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Reconstitution of Lactic Dehydrogenase from Pig Heart after Reversible

High-Pressure Dissociation®

Klaus Miiller, Hans-Dietrich Liidemann, and Rainer Jaenicke*

ABSTRACT: Lactic dehydrogenase from pig heart was reversibly
dissociated to monomers at high hydrostatic pressure. As
shown by equilibrium measurements making use of the yield
of reactivation and high-pressure fluorescence emission spectra,
the dissociation/association can be described by a consecutive
dissociation/unfolding mechanism according to N = 4M’ =
4M* [Miiller, K., Liidemann, H.-D., & Jaenicke, R. (1981)
Biophys. Chem. (in press)]. The extent and rate of dissociation
depend on pressure as well as on the conditions of the solvent.
Maximum yields of reconstitution are achieved under anae-
robic conditions, after dissociation by 20-min incubation at
1200 bar in 0.2 M Tris-HCI, pH 7.6, in the presence of | mM
ethylenediaminetetraacetic acid and 10 mM dithioerythritol.
At concentrations ¢ < 25 ug/mL (<0.72 uM), reconstitution
amounts to ~90%. The product of reconstitution is indis-
tinguishable from the enzyme in its initial native state, as far
as its physicochemical and enzymological properties are con-

'I;ne heart isoenzyme of lactic dehydrogenase has been re-
versibly dissociated to inactive subunits under a variety of
denaturing conditions (Teipel & Koshland, 1971; Levi &
Kaplan, 1971; Chilson et al., 1966; Jaenicke, 1978). Special

tFrom the Institut fir Biophysik und Physikalische Biochemie,
Universitit Regensburg, D-8400 Regensburg, West Germany. Received
February 5, 1981. This work was supported by grants from the Deutsche
Forschungsgemeinschaft and the Fonds der Chemischen Industrie.

cerned. Based on the long-term stability of the enzyme under
optimum reconstitution conditions, the kinetics of reactivation
and renaturation after decompression were measured at 2
ug/mL < ¢ < 25 ug/mL. The sigmoidal kinetics can be
quantitatively described by an irreversible sequential uni-bi-
molecular mechanism, assuming inactive subunits [Jaenicke,
R. (1979) FEBS-Symp. 52, 182~198]; the respective first- and
second-order rate constants under optimum conditions of re-
constitution are k; = (1.5 £ 0.1) X 103 sland k, = (3.5
0.2) X 10° M1 571 (20 °C). As shown by independent evidence
from cross-linking experiments, the rate-limiting association
reaction is the dimerization of dimers generating the native
tetramer. In accordance with the above-mentioned sequential
dissociation /unfolding mechanism, the sigmoidicity of the
kinetic traces is more pronounced after pressure deactivation
under strongly denaturing conditions. Under these conditions,
the yield and rate of reactivation are decreased.

attention has been focused on the acid dissociation of the
enzyme (Anderson & Weber, 1966; Levitzki, 1972; Jaenicke,
1974; Vallee & Williams, 1975; Rudolph et al., 1977a) since
this method provides high yields of reconstitution.

In this study, the reconstitution of lactic dehydrogenase from
pig heart after deactivation, denaturation, and dissociation at
elevated hydrostatic pressure is reported. The influence of the
conditions of high-pressure deactivation on the kinetics of
reconstitution is studied with special emphasis on the com-

0006-2960/81/0420-5411$01.25/0 © 1981 American Chemical Society
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parison of the different modes of denaturation.

Materials and Methods

For substances, stock solutions, and enzyme assays, the
respective experimental details were as described previously
(Miiller et al., 1981).

