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Malate synthases from a thermophilic Bacillus and Escherichia coli have been
isolated in a high state of purity. Molecular weights of these two proteins
determined in the native state and after denaturation in sodium dodecyl sulfate-
mercaptoethanol show that the enzymes are monomeric. This conclusion is
supported, for the thermophile enzyme, by the result of an electrophoretic analysis
of that protein after treatment with dimethylsuberimidate and denaturation. The
thermophilic Bacillus malate synthase is considerably more thermostable than
its mesophilic counterparts from E. coli, Bacillus licheniformis, and Pseudomo-
nas indigofera. It is, however, markedly labilized by an increase in the ionic
strength of the medium brought about by the addition of 0.2 M potassium
chloride or in pH above 9. Increased ionic strength has little effect on the
thermostability of the mesophilic bacterial malate synthases. These observations
provide strong support for the idea that monomeric proteins in thermophiles owe
their unusual heat stability to the presence of salt bridges in their tertiary

structure.

It is well established that proteins from ther-
mophilic microorganisms are endowed with con-
siderably greater innate thermostability than
their counterparts from mesophilic organisms.
The molecular basis of this stability is unclear
but is now presumed to reside in some subtle
structural peculiarity, which may vary from one
protein or class of proteins to another (10, 20).
From a stereochemical examination of the struc-
tures of ferredoxins isolated from mesophilic and
thermophilic bacteria, Perutz and Raidt (18)
have suggested that in ferredoxin and other
monomeric proteins from thermophiles the extra
energy of stabilization can be provided without
disturbance of the tertiary structure through a
small number of extra salt bridges on the molec-
ular surface. No experimental confirmation of
this hypothesis has been reported, to our knowl-
edge, with ferredoxin or any other monomeric
protein. Our investigation of malate synthase
(L-malate glyoxylate-lyase [coenzyme A-acety-
lating], EC 4.1.3.2), a glyoxylate cycle enzyme
(12), from a thermophilic Bacillus reveals that
it is a monomeric protein of exceptional ther-
mostability and that this stability can be attrib-
uted in large part to the presence of salt bridges
in its structure. We present here the results of
this study.

MATERIALS AND METHODS

Organisms and growth conditions. A proto-
trophic thermophilic Bacillus (wild type) (24) and a
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mutant (PC2 NG35) (23) derepressed for malate syn-
thase were grown at 55°C in a salts medium (24)
supplemented with 50 mM sodium acetate and nutri-
ent broth (0.01% for the wild type and 0.5% for the
mutant). A mutant of Escherichia coli derepressed
for malate synthase, provided by H. L. Kornberg, and
Bacillus licheniformis A5 were grown at 37°C in salts
media (22, 24) supplemented with acetate, and Pseu-
domonas indigofera, obtained from B. A. McFadden,
was grown at 30°C in acetate-supplemented salts me-
dium (15). All cultures were grown under aerobic
conditions.

Chemicals. Acetyl coenzyme A was prepared from
coenzyme A and acetic anhydride, and its concentra-
tion was determined as described previously (4). Iso-
citrate lyase was purified from the thermophilic Ba-
cillus by a procedure outlined earlier (5). The sources
of the other chemicals were as follows: acetic anhy-
dride, tris(hydroxymethyl)aminomethane (Tris) base,
and glycine (Analar grade), ethylenediaminetetraace-
tate (EDTA), acrylamide monomer, sodium dodecyl
sulfate (SDS) (specially pure), ammonium sulfate
(specially low in heavy metals), Nitro Blue Tetrazo-
lium, and amido black 12B from British Drug Houses
Ltd.; N,N’-methylene bisacrylamide and N,N,N’,N’-
tetramethylethylenediamine for polyacrylamide gels
from Eastman Kodak Co.; bovine serum albumin and
5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) from Cal-
biochem; Sephadex G-200 from Pharmacia; dimethyl-
suberimidate dihydrochloride from Aldrich Chemical
Co.; coenzyme A, nicotinamide adenine dinucleotide,
glutamate dehydrogenase, catalase, glyceraldehyde-3-
phosphate dehydrogenase, lactate dehydrogenase,
malate dehydrogenase, ovalbumin, cytochrome ¢, py-
ruvate kinase, chymotrypsinogen A, and aldolase from
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Boehringer; lysozyme, phenylmethylsulfonyl fluoride,
glyoxylic acid, 2-mercaptoethanol, phenazine metho-
sulfate, protamine sulfate, Coomassie brilliant blue R,
and adenylate kinase from Sigma. Hydroxyapatite was
prepared by the method of Atkinson et al. (2). All
other chemicals were purchased from various com-
mercial sources. ’

Preparation of cell-free extracts. Cell-free ex-
tracts of the thermophilic Bacillus and of B. licheni-
formis were prepared as described previously (23, 24).
To prepare a cell-free extract of E. coli, cells were
suspended in 3 volumes of 5 mM Tris-chloride buffer
(pH 8) containing 10 mM EDTA and incubated with
lysozyme (250 pg/ml) for 15 min at 30°C. The lyso-
zyme-treated suspension was passed through a French
press (3,000 lb/in® pressure), diluted with an equal
volume of Tris-chloride buffer containing 1 mM
MgCl, and then treated with an Ultra-Turrex tissue
homogenizer for about 10 s. The homogenate was
centrifuged in an MSE angle rotor at 30,000 X g and
4°C for 30 min to yield the cell-free extract. P. indi-
gofera cells, suspended in ice-cold 5 mM Tris-chloride
buffer (pH 8) containing 1 mM MgCl,, were disrupted
by an ultrasonic drill (Measuring and Scientific Equip-
ment Ltd.), and the homogenate was centrifuged at
30,000 X g for 30 min at 4°C.

Gel electrophoretic analysis of denatured mal-
ate synthase. Malate synthases isolated from the
thermophilic Bacillus and E. coli were denatured by
treatment for 4 min in boiling 1% SDS containing 1%
2-mercaptoethanol and 0.3 mg of the protease inhibi-
tor, phenylmethylsulfonyl fluoride, per ml and sub-
jected to electrophoresis in 10% polyacrylamide gels
supplemented with 0.1% SDS (13), which were pre-
pared in cylindrical tubes (0.5 by 15 cm). Electropho-
resis was performed at 3 mA per gel for 2.5 h, and the
gels were stained for protein with 0.2% Coomassie
brilliant blue in 50% (vol/vol) methanol-7% (vol/vol)
acetic acid and destained of excess dye in 5% metha-
nol-7% acetic acid. The molecular weights of the poly-
peptide species visualized in the gels were determined
from their mobilities relative to the mobilities of ap-
propriate standards (26); the standards used were bo-
vine serum albumin, pyruvate kinase and aldolase
(rabbit muscle), thermophilic Bacillus isocitrate lyase
(5), malate dehydrogenase (pig heart), and bovine
chymotrypsinogen A.

To confirm its suspected monomeric structure, the
thermophilic Bacillus malate synthase (1 mg/ml) was
treated with the cross-linking reagent, dimethylsuber-
imidate (2 mg/ml) (6), in 0.2 M triethanolamine-hy-
drochloride (pH 8.5) for 72 h at room temperature.
The treated enzyme was then denatured in SDS-mer-
captoethanol and subjected to electrophoresis in SDS-
polyacrylamide.

Polyacrylamide gel electrophoresis of native
enzyme. The procedure employed was based on the
method of Ornstein and Davis (17). The acrylamide
concentration for the gels (0.5 by 7.5 cm) was 7.5%
(wt/vol), and the pH of the running gel was 9.2.
Electrophoresis was performed at 2 mA per gel for 2
h, and the gels were stained for either protein or
malate synthase activity. Staining for protein was done
with 1% (wt/vol) amido black in 7.5% (vol/vol) acetic
acid, and excess dye was removed with 7.5% acetic
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acid. Gels were stained for enzyme activity in the
following mixture: Tris-chloride (pH 8), 0.1 M; MgCl,,
10 mM; acetyl coenzyme A, 0.2 mM; sodium glyoxyl-
ate, 2 mM; nicotinamide adenine dinucleotide, 0.3
mg/ml; phenazine methosulfate, 0.2 mg/ml; Nitro
Blue Tetrazolium, 0.4 mg/ml; malate dehydrogenase
(pig heart), 0.2 IU/ml. After incubation at 37°C in the
dark for a suitable period, the gels were washed and
stored in 7% acetic acid.

Determination of native molecular weights of
malate synthases. The gel filtration method of An-
drews (1) was used. A column (2.5 by 38 cm) of
Sephadex G-200 was equilibrated with 50 mM Tris-
chloride buffer (pH 8) containing 1 mM EDTA, 2 mM
MgCl,, and 0.1 M KCL. After application of the protein
sample, the column was eluted with the same buffer
mixture at a flow rate of approximately 18 ml/h.
Suitable protein markers were used to calibrate the
column, and they were determined in the effluent
fractions by the following methods: glutamate dehy-
drogenase (beef liver) (EC 1.4.1.3) by enzymic assay
(21); catalase (beef liver) (EC 1.11.1.6) by absorbance
at 407 nm; isocitrate lyase (thermophilic Bacillus) (EC
4.1.3.1) by enzymic assay (10); glyceraldehyde-3-phos-
phate dehydrogenase (rabbit muscle) (EC 1.2.1.12) by
absorbance at 220 nm (1); lactate dehydrogenase (hog
muscle) (EC 1.1.1.27) and malate dehydrogenase (pig
heart) (EC 1.1.1.37) by enzymic assay (11, 16); bovine
serum albumin, ovalbumin, and adenylate kinase (pig
muscle) by absorbance at 230 nm (1); and cytochrome
¢ (horse heart) by absorbance at 412 nm.

Malate synthase assay. Two alternative systems
were used. One system contained in 1 ml: Tris-chloride
(pH 8), 50 umol; MgCl., 10 umol; acetyl coenzyme A,
0.05 umol; DTNB, 0.2 umol; enzyme and glyoxylate, 1
pmol. The initial rate of increase in absorbance at 412
nm following the addition of glyoxylate at 30°C was
measured with a recording spectrophotometer. The
second system differed from the first system in not
containing DTNB. The initial rate of decrease in ab-
sorbance at 232 nm following the addition of glyoxylate
was measured (8). One unit of enzyme catalyzes the
formation of 1 pumol of coenzyme A per min, and
specific activity is expressed as units per milligram of
protein.

Protein. Protein was determined in cell-free ex-
tracts by the method of Lowry et al. (14) using bovine
serum albumin as the standard and in purified prepa-
rations by the method of Warburg and Christian (25).

Purification of thermophilic Bacillus malate
synthase. All operations, unless indicated otherwise,
were carried out at 4°C, and the buffers generally
contained 1 mM EDTA. The cell-free extract, pre-
pared from the wild type or mutant PC2 NG35 of the
thermophilic Bacillus, was treated with protamine
sulfate (18 mg per 100 mg of protein), and after stand-
ing for 15 min the precipitate was spun down and
discarded. The supernatant liquid was fractionated
with solid ammonium sulfate; the protein precipitated
between 50 and 65% saturation levels was dissolved in
10 mM sodium potassium phosphate buffer (pH 6)
and dialyzed against 100 volumes of this buffer. The
dialyzed preparation was passed through a column (2
by 12 cm) of phosphocellulose (Whatman P11) equil-
ibrated with the phosphate buffer, and the column
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was washed with buffer. All the effluent fractions
containing protein were pooled, and the protein in
them was precipitated with ammonium sulfate (430
g/liter). The precipitate was collected by centrifuga-
tion and dissolved in 26 mM Tris-chloride (pH 7.5),
and the solution was dialyzed against 100 volumes of
the same buffer. The dialyzed solution was fraction-
ated on a diethylaminoethyl (DEAE)-cellulose (What-
man DE 52) column (2.2 by 28 cm) equilibrated with
the Tris-chloride buffer. The column was eluted with
800 ml of buffer containing a linear gradient of NaCl
from 0 to 0.2 M to release the malate synthase. The
protein in the active fractions was precipitated with
ammonium sulfate (457 g/liter) and dissolved in 10
mM Tris-chloride (pH 8) containing 1 mM MgCl; (and
no EDTA) and dialyzed against the same buffer. This
preparation was fractionated on a DEAE-cellulose
column (1.4 by 11 cm) equilibrated with 10 mM Tris-
chloride (pH 8); elution was with 200 ml of buffer
containing a linear concentration gradient of MgCl.
from 0 to 60 mM. The protein in the fractions with
the highest specific enzyme activity was recovered by
precipitation with ammonium sulfate and was dis-
solved in, and dialyzed against, 10 mM Tris-chloride
(pH 8) containing 1 mM MgCl: (no EDTA). This
preparation was stable when stored frozen at —15°C.

Purification of E . coli malate synthase. The
cell-free extract was treated with protamine sulfate as
described above for the thermophile synthase. The
supernatant liquid was fractionated on a DEAE-cel-
lulose column (2.6 by 28 cm) equilibrated with 5 mM
Tris-chloride (pH 8) containing 1 mM MgCl,, using a
linear gradient of 1 to 100 mM MgCl. in 800 ml of the
buffer. Malate synthase type A, the major species
produced by wild-type E. coli during growth on ace-
tate as carbon source and distinct from the type G
enzyme which is predominantly formed during growth
on glycolate (9), was eluted with approximately 50
mM MgCL. The active fractions were combined and
fractionated with ammonium sulfate; the protein pre-
cipitated between 50 and 75% saturation levels was
spun down and dissolved in 5 mM Tris-chloride (pH
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8) containing 1 mM MgCl: and dialyzed against this
buffer. This preparation was adjusted to pH 7 by
addition of 0.1 M KH,PO,, diluted with an equal
volume of 5 mM potassium phosphate buffer (pH 7),
and applied to a hydroxyapatite column (2 by 12 cm)
equilibrated with the phosphate buffer. The enzyme
was eluted by passing 200 ml of the phosphate buffer
increasing linearly in concentration from 5 to 50 mM.
The active fractions were pooled, adjusted to pH 8
with 0.1 M Tris, and fractionated on a DEAE-cellulose
column (1.4 by 10 cm) equilibrated with 10 mM Tris-
chloride (pH 8) containing 1 mM MgCl.. The column
was eluted with 200 ml of Tris-chloride buffer linearly
increasing in MgCl; concentration from 1 to 60 mM.
Fractions having a specific activity better than 30 were
combined and concentrated by vacuum membrane
filtration using a Millipore Immersible Molecular Sep-
arator. The concentrate was dialyzed against 10 mM
Tris-chloride (pH 8) containing 1 mM MgCl: and
stored at 4°C.

RESULTS

Purification of thermophilic Bacillus and
E. coli malate synthases. The course of puri-
fication of the thermophile synthase is summa-
rized in Table 1. The preparations isolated from
the wild type and mutant PC2 NG35 were iden-
tical in final specific activity and in several other
properties such as native and subunit molecular
weights, electrophoretic behavior, optimum pH
for activity, K. for glyoxylate and for acetyl
coenzyme A, and thermostability. This suggests
that the mutant produces the same enzyme spe-
cies as the wild type but at a higher level, which
accounts for nearly 5% of the soluble proteins in
the cell (Table 1). Therefore, for the studies
reported in this paper malate synthase isolated
from the mutant was generally used. Upon elec-
trophoresis of the denatured enzyme in SDS-
polyacrylamide gel, a single major polypeptide

TABLE 1. Purification of thermophilic Bacillus malate synthase®

Wild type Mutant PC2 NG35
Sp act Sp act
Step Protein 'Y€ (/mg Yield Protein "™ (U/mg Yield
mg) )Y ofpr- %  mg Y ofpro- (%)
tein) tein)
1. Cell-free extract 4,034 2,154 053 100 1,634 2,353 144 100
2. Protamine sulfate treatment 3,590 2,111 0.59 98 1,556 2,365 1.52 100
3. Ammonium sulfate fractionation: di- 1,246 1,657 1.33 70 678 1,764 2.6 75
alyzed 50 to 65% saturation fraction
4. Effluent from phosphocellulose column 534 1,314 2.46 61 348 1,741 5.0 74
at pH 6
5. DEAE-cellulose chromatography at pH 25.2 625 24.8 29 458 1,176 25.7 50
7.5: fractions from gradient elution with
NaCl
6. DEAE-cellulose chromatography at pH 19.2 517 269 24 39 1,059 27.0 45

8: fractions from gradient elution with
MgCl,

¢ Samples of 70 g (wet weight) of wild-type cells and 25 g (wet weight) of mutant PC2 NG35 cells were used.
Enzyme activity was assayed at pH 8 and 30°C in the system containing DTNB.
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band was detected (Fig. 1), indicating the ho-
mogeneity of the purified preparation. This was
confirmed by the appearance of a single, sym-
metrical peak during high-speed sedimentation
velocity runs in the ultracentrifuge, by the lin-
earity of the plot of log absolute fringe number
against the square of the radial distance (3)
obtained from low-speed sedimentation equilib-
rium runs and by the detection of a single amino
acid, serine, at the amino terminus of the protein
(R. M. Chell, T. K. Sundaram, and A. E. Wilk-

f’ 5 s

a b ¢

Fi1c. 1. SDS-gel electrophoretic profile of dena-
tured thermophilic Bacillus malate synthase. (a) De-
natured malate synthase (10 pg); (b) dimethylsuber-
imidate-treated and denatured malate synthase (15
1ug); (c) thermophilic Bacillus isocitrate lyase (2
mg/ml), reacted with dimethylsuberimidate (2 mg/ml)
for 72 h at pH 8.5 and room temperature and dena-
tured; protein was subjected to electrophoresis in 15-
ug samples.
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inson, manuscript in preparation).

The results of the purification of the E. coli
malate synthase are outlined in Table 2. The
method described by Falmagne and Wiame (9)
did not work satisfactorily in our hands. The
specific activity of our purified preparation, how-
ever, appears to be comparable to that of their
final preparation. The gel electrophoretic pat-
terns obtained with the native and denatured
enzymes (Fig. 2) indicate the high state of purity
of our preparation. From a densitometric scan
of gel A in Fig. 2, the purity was estimated to be
better than 80%.

Molecular weights and subunit struc-
tures of thermophilic Bacillus and meso-
philic bacterial malate synthases. The na-
tive molecular weight of the thermophile syn-
thase, determined by gel filtration of the pure
enzyme or of a cell-free extract of the Bacillus
cells through Sephadex G-200, is 62,000. This
value has been confirmed by the results of sedi-
mentation equilibrium studies in the ultracen-
trifuge by both the conventional low-speed sed-
imentation and the high-speed meniscus deple-
tion methods (3) (Chell et al,, manuscript in
preparation). The molecular weight of the poly-
peptide produced upon denaturation of the ther-
mophile enzyme in SDS-mercaptoethanol (Fig.
1) is 58,000 as estimated from its mobility in
SDS-polyacrylamide. This suggests that the
thermophile malate synthase is a monomeric
protein. Electrophoretic examination of the en-
zyme after dimethylsuberimidate treatment and
denaturation revealed a single polypeptide band,

TABLE 2. Purification of E. coli malate synthase®

Sp act
Protein . (U/mg Yield
Step (mg) ac("l}';ty of pro- (%)
tein)
1. Cell-free extract 2,983 3,550 1.19 100
2. Protamine sulfate 2,623 3,541 1.35 99
treatment: super-
natant fraction
3. DEAE-cellulose 392 1,680 4.29 47
chromatography:
fractions concen-
trated and dialyzed
4. Ammonium sulfate 184 1,439 78 40
fractionation:  di-
alyzed 50 to 75%
saturation fraction
5. Hydroxyapatite 275 715 260 20
chromatography
6. DEAE-cellulose 91 312 343 9
chromatography:
fractions concen
trated and dialyzed

2 A sample of 30 g (wet weight) of cells was used. Enzyme
activity was assayed at pH 8 and 30°C in the system without
DTNB.
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F1G. 2. Gel electrophoretic profile of highly puri-
fied E. coli malate synthase. (A) Native enzyme (25
ug of protein) subjected to electrophoresis in poly-
acrylamide and stained for protein; the position of
the main protein band corresponded with the position
of the band visualized in another gel stained for
enzyme activity. (B) Denatured enzyme (10 ug of pro-
tein) subjected to electrophoresis in SDS-polyacryl-
amide and stained for protein.

which had the same mobility as the band seen
after denaturation without the cross-linking
treatment. By contrast, isocitrate lyase, the
other glyoxylate cycle enzyme, from the ther-
mophilic Bacillus yielded multiple bands (Fig.
1), as expected from its multimeric structure (5).
This confirms the monomeric nature of the mal-
ate synthase.

The native molecular weight of the E. coli
malate synthase, determined by gel filtration, is
55,000. This value agrees well with that derived
from ultracentrifugation experiments (9). When
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the highly purified enzyme was denatured in
SDS-mercaptoