is inactive and that only the oligomeric form of
the enzyme is catalytically active. At low protein concentration the renatura-
tion rate is controlled by the process of subunit assembly, whereas at high pro-
tein concentration the rate-limiting step is the first order process of subunit re-
folding. The refolding subunit, however, is capable of binding the coenzyme
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NAD® (or NADH), since the latter increases markedly the rate of refolding. The
overall scheme for LDH refolding and assembly is summarized in Fig. 12.

The ligands NAD*, NADH have virtually no effect upon regain of enzyme
fluorescence [17,19], in contrast to the marked effect of coenzyme upon the
regain in activity. Thus, there are apparently at least two first-order processes
(Fig. 12). One, which can be followed by protein fluorescence and a second,
which can be monitored by the regain in enzymatic activity. The presence of
coenzyme converts the second rate-limiting step to a fast reaction relative to
the step detected by the change in protein fluorescence. The half-life of regain
in activity of the enzyme-coenzyme complex converges to approximately that
of regain in fluorescence of the enzyme protein itself and to that of a fluores-
cent probe fluoresceinmercury attached convalently to the enzyme. No change
in the half-life of the regain of protein fluorescence (Fig. 2) or in the half-life
for the regain of fluoresceinmercury fluorescence properties (Fig. 9) was ob-
served in the presence of ligand. Therefore, these results indicate that the fluo-
rescence regain of tryptophans (Fig. 2) and fluorescence quenching of fluores-
ceinmercury (Figs. 7 and 8) monitor the same first-order refolding process. The
regain of activity in the absence of ligands monitors probably subsequent,
slower first-order steps at the subunit level. Fig. 12 summarizes the postulated
mechanism of lactate dehydrogenase assembly and renaturation, where the
rate-limiting step is the regain of activity of the fatty assembled tetramer.

The assembly intermediates occurring in lactate dehydrogenase renaturation
Two possible mechanisms exist for the assembly of protein tetramers from
its subunits, as illustrated in Fig. 11. The sequential pathway consists of the as-
sembly of two subunits into a dimer, followed by the formation of a trimer for
the dimer formed and another subunit, and finally the association of the trimer
with a fourth subunit to form the native tetramer. The dimer pathway involves
prior assembly of a dimer from two subunits and direct formation of the
tetramer from two dimers. In the mixed reassembly experiments of M, (Fig. 9)
almost no M;H hybrid is evident during the reaction except for time zero. This
small amount of M3;H observed can be explained by formation of M;H from
MH and M, that could be present in large enough quantities at the beginning of
the reaction. The lack of significant trimer formation lends support to the

THE ASSEMBLY OF PIG LDH ISOZYMES

RATE FAST
————
TLIMITING g

DENATURED PARTIALLY FOLDED
SUBUNIT FOLDED SUBUNIT SUBUNIT
CAPABLE OF

LIGAND BINDING

Fig. 12. The renaturation pathway for lactate dehydrogenase. The figure is drawn for the M isozyme, but
the same mechanism applies to the H-isozyme.
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dimer hypothesis, i.e. the pathway of renaturation proceeds via dimer forma-
tion from two monomers followed by tetramer formation from the association
of two dimers.

The same conclusions apparently apply for the assembly of pig-heart iso-
zyme. Although MH; is formed during the process, it is not formed in any sig-
nificant concentrations to play a role in the overall process. It might be formed
in a manner similar to that proposed for the small amount of M;H during the
assembly of the muscle isozyme, i.e. from H, + MH dimers. An alternative ex-
planation would be that the trimer species, though unstable, may form fast but
also dissociate fast because of lack of stability. Such circumstances would also
lead to the formation of low quantities of M;H or H;M, respectively, in the
mixed-assembly experiments described above (Figs. 9 and 10). It is, however,
possible that subunit exchange may occur between the intermediate species,
thus complicating the interpretation. The formation of two M,H, sub-bands
(Figs. 9 and 10) may indicate the formation of at least two of the three possi-
ble geometrical isomers for that species [17].

Physiological significance

The dramatic effects of NAD" and NADH on the rate of lactate dehydroge-
nase renaturation may indicate that these ligands may play a role in the assem-
bly of lactate dehydrogenase from its subunits in vivo.
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