High-Pressure Dissociation. High-pressure experiments
made use of the quench cell described by Schade et al. (1980b).
Details regarding the time and pressure of incubation at 20
°C are given in the text. The solvents used were Tris-HCI (1
= (.16 M), Tris-H,SO, ( = 0.12 M), and Tris-H,PO, (I =
0.12 M), respectively, each containing 1 mM ethylenedi-
aminetetraacetic acid (EDTA)! and 10 mM DTE. The pH
was kept constant at 7.6. The enzyme concentration during
high-pressure incubation was 0.65 £ 0.07 uM in all experi-
ments; concentrations refer to the subunit molecular weight
of 35000.

Reconstitution. The kinetics of reactivation after pressure
release were analyzed in a concentration range of 45 nM <
¢ < 720 nM. Solutions were diluted immediately (~30 s)
after decompression to adjust the respective final concentration.
Aliquots of these dilutions were taken at defined time intervals
and assayed for enzymatic activity; the first assay was started
within 45 s after pressure release. Solutions of native enzyme
diluted to the same final concentration were used as references
to determine the yield of reactivation. Final values of reac-
tivation were measured after a reactivation time of up to 150
h. These final values were used for the computer fit of the
time course of reactivation, applying the irreversible uni-bi-
molecular kinetic model (Jaenicke, 1978, 1979; Jaenicke &
Rudolph, 1980). Measurements of the recovery of native
fluorescence intensity after high-pressure denaturation made
use of the high-pressure fluorescence cell described elsewhere
(Miller et al., 1981).

Results

Equilibrium Measurements. (A) High-Pressure Deacti-
vation, Denaturation, and Dissociation. Measurements
characterizing the behavior of lactic dehydrogenase from pig
heart exposed to the action of high hydrostatic pressure were
reported previously (Miller et al., 1981). As shown by hy-
bridization with LDH-M, and subsequent gel electrophoresis,
deactivation of LDH-H, is parallelled by monomerization.
This is corroborated by high-pressure fluorescence measure-
ments. The high-pressure equilibrium of active tetramers and
inactive dissociated subunits is reached after long incubation
(~2 h at 300 bar, ~ 10 min at 1000 bar). At p < 1000 bar,
dissociation and deactivation are found to be fully reversible.
At pressures beyond 1000 bar, partial irreversibility of pressure
denaturation occurs. The yield of reconstitution at p = 1 bar
depends on the pressure and the time of deactivation.

(B) Yield of Reactivation. By the application of common
approaches of denaturation/renaturation (e.g., guanidine-HCl
or acid pH), the yield of reconstitution of a variety of enzymes
has been shown to depend on enzyme concentration (Teipel
& Koshland, 1971; Jaenicke, 1974; Jaenicke & Rudolph, 1977,
Rudolph et al., 1977a, 1979). Figure 1 illustrates the behavior
of LDH-H, in the case of the reconstitution after high-pressure
incubation. Two features deserve consideration: (a) the yield
of reconstitution depends on the conditions of deactivation;

! Abbreviations used: DTE, 1,4-dithioerythritol; EDTA, ethylenedi-
aminetetraacetic acid; k;, rate constants; LDH, lactic dehydrogenase (EC
1.1.1.27) (H, and M, refer to isoenzymes from heart and skeletal muscle,
respectively); p, hydrostatic pressure; Tris, tris(hydroxymethyl)amino-
methane; N, native tetrameric state of LDH; M’ and M*, monomeric
states of LDH.
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FIGURE 1: Yield of reactivation of lactic dehydrogenase from pig heart
as a function of total enzyme concentration (in nanomolar). Deac-
tivation was at 20 °C in Tris buffer, pH 7.6, plus 1 mM EDTA and
10 mM DTE at ¢ipy = 23 & 2 pg/mL (0.65 uM); reactivation was
at 20 °C and 1 bar, with a reactivation time up to 150 h. Tris-HCI,
I = 0.16 M, deactivation at (O) 2000 (20 min), (®) 1200 (20 min),
and (@) 1200 bar (15 £ 2 h); (m) Tris-H,PO,, I = 0.12 M, deac-
tivation at 2000 bar (20 min); (B) Tris~H,;SO,, I = 0.12 M,
deactivation at 2000 bar (20 min).

(b) within the concentration range 2 ug/mL < ¢ < 25 ug/mL,
the yield of reactivation is only slightly decreased at low
concentrations, proving intermediates of reconstitution to be
effectively protected against irreversible modification (e.g.,
oxidation). On the other hand, the plateau value of the yield
of reactivation at high concentrations indicates that the folding
of the monomers does not significantly interfere with their
assembly to form the native quaternary structure. In the case
of irreversible modification and rate-determining isomerization
reactions, one would expect a significant decrease of the
reactivation yield at low and high enzyme concentrations [cf.
Teipel & Koshland (1971), Jaenicke (1974), and Jaenicke &
Rudolph (1977)]. The absence of an optimum profile under
the given conditions is consistent with the results obtained in
the case of acid deactivation of LDH-H, (Rudolph et al.,
1977a) and high-pressure deactivation of LDH-M, (Schade
et al., 1980a). Slight deviations of the given yields (Figure
1) from previous data (Miiller et al., 1981) result from the
repetitious handling of the enzyme solution during the in-
vestigation of the reconstitution kinetics.

(C) Characterization of the Reconstituted Enzyme. In
order to interpret the reconstitution and its kinetics in terms
of the elementary processes involved in the folding of oligo-
meric enzymes in vivo, the characterization of the products
of denaturation and renaturation, and their comparison with
the native state, is required. Provided that products of side
reactions [i.e., high molecular weight aggregates; cf, Zet-
tlmeissl et al. (1979)] are removed, previous analyses have
shown that reconstituted enzymes are indistinguishable from
the native protein in its initial state (Jaenicke et al., 1975;
Jaenicke & Rudolph, 1977, 1980; Jaenicke, 1979).

The following procedure was applied to prepare pure re-
constituted LDH-H, after deactivation at elevated pressure
and reactivation at normal atmospheric pressure: samples of
LDH-H, (25 ug/mL, i.e., 0.72 uM) in oxygen-free 0.2 M
Tris-HCI buffer, pH 7.6, plus ]| mM EDTA and 10 mM DTE
were pressurized for 20 min at 20 °C; after decompression to
ambient pressure and reconstitution for 1 day at 20 °C, the
samples were collected and concentrated to ~0.3 mg/mL by
ultrafiltration (Amicon Diaflo with PM 10 filters). Removal
of unspecific aggregates was achieved by Millipore filtration
(0.45 um) and subsequent centrifugation (48000g, 20 min).?

2 Qccasionally, low molecular weight aggregates were observed; these
cannot be separated by this technique unless an additional gel filtration
step is applied [cf. Rudolph et al. (1977b)].
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Table I: Characterization of Lactic Dehydrogenase from Pig Heart in Its Native and Renatured States®
gy X 10734
enzyme state sp act.? 5,05 (S)¢ 207 nm 222 nm Frel® Ko T
native tetramer 33015 6.0 0.1 10.6 = 1.0 1251 1.0 100z 5 0.144 = 0.007
renatured after pressure 30510 6.0 0.1 10.7+ 1.0 128+ 1.0 1055 0.144 + 0.007
incubation at 2000 bar
(20 min)
renatured after pressure 31010 6.0 £0.1 11.1+£1.0 12.5+£1.0 97¢+5 0.144 £ 0.007

incubation at 1200 bar
(20 min)

@ Tris-HCl buffer, pH 7.6, /= 0.16 M, plus 1 mM EDTA and 1-10 mM DTE. ® Specific activity, IU/mg; concentration of the renatured
enzyme determined according to Bradford (1976). ¢ Sedimentation coefficient, s,, € (S), from sedimentation velocity experiments
(Beckman Instruments Model E); cp,pgr = 0.3 mg/mL. d Ellipticity, 0, at 207 and 222 nm (deg:cm*dmol™) (Roussel-Jouan Dichrographe
I); ep,py = 0.09-0.13 mg/mL. ¢ Relative fluorescence emission at 345 nm (Aeye = 285 nm) in arbitrary units (Hitachi Perkin-Elmer, MPF

44A); cp,py = 25-45 pg/mL. Maximum excitation is found to be unchanged: 282 : 2 nm.

T Kow® = Vy/(Vy ~ V) from gel filtration on

Sephacryl S 200 column (1.6 X 86 cm); elution profiles analyzed by Fy,j, determination of the void volume (V, = 62 mL) by use of

dextran blue,
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FIGURE 2: Kinetics of reactivation of LDH-H, after deactivation for
20 min at 1200 bar (residual activity ~10%). Deactivation and
reactivation were at 20 °C in Tris-HCI buffer, pH 7.6, I = 0.16 M,
plus 1 mM EDTA and 10 mM DTE. Reactivation was at the fol-
lowing enzyme concentrations (nanomolar): (Q) 586, (@) 423, (m)
101, (O) 70, (A) 43, (A) 41. Solid lines were calculated accordin

to an irreversible uni-bimolecular mechanism with k,; = 1.5 X 10~
s'and ky = (3.5 £ 0.2) X 10° M! 571,
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FIGURE 3: Kinetics of reactivation of LDH-H, after deactivation at
2000 bar for 20 min (closed symbols) or at 1200 bar for I5@ 2 h
(open symbols, residual activity ~59%). Tris-HCI buffer, pH 7.6, I
=0.16 M, plus 1 mM EDTA and 10 mM DTE; ¢, py (nanomolar)
values were (¢, O) 340, (A) 206, (®) 100, (A) 62, (W) 40, and (Q)
25. Solid lines were calculated according to an irreversible uni-bi-
molecular mechanism with ky,; = (0.35 % 0.05) %X 1073 57! and &y,
= (1.3+0.1) X 10° M !5,

As indicated from the data summarized in Table I, the
initial native state and the renatured state of LDH-H, after
pressure denaturation and reconstitution are identical, re-
garding their physicochemical and enzymological properties.

Kinetic Measurements. (A) Kinetics of Reactivation. As
mentioned previously, the yield of reactivation under optimum
conditions of reconstitution depends on the pressure and on
the incubation time (with respect to the pressure of deacti-
vation). There is no significant effect of enzyme concentration
on the yield of reactivation (cf. Figure 1), so that kinetic studies
may be performed in the given concentration range by applying
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FIGURE 4: Kinetics of reactivation of LDH-H, after deactivation at
2000 bar for 20 min. Tris buffer, pH 7.6, plus 1 mM EDTA and
10 mM DTE. Concentration of the reactivating enzyme was 206
(upper line) and 40 nM (lower line). Buffers: Tris~H,PO,, I =0.12
M (O); Tris-H,SO,, I = 0.12 M (A); Tris-HCI, I = 0.16 M (0). Solid
lines were calculated as in Figure 3.
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FIGURE 5: Determination of the reaction order for the reactivation
of LDH-H, after pressure incubation. Enzyme concentration in
nanomolar. Deactivation and reactivation as in Figures 2-4; symbols
as in Figure 1. Full lines calculated for an irreversible uni-bimolecular
mechanism with the rate constants summarized in Table II.

a constant value for the final yield of reconstitution. Figures
2-4 illustrate the kinetics of reactivation after pressure
deactivation at p = 1200 and 2000 bar, respectively. In
general, the time course of the reconstitution reaction depends
on the enzyme concentration. A double-logarithmic plot of
the initial velocity vs. enzyme concentration (Figure 5) gives
a linear relationship with a slope » = 1.8 £ 0.1. At high
concentrations, the apparent reaction order is reduced. Both
this observation and the fact that the kinetics are characterized
by sigmoidal profiles suggest the mechanism underlying the
kinetics of reactivation to be complex.

Detailed analyses of the reconstitution properties of a
number of dehydrogenases after deactivation in various de-
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Table I1: Rate Constants of Reactivation of LDH-H, according
to an Irreversible Uni-bimolecular Kinetic
Mechanism of Reconstitution

rate constants of

reactivation
i
Kuni (x 10°

deactivation conditions (X103 s M's™hH
1200 bar (20 min) ¢ 1.50+0.10 3.5=z0.2
1200 bar (15 h)@ 035+0.05 13=x0.1
2000 bar (20 min) ¢ 0.35£0.05 13+0.1
1 M glycine, pH 2.3 (5 min)® 145+ 045 521
6 M guanidine-HCl, pH 2.3 (5 min)® 1.45: 045 51
6 M guanidine-HCL, pH 7.6 (5 min)® 1.45 = 0.45 5=+ ]
6 M urea, pH 2.3 (5 min)® 1452045 5=:1

% Tris buffer, pH 7.6,/ = 0.16 M, plus 1 mM EDTA and 10 mM
DTE, 20 °C; reactivation after pressure incubation induced by
pressure release. ¢ Deactivation in the presence of 1 mM EDTA
and 0.1 mM DTE, 20 °C; reactivation by dilution in 0.2 M
phosphate buffer, pH 7.6, plus 1 mM EDTA and 0.1-10 mM DTE
[cf. Rudolph et al. (1977a)].

naturants were reported earlier from this laboratory (Jaenicke,
1979; Jaenicke & Rudolph, 1980). In accordance with a
sequential folding and assembly model, the observed concen-
tration-dependent reactivation profiles were fitted by an ir-
reversible consecutive mechanism consisting of one unimo-
lecular and one bimolecular rate-limiting step. In general,
perfect fit of the kinetic data was achieved by assuming in-
active reactants in the reassembly process.

As indicated by the agreement of the experimental data,
and the respective calculated profiles given in Figures 24, the
same kinetic mechanism is found to be sufficient to quanti-
tatively describe the reconstitution of LDH-H, after high-
pressure dissociation and deactivation. By correction of the
reactivation data with respect to the residual activity of the
enzyme (starting from the equilibrium of dissociation), the
reactivation kinetics after 20 min of deactivation at p = 1200
bar (residual activity ~10%) turn out to be identical with the
reactivation kinetics after acid dissociation at pH 2.3 (Rudolph
et al, 1977a). If deactivation is performed at higher pressure
{2000 bar), or during a longer time of incubation (15 h at 1200
bar), the kinetics of reconstitution are slower, and the lag phase
in the beginning of the reactivation is more pronounced (Table
II). Both findings are compatible with the effect of high
pressure on the yield of reactivation (Miiller et al., 1981) which
suggests slow conformational changes within the dissociated
monomers to occur after long incubation at p = 1000 bar.
Apparently, this unfolding is also reflected by the decreased
rate of reconstitution. Similar effects have been found for acid
dissociation after long incubation at low pH (R. Hermann,
G. Zettlmeissl, R. Rudolph, and R. Jaenicke, unpublished
experiments).

As taken from Figure 4, exchange of the monovalent
chloride ion against the bivalent phosphate or sulfate ion does
not change the reactivation profile after dissociation at 2000
bar. This result is in agreement with the finding that in the
case of LDH-H, no significant stabilization against pressure
deactivation is induced by the above-mentioned bivalent buffer
ions. Obviously, there is no preferential binding of HPO,2
or SO, to the enzyme species present at high-pressure
equilibrium; on the other hand, specific ion binding to an
intermediate of reconstitution cannot be involved in a rate-
determining step on the pathway of reconstitution. The lack
of ion specific effect is in contrast to the equilibrium properties
of the isoenzyme from skeletal muscle (Schade et al., 1980b).
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FIGURE 6: Kinetics of the recovery of native fluorescence (A, = 285
nm, Aem = 345 nm) of LDH-H, after pressure denaturation at ¢ py
=0.72 uM: (®) 700 bar (75 min); (O) 820 bar (40 min); (A) 900
bar (30 min); (O) 1000 bar (30 min); (a) 1100 bar (20 min). The
kinetic trace of renaturation after 20-min denaturation at 1200 bar
coincides with (O). Renaturation at | bar was achieved under the
same conditions as those given in Figure 2. Relative renaturation
= [I(#) - I(0)}/[I(N) - 1(0)], with I(N), 1(0), and I(¢) representing
the fluorescence of the native tetramer, the renaturing enzyme at time
t = 0, and the renaturing enzyme at time ¢, respectively [cf. Miller
et al. (1981)]. The range of experimental error is given by the hatched
area.

(B) Kinetics of Renaturation. The kinetics of renaturation
were monitored by the increase of fluorescence intensity at
Aem = 345 nm (A, = 285 nm) (Figure 6); the respective
relaxations were determined at a constant enzyme concen-
tration of ¢ = 25 pg/mL (0.72 uM). Deactivation was
achieved at 700 bar < p < 1200 bar; under these conditions,
constant final values of fluorescence (corresponding to the
equilibrium of denaturation) were obtained after 75 min at
700 bar and after 5 min at 1200 bar, respectively. The traces
are identical within the ranges of experimental error; the yield
of renaturation is 100% in both cases. The result is in
agreement with the reaction scheme proposed previously to
describe the pressure-induced dissociation (Miiller et al., 1981).
By comparison of the regain of the native fluorescence (Figure
6) with the corresponding kinetics of reactivation (Figure 2),
both processes turn out to run strictly parallel. At higher
enzyme concentrations, this has also been shown for the re-
constitution after acid dissociation (Rudolph et al., 1977a).

Discussion

In a previous paper (Miiller et al., 1981), pressure-induced
structural changes at the level of the tertiary and quaternary
structure of lactic dehydrogenase from pig heart were char-
acterized. As shown by hybridization experiments involving
the separate isoenzymes from heart and muscle, all five com-
binations, A4, A;B, A,B,, AB,, and B,, have been found to
occur after pressure release and joint reconstitution.’ The
presence of the hybrids of the A;B and AB; type, as well as
the binomial distribution of all possible recombination prod-
ucts, proves that high-pressure dissociation yields the monomer
as the predominant species. The binomial distribution clearly
excludes a rapid equilibrium between monomers and dimers
to be responsible for hybridization, since this reaction would
lead to the preferred accumulation of the symmetrical A;B,
species which is not the case. Additional evidence supporting
the view that high pressure induces monomerization comes
from high-pressure fluorescence spectra: the fluorescence
emission spectrum of the enzyme at high pressure is identical

3 An earlier approach (Jaenicke, 1970) aiming at pressure-induced
dissociation made use of joint pressure incubation of the two isoenzymes
without reversible deactivation of the separate systems; this method does
not allow unequivocal information regarding the state of association
under pressure [cf. Jaenicke & Koberstein (1971) and Jaenicke et al.
(197D)].
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with the respective spectrum of homogeneous monomers
produced by acid dissociation (pH ~2).

Cross-linking experiments with the enzyme from pig muscle
(Schade et al., 1980a) also indicate dissociation to monomers,
though the quantitative interpretation is difficult because of
the rapid association to dimers occurring after reestablishing
quasi-physiological conditions (Hermann et al., 1981). Evi-
dence accumulated before proves that application of high
pressure leads to dissociation of lactic dehydrogenase from pig
heart to the monomer; a minor fraction of dimers as a by-
product of dissociation may not be definitely excluded because
of the limits of error of the applied population analyses (~5%).
The effect of time and deactivation pressure on the yield of
reactivation of lactic dehydrogenase from pig heart was found
to obey an equilibrium scheme comprising dissociation and
transconformation reactions:

N = 4M/ = 4M*

In this scheme, M’ represents the folded monomer produced
at medium pressure (p < 1 kbar), while M* symbolizes the
monomer generated at higher pressure (p > 1 kbar). Since
the equilibrium M’ = M* cannot be quantitatively determined
by using the methods given, the calculation of the dissociation
volume can only be achieved at pressures below 1 kbar, because
under this condition a fully reversible equilibrium N = 4M’
is observed. In the case of lactic dehydrogenase from pig
muscle (Schade et al., 1980a,b), the unfolding reaction M’ —
M* is found to be negligible in the whole transition range of
high-pressure deactivation (p < 1.5 kbar). In both isoenzymes,
application of higher pressure shifts the previously given
equilibria to the right-hand side, at the same time increasing
the rate of dissociation.

In the present experiments, indirect evidence for the
transconformation reaction, M’ — M*, in the case of lactic
dehydrogenase from pig heart at p > 1 kbar is gained from
reconstitution experiments. There is an extended lag phase
in the beginning of the reactivation reaction which reflects
conformational changes after dissociation has taken place. As
taken from the previous reactivation studies (Miiller et al.,
1981), the corresponding experimental conditions lead to the
accumulation of M* in the above-mentioned scheme. Under
the same conditions, a decrease of the rate of reconstitution
is observed, in accordance with the hypothetical two-step
mechanism of high-pressure denaturation. A similar inter-
pretation of the kinetics of reconstitution after acid dissociation
has been previously proposed by Vallee & Williams (1975).

The decreased rate of reactivation and the reduced recon-
stitution yield can be explained, if the reaction M’ — M* is
considered to consist of two types of structural changes, i.e.,
partial exposure of hydrophobic interior parts of the structured
monomers to the polar solvent and proline cis—trans isomer-
ization or similar slow conformational changes. Proline cis—
trans isomerization has been shown to be a rate-limiting step
in certain protein-folding reactions (Brandts et al., 1975; Lin
& Brandts, 1978; Baldwin & Creighton, 1980; Schmid &
Baldwin, 1978; Schmid, 1980, 1981). It may also contribute
to the rate-attenuating effects caused by long incubation at
pressures beyond 1000 bar.

On the other hand, slowing down of the reactivation kinetics
may reduce the yield of reconstitution by favoring unspecific
aggregation. In this connection, the previously mentioned
exposure of interior hydrophobic residues or domains of the
protein to the polar solvent may be important. Since hydro-
phobic interactions are weakened by high pressure (Kauzmann,
1959), aggregation during pressure incubation is inhibited
(Jaenicke, 1971). After decompression, “irreversible

aggregation” as a side reaction competing with reconstitution
is enhanced, thus causing a decreased yield of reactivation.
With the application of elevated hydrostatic pressure to oli-
gomeric enzymes, remarkable differences in comparison with
other methods of denaturation are observed: no “hysteresis”
of the deactivation/reactivation transition is detectable, and
(up to a certain limiting pressure) deactivation is found to be
completely reversible, even after incubation over a long period
of time. Beyond the limiting pressure, irreversible deactivation
(Joly, 1965) becomes important. The given characteristics
raise the question of whether there are significant differences
regarding the reconstitution mechanism after high-pressure
dissociation, compared to the reconstitution after dissociation
and deactivation with other denaturants. LDH-H, has been
the subject of detailed reconstitution studies after deactivation
at low pH and/or in 6 M guanidine-HCl or urea (Jaenicke,
1974; Rudolph et al., 1977a). Under all conditions, sigmoidal
reactivation kinetics were observed after reestablishing native
conditions. The quantitative description of the kinetic traces
is provided by the previously mentioned irreversible consecutive
uni-bimolecular mechanism with one single set of kinetic
constants, assuming catalytically inactive subunits (Jaenicke,
1978). As shown by the excellent fit of the kinetic traces in
Figures 2-4 and by the kinetic data summarized in Table II,
reactivation after high-pressure deactivation is characterized
by the same kinetic pattern; the rate constants are of the same
order of magnitude. This leads to the conclusion that the
acquisition of the three-dimensional structure of LDH-H, does
not depend on the pathway of denaturation/renaturation;
obviously, there exists a common intermediate on this pathway,
the folding and association of which is rate determining in the
uni-bimolecular overall process of reconstitution.

The question of whether the association step belongs to the
formation of the dimer or tetramer may be answered by
cross-linking experiments (Hermann et al., 1979). For
LDH-M,, the kinetics of reactivation after acid dissociation
were found to parallel tetramer formation (Hermann et al,,
1979, 1981); the same holds for LDH-H, (Bernhardt, 1980).

These results, together with the observed uni-bimolecular
mechanism of reconstitution, prove that the acquisition of the
native tetrameric structure is necessary to generate enzymatic
activity. In general, reconstitution of oligomeric enzymes in
solution is characterized by a close correlation of folding and
association; in all cases investigated so far, full catalytic
function requires the assembly of the structured subunits to
form the native quaternary structure.
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Sulfhydryl and Histidinyl Residues in the Flavoenzyme Alcohol Oxidase from

Candida boidinii'

Thomas H. Cromartie

ABSTRACT: The flavoenzyme alcohol oxidase from Candida
boidinii has about eight sulfhydryl residues per 75000 mo-
lecular weight subunit. The enzyme is inactivated by treatment
with p-(chloromercuri)benzoate at pH 7.5, but full enzymatic
activity can be restored by treatment with excess 8-mercap-
toacetic acid. Complete inactivation of the enzyme requires
reaction of all eight sulfhydryl residues per subunit. For any
particular subunit, however, inactivation is an all-or-nothing
event; i.e., slow reaction of a first sulfhydryl residue with
p-(chloromercuri)benzoate is immediately followed by reaction
of all remaining sulfhydryl residues of that subunit. The rate
of inactivation shows saturation kinetics with respect to p-
(chloromercuri)benzoate concentration, and substrates and
products slow the rate of inactivation. The enzyme is also
inhibited by treatment with Hg?*, Cu?*, and Ag*, but no
inactivation was found with N-ethylmaleimide, acrylonitrile,
5,5’-dithiobis(2-nitrobenzoate), or methyl methanesulfonate.
Apparent time-dependent inactivation of alcohol oxidase with

’Eere has been increasing interest in the use of microor-
ganisms to produce protein for supplementing animal feed
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iodoacetate was found to be reversible on removal of excess
inhibitor. Proposals for the function of sulfhydryl groups in
alcohol oxidase are discussed. Alcohol oxidase is also rapidly
inactivated by diethyl pyrocarbonate. The pH dependence of
inactivation and absorbance changes on modification suggest
that histidine residues are modified. Total inactivation of the
enzyme occurs on reaction of four histidine residues per FAD
coenzyme, but only one of these residues appears to be cata-
lytically essential. [1-'#C]Diethyl pyrocarbonate was used to
demonstrate that only histidine residues were modified. In
the presence of either of the competitive inhibitors acetaldehyde
or acetate, diethyl pyrocarbonate reacts with only 3 equiv of
histidine in a fashion which suggests that the catalytically
essential histidine is at the active site of the enzyme. Modi-
fication of alcohol oxidase with diethyl pyrocarbonate slightly
alters the visible absorbance spectrum of the flavin coenzyme
and prevents reduction by substrate methanol, consistent with
a role for histidine at an early stage in catalysis.

because the microorganisms can be rapidly produced by ae-
robic fermentation from raw materials which cannot be used
directly by mammals (Hamer & Hamden, 1979). Methanol
now appears to be promising as a growth substrate, and several
bacteria and yeasts which can grow on methanol as sole carbon
and energy source have been isolated (Sahm, 1977; Cardemil,
1978). Under such growth conditions, several yeasts of the
Candida species have been found to produce a soluble alcohol
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