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Exposure of pigeon liver malic enzyme ((S )-malate: NADP * oxidoreductase (oxaloacetate-decarboxylating),
EC 1.1.1.40) in medium concentrations of guanidine-HCI at 25°C and pH 7.45 caused biphasic conforma-
tional changes of the enmzyme molecule. Molecular weight determination confirmed that the enzyme
tetramers were dissociated to monomers in phase I transition. Enzymatic activity was completely lost in this
phase. Recovery of the enzyme activity was only possible in the early stages of the phase I transition. Phase
Il was due to enzyme unfolding, as judged by circular dichroism and the fluorescence parameters of the
enzyme. The steps of the transformation of native malic enzyme into a completely denatured state were in
the following sequence: tetramer — monomer — random coil. Extensive denaturation of the enzyme moic-
cule resulted in irreversible aggregation. Dissociation and denaturation were accompanied by a red-shift of
the fluorescence spectrum (328 — 368 rm). Fluorescence quenching studies indicated that tryptophan
residues of the enzyme molecule were buried deeply in the interior of the molecule. The tryptophan residues
were only partially accessible by acrylamide and almost inaccessible by KI. Dissociation and denaturation
were accompanied by exposure of the tryptophan residues, as manifested by the accessibility of the enzyme
molecule toward KI or acrylamide.

Introduction

Pigeon liver malic enzyme ((S)-malate: NADP*
oxidoreductase (oxaloacetate-decarboxylating), EC
1.1.1.40) has been found to be a tetrameric protein
with identical subunits [1,2] (for review, see Ref.
3). The enzyme was dissociated into its constituent
monomers in an acidic environment. Reassocia-
tion could be accomplished simplv by adjusting
the pH to neutrality [4]. We have used fluores-
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cence quenching tecliniques to monitor the protein
conformational changes [5]. A biphasic phenome-
non was observed when the enzyme was treated
with guanidine-HCL. In this paper, the biphasic
denaturation of this enzyme is further char-
acterized. The two phases were due to dissociation
of the subunits and unfolding of the protein mole-
cule, respectively.

Materials and Methods

Materials. Guanidine-HCI, KI and dimethyl-
sulfoxide were purchased from E. Merck (Darm-
stadt, F.R.G.). Acrylamide (4 X recrystallized) was
obtained from Fluka (Buchs, Switzerland). 3,3’
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Dithiobis(propionic acid N-hydroxysuccimide es-
ter), 5,5’-dithiobis(2-nitrobenzoic acid), sodium
thiosulfate and sodium dodecyl sulfate (SDS) were
purchased from Sigma (St. Louis, MO, U.S.A)).
Protein standards for molecular weight determina-
tion were purchased from Pharmacia (Uppsala,
Sweden). All other chemicals were of reagent
grade. Distilled deionized water was used
throughout this work.

Malic enzyme from pigeon liver was purified
according to our published procedure [6). The
purified enzyme was routinely checked for purity
by polyacrylamide gel electrophoresis. Protein
concentration was determined spectrophotometri-
cally at 278 nm, using a molar absorption coeffi-
cient (tetramer) of 2.236 - 10° for the protein solu-
tion [7].

Enzyme assay. Malic enzyme activity was as-
sayed at 30°C according to Hsu and Lardy [7].

The formation of NADPH was monitored con-

tinuously at 340 nm in a Gilford 2600 spectropho-
tometer.

Denaturation of the enzyme. Denaturation of the
enzyme by guanidine-HCl was performed by in-
cubating the enzyme in 30 mM Tris-HCI buffer
(pH 7.45) with guanidine-HCl (pH 7.5) at room
temperature. When guanidine-HCl concentration
was at least 2 M, all enzymatic activity was lost in
1 min. The denaturation time was usually 30 min,
but in somc experiments, overnight incubation
was performed to ensure complete denaturation.

Dissociation of the enzyme. Dissociation of the
enzyme by changing pH was performed by rapid
dilution (20-fold) of the enzyme solution with
potassium acetate buffer (pH 4.5). The dissocia-
tion process was instantaneous [4]. pH measure-
ments were performed with a Radiometer PHM
84 research pH meter.

Cross-linking of the enzyme subunits and molecu-
lar-weight determination. In the pH dissociation
experiments, chemical cross-linking of any associ-
ated subunits was performed with glutaraldehyde
according to Hermann et al. [8]. After cross-lin-
king, the enzyme solution was subjected to poly-
acrylamide disc-gel electrophoresis in the presence
of SDS according to Weber and Osborn [9]. The
stained gels were scanned at 560 nm with a Gil-
ford 2600 spectrophotometer equipped with a
2410-S linear transport gel scanner.

Our previous studies demonstrated that pH
changes caused a reversible and spontaneous dis-
sociation-reassociation of the enzyme [4]. We
therefore wish to analyse, by cross-linking experi-
ments, the effect of guanidine-HCl] on malic en-
zyme. To avoid the reaction of glutaraldehyde
with high concentration of guanidine-HCI, another
cross-linking agent, 3,3’-dithiobis(propionic acid
N-hydroxysuccinimide ester) was used. The molar
ratio of the reagent (dissolved in dimethyl sulf-
oxide) and the enzyme was 339. Cross-linking was
performed in 0.2 M borate buffer (pH 8.0) for 10
min. The reaction was stopped by adding 80 mM
glycine containing 2 mM 5,5 -dithiobis(2-nitro-
benzoic acid). The enzyme solution was then dia-
lysed exhaustively against 20 mM Tris-HCI buffer
(pH 7.7) containing 1% glycerol. Dialysis to re-
move the guanidine-HCl was necessary, since a
high concentration of guanidine-HCl would cause
the precipitation of SDS. The dialysed sample was
then subjected to disc-gel electrophoresis to de-
termine the distribution of tetramers, dimers and
monomers.

Fluorescence quenching siudies. Quenching of
protein intrinsic fluorescence by acrylamide or KI
was performed at 30 °C using a Farrand system 3
thermoregulated spectrofluorometer. An excita-
tion wavelength of 295 nm and emission wave-
length of 340 nm were used. The enzyme was
denatured to various degrees by incubating the
enzyme with different concentrations of guani-
dine-HC] at 30°C for 30 min or longer. The
initial fluorescence (F,) of the solution was mea-
sured. The enzyme fluorescence from the tryp-
tophan residues (Trp) was then quenched by pro-
gressive addition of small aliquots (25 ul) of a
concentrated solution of acrylamide or KI to the
fluorimetric cuvette and the fluorescence intensity
( F) measured again. At the concentrations used in
fluorescence titration, the absorbance of KI at the
excitation wavelength was not detectable, and thus
no correction was necessary for the inner filter
effect. The absorption of acrylamide at 295 nm
was corrected according o Eqn. 1 [10]:

Foor = Fpps104472 )

where A4 /2 was the increase in absorbance at the
center of the cuvette caused by the addition of



acrylamide. The acrylamide used in these experi-
ments had a molar absorption coefficient of 0.33
M~'-cm™! at 295 nm. Since the actual absorp-
tion was much lower than 0.2 A, the above simple
correction equation should be valid [11].

Sodium thiosulfate (0.1 M) was added into the
KI solution to prevent I formation. Ionic strength
change caused by KI was corrected by the data
obtained from separated experiments where
quenching of the protein fluorescence by the same
amount of NaCl was measured. When the quench-
ing data were plotted according to the classical
Stern-Volmer equation (Eqn. 2), downward
Stern-Volmer plots were obtained.

R/F=1+K.[Q] (&)

where [Q] was the quencher concentration and X,
was the dynamic quenching constant. For moni-
toring protein conformational changes, the effec-
tive dynamic quenching constant (K .g) was
used. [(F/F)—1}/[Q] was calculated for each
[Q] according to Eqn. 3 and was plotted against
[Q]. The data points were extrapolated to [Q] = 0.
This initial slope of the Stern-Volmer plot repre-
sented a K, .y, which was the average of the
collisional quenching constants.

[(Fy/F)=1]/[01= K, €

Fluorescence quenching data were also fitted to
Eqn. 4 for calculating various quenching parame-
ters [10):

R/AF=1/(f,K QD +1/f, 4

where AF = F,— F, and f, was the fractional
maximum accessible protein fluorescence [10,12].

Double quenching studies. Simultaneous quench-
ing of protein fluorescence by KI and acrylamide
was performed as described by Somogyi et al. [13].
KI was selected as the ionic quencher to selec-
tively quench the emission of exposed tryptophan
residues. Acrylamide was chosen as the nonionic
quencher to quench both the exposed and masked
fluorophors.

Acrylamide was added into enzyme solution
immediately prior to titration with KI. The en-
zyme fluorescence was quenched by repetitive ad-
dition of small aliquots of 2.85 M KI stock solu-
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tion, which contained same concentration of
acrylamide as did the enzyme solution. Data from

double quenching studies were fitted to Eqn. 5
[13]):

Fy/AF =

14 K [Q] | 1+ K QD) 1
« T ek, Q0 ©

where [Q,] is the acrylamide concentration and
[Q,] the KI concentration. K,, represents the
quenching constant for the external fluorophors.
K, denotes the quenching constant for KI, and «
represents the fraction of tryptophan resitiues
accessible to KI. K, and a were estimated from
experiments with KI as the only quencher, K,
was calculated from double quenching experi-
ments. Fitting of the experimental data to the
above equations was cartied out by least-squares
method using the computer programs written by
R.S. Chang [14]. Estimation of 8 (the friction of
tryptophan residues accessible only to acivlamide),
K,; (quenching constant for thc interhal fluoro-
phors) and y (the fraction of tryptophan residues
inaccessible to both KI and acrylamide) were fol-
lowed as described by Somogyi et al. [13] with
acrylamide as the only quencher.

Circular dichroism studies. CD spectra were
measured at 25°C with a Jasco J-20 spectro-
polarimeter under constant N, flush. Fused silica
cylindrical cells of 0.5, 0.1 and 0.02 dm light paths
were used to keep the absorbance of the solution
below 2. Malic enzyme solution (1 mg/ml) was
scanned from 300 to 190 nm. The scale of the
recorder was changed according to the ab-
sorbance. When the analysis was completed, the
buffer was scanned immediately to obtain the
baseline. Denatured enzyme solution was filtered
through a 0.45 mm filter (Whatman, U.K.) before
analysis. Denaturing agent was included in the
buffer to monitor the baseline for the denatured
enzyme. Mean residue ellipticity was calculated
according to Eqn. 6:

[0]=(M-6)/(100-C-1) (6)

where [ represents the light-path length (dm); M
is the average molecular weight of the amino
acids, a value of 111.15 being used for malic
enzyme (calculated from Ref. 1); C is the con-
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centration of malic enzyme (mg/ml); and 6 is the
optical rotation (deg - cm? - dmol ™).

Calculation of the a-helix, S-pleated sheet and
random coil content of the native enzyme was
according to Greenfield and Fasman [15}.

Results

Guanidine-HCI induced biphasic conformational
change of malic enzyme

Guanidine-HCI at 2 M caused over 95% loss of
the enzyme activity in 1 min, The CD spectrum of
the native and guanidine-denatured enzyme was
shown in Fig. 1. Curve A (right side) showed that
the native enzyme had a absorption band between
300-250 nm characteristic for aromatic amino
acids. The enzyme also showed the absorption of
peptide chromophore located between 250-205
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Fig. 1. Circular dichroism spectrum of malic enzyme. (A)

Native enzyme (1 mg/ml) vs. buffer. (B) The enzyme dena-

tured with 3.5 M guanidine-HCl vs. buffer containing the
denaturing agent.
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Fig. 2. Biphasic denaturation of malic enzyme. Malic enzyme

was denatured to various stages with different concentrations

of guanidine-HCL. The conformationai ckanges of the enzyme

molecule were monitored by effective dyna:aic quenching con-

stant (K, ) for acrylamide, ellipticity ({8];2;), and en-

zymatic activity. E, and E, represent enzyme activity at time
zero and ¢, respectively.

nm (left side) with two characteristic abscrption
peaks at 222 and 208 nm, indicating a highly
ordered a-helical structure of the pigeon liver
malic enzyme. To a first approximation, the a-helix
of the enzyme was estimated to be 33%, which was
consistent with the predicted value (37%) of rat
liver malic enzyme obtained from the sequence
data [16]. No B-pleated sheet was predicted for the
rat liver enzyme [16). The B-pleated sheet of pi-
geon liver malic enzyme was estimated to be be-
low 15%. Curve B in Fig 1 showed that the regular
structure of malic enzyme had completely col-
lapsed in 3.5 M guanidine-HCl. Ellipticity at 222
nm ([6],,,) was used to represent the structural
regularity of the enzyme molecule.

Fig. 2 showed the changes of the enzyme struc-
ture in accordance with the concentrations of
guanidine-HCl. The native enzyme had a highest
structural regularity reflected by its highest
absolute [0],,,; and lowest K, . values. With the
increase in guanidine concentration, [0],,,
decreased whereas K, ., increased. There was a
inflection point around 2.0+ 0.3 M guanidine-
HCL. This experiment was repeated many times.
There was always a bump at [guanidine-HCl] = 2.0
M. Same results were obtained if the CD or fluor-
escence measurements were taken after 12 h. The
biphasic process as shown by CD data, within
experimental error, coincided exactly with the



fluorescence quenching results. The data shown in
Fig. 2 indicated the reliability of using quenching
of intrinsic protein fluorescence as a tool to moni-
tor the protein conformational changes [5]. At-
tempts to show the reversibility of the transition
were not successful. Enzymatic activity was com-
pletely lost in the first phase of the denaturation.
Recovery of enzyme activity was only possible at
early stage by diluting the denatured enzyme with
0.67 M triethanolamine-HCI buffer (pH 7.4) con-
taining 0.5 M dithioerythritol and 50 mg/mi gela-
tin. Denaturation to phase Il was essentially irre-
versible.

Molecular weight changes during denaturation and
dissociation

Since malic enzyme is a tetrameric protein with
identical subunits [2], the above experimental re-

Fig. 3. Sodium dodecyl sulfate disc-gel electrophoresis of pi-
geon liver malic enzyme denatured by guanidine-HCl. The
enzyme was subjected to SDS-electrophoresis after cross-link-
ing. Gel concentration was 7.8%. Gel a, molecular weight
standards. 1, phosphorylase b (M, 94000); 2, bovine serum
albumin (M, 67000); 3, ovalbumin (A, 43000); 4, carbonic
anhydrase (M, 30000); 5, trypsin inhibitor (M, 20100); and 6,
a-lactalbumin (M, 14400). T, tetramers; D, dimers; and M,
monomers. For gels b-h, the enzyme was denatured with 0, 1,
2,3, 4,5 and 6 M guanidine-HC], respectively.
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Fig. 4. Distribution of tetramers, dimers and monomers of

pigeon liver malic enzyme at different pH. Malic enzyme was

exposed to different pH buffers and the associated subunits

cross-linked with glutaraldehyde. SDS-electrophoresis was used

to separate the tetramers (T), dimers (D), or monomers (M).

The stained gels were scanned at 560 nm with a densitometer.
For clarity only selected gels were demonstrated.

sults prompted us to differentiate between dissoci-
ation of subunits and /or unfolding of the individ-
ual monomer to give the biphasic phenomenon.
We determined the molecular weights of the en-
zyme denatured to various stages by SDS-electro-
phoresis, and used 3,3’-dithiobis(propionic acid
N-hydroxysuccinimide ester) to cross-link the as-
sociated subunits. As shown in Fig. 3, [guanidine-
HCIl] > 2 M induced dissociation of the enzyme.
In other experiments the enzyme was shown to
dissociate at 1.5 M (data not shown). The protein
bands shown in Fig. 3 were diffused. This was
because dialysis procedure increases the sample
volume. In order to obtain enough sensitivity, a
larger sample volume was applied during electro-
phoresis.

Acidic environments caused reversible dissocia-
tion of the enzyme, as demonstrated earlier [4].
Selected gel scan was shown in Fig. 4. In these
experiments, the cross-linking agent used was
glutaraldehyde which linked lysyl e-amino groups.
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Fig. 5. Variation of dynamic quenching constants and fractional tryptophan residues accessibility of pigeon liver malic enzyme with

guanidine-HCI concentration and pH. The enzyme was dissociated at acidic pH or denatured to various degrees with guanidine-HCI.

The tryptophan fluorescence was quenched with KI or acrylamide. Dynamic quenching constant (A and C) or accessibility of

tryptophan to KI (a), acrylamide (8) and inaccessible tryptophan (y) (B and D) were plotted vs. {guanidine-HCI] (A and B) or pH
(C and D).

Spectral change of malic enzyme after denaturation
The fluorescence emission spectra of the native,
intermediate and unfolded conformation of pi-
geon liver malic enzyme were recorded. The native
enzyme fluorescenced at 328 nm with a shoulder
at 340 nm. Unfolding of the enzyme was accom-
panied by a red-shift of the fluorescence emission
to 368 nm. The ratio of Fye/F,,, increased with
the increase in guanidine-HCl concentration. KI
and acrylamide quenched both Fy3 and Fyg.

TABLE 1

The fluorescence spectrum of the enzyme at
acidic pH was not available due to the inter-
ference of acetate buffer on the fluorescence.

Accessibility of tryptophan residues toward KI and
acrylamide

Malic enzyme denatured to various degrees by
guanidine-HCl treatment was quenched with KI
or acrylamide to determine the accessibility of
tryptophan residues toward these quenchers. The

ACCESSIBILITY OF THE TRYPTOPHAN RESIDUES IN THE TETRAMERIC AND MONOMERIC PIGEON LIVER

MALIC ENZYME

Values shown are averages + S.E. of two experiments, Trp, tryptophan.

Enzyme association

Fraction of accessible Fraction of Trp accessible Fraction of Trp inaccessible
state Trp to KI (a) only to acrylamide (8) to both KI and acrylamide (y)
Tetramer 0.05 1 0.002 0.15+0.01 0.81+0.02
Monomer 0.25+0 0.16+0.03 0.60+0.03
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Fig. 6. Double quenching of pigeon liver malic enzyme. The
enzyme was simultaneously quenched with KI and acrylamide.
The data were treated similarly as in Lehrer’s plot, but the
slope and intercept represent different fluorescence parameters
(see Eqn. 5). (A) Native state; (B) intermediate state (enzyme
denatured with 2 M guanidine-HCI); and (C) unfolded state
(enzyme denatured with 6 M guanidine-HCl). The acrylamide
concenirations were: >, 85.5 mM; B, 57 mM; &, 28.5 mM;
and O, no acrylamide.

quenching data were fitted to Eqn. 4 for calculat-
ing the fractional maximum accessible tryptophan
residues and the dynamic quenching constants.
Fig. 5A showed the variation of the dynamic
quenching constant (K,) with guanidine-HCl
concentration. The biphasic phenomenon was
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demonstrated again for both KI and acrylamide
quenching.

When the quenching experiments were per-
formed with the enzyme at different pH, the K,
vs. pH curvc was monophasic (Fig. 5C). Malic
enzyme was shown to undergo dissociation at this
pH range [4]. The biphasic phenomenon was thus
attributed to denaturation and dissociation.

Accessitility of tryptophan residues toward Kl
(a), acrylarnide (8) was also calculated from the
Lehrer’s plot (Eqn. 4). Biphasic phenomenon was
obtained again for a, B or y (fraction of
tryptophan residues inaccessible to both KI and
acrylamide) (Fig. 5B). The variation of a or y
with pH was also monophasic (Fig. SD). 8 was
not varied at different pH. These quenching
parameters were less sensitive in visible transitions
as shown in Fig. 5; however, they were reliable in
characterizing native and denatured states. The
quenching parameters for the the tetramer and
monomer were summarized in Table 1.

Double quenching of malic enzyme fluorescence with
KI and acrylamide

Exposed and buried tryptophan residues were
also accessed by double quenching techmique as
described recently by Somogyi et al. [13]. Quench-
ing of malic enzyme denatured to various stages
was performed with KI and acrylamide simulta-
neously. The data were fitted to Eqn. 5. A series of
linear plots were obtained. Representative results
were presented in Fig. 6 for the native state (6A),
intermediate state (6B), and the unfolded state
(6C) of the enzyme. The fluorescence quenching
parameters for these states of the enzyme were
summarized in Table II.

Discussion

Pigeon liver malic enzyme contains 20 tryp-
tophan residues per molecule of enzyme, or five
tryptophan residues per subunit [1]. The emission
maximum of the enzyme at 328 nm suggested a
hydrophobic environment for these residues.
However, the shoulder at 340 nm indicated that
the tryptophan residues of this enzyme were dis-
tributed in two populations: Ty, in a hydro-
phobic environment, and T;4, in a more exposed
hydrophilic environment. The downward section
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TABLE Il

FLUORESCENCE PARAMETERS FOR THE NATIVE-, INTERMEDIATE- AND UNFOLDED-PIGEON LIVER MALIC

ENZYME

Values shown are averages + S.E. of two or three determinations.

Enzyme a B Y K, K. K, 1
conformation M1 MY M1
Native 0.05+0.01 0.19+0.02 0.771+0.02 16.8+3.2 8.610.3 13.6+5.3
Intermediate 0.1940.03 0.25+0.04 0.56 +£0.07 16 +13 14 +1 149+54
Random coil 0.3810.01 0.3510.02 0.26 +0.03 12 +1 8.1+0.53 16 +2

of the Stern-Volmer plot of the quenching data
further indicated the heterogeneity of the tryp-
tophan residues in the enzyme molecule [12]. The
emission maximum of free tryptophan was near
350 nm. The exceptionally high value of 368 nm
observed for malic enzyme reserved further inves-
tigation.

Chemical modification of the SH-protected en-
zyme with N-bromosuccinimide, dimethyl(2-hy-
droxy-5-nitrobenzyl)sulfonium bromide or di-
methyl(2-methoxy-5-nitrobenzyl)sulfonium bro-
mide [17] did not cause enzyme inactivation
(Chang, unpublished observations). These results
suggested a structural rather than a functional role
of the tryptophan residues of pigeon liver malic
enzyme. These tryptophan residues were buried
deeply in the interior of the enzyme molecule and
inaccessible to NADP* [18]. In the present study,
we found that the exposed tryptophan residues
were for less than 5% in the native state. Over 80%
of the tryptophan residues were inaccessible to
both KI and acrylamide. The intrinsic protein
fluorescence indicated microenvironmental
changes of the tryptophan residues. Thus, moni-
toring the exposure of tryptophan may provide a
good indicator for the conformational changes of
the enzyme.

Pigeon liver malic enzyme was very sensitive to
denaturing conditions. Unfolding of the enzyme in
guanidine-HC] followed two phases, as judged by
fluorescence quenching, circular dichioism (see
Fig. 2) as well as accessible tryptophan residues
(Fig. 5). Such a three-state denaturation was ob-
served in many cases [19-22]. For a inonomeric
protein, biphasic process might suggest that an
equilibrium intermediate was involved in the de-
naturation process. This process was explained by

a ‘modular assembly or domain folding’ model
{cf. Ref. 23). In our case, although different probes
of secondary (CD) and tertiary structure (fluores-
cence quenching) each gave similar biphasic tran-
sition curves, the modular assembly model might
not be applicable; because the enzyme dissocia-
tion started at 1.5 M guanidine-HCI, whereas the
inflection point was at 2.0 M guanidine-HCl. As
judged by the CD variation, the structural order in
the protein backbone was not perturbed at
guanidine-HCl > 1.7 M (Fig. 2), suggesting the
integrity of the tertiary structure of the subunits
prior to onset of phase II. pH caused reversible
dissociation of the enzyme [4]. In this case phase
IT did not occur. The monomeric forms induced
by pH and the intermediate state in the guanidine-
HCI titration showed similar accessibility toward
KI or acrylamide (Tables I and II). Although
protein fluorescence did show some perturbation
of the tryptophan environment in phase I as shown
in Fig. 2, dissociation of the enzyme subunits by
acidic pH induced similar changes (Fig. 5). We
concluded that the guanidine-HCl induced bi-
phasic process of pigeon liver malic enzyme was
due to enzyme dissociation and denaturation, re-
spectively. The intermediate state represented
monomers with minimum conformational changes.
The two-phase process corresponded to the fol-
lowing steps: (a) dissociation of the enzyme into
subunits with little or no change in tertiary struc-
ture and (b) melting-out of the tertiary structure
of the subunits.

We have demonstrated that dissociation of the
enzyme with pH perturbation was completely re-
versible [4]. This observation was confirmed by
the present study showing that dissociation in-
duced by low concentrations of guanidine-HCl



was alse reversible. However, [guanidine-HCI] >
1.5 M caused essentially irreversibie dcnaturation.
The above results might suggest that folding of the
nascent malic enzyme in vivo was a syntransla-
tional event. The enzyme could not refold to its
native conformation even with minimum confor-
mational changes in vitro.
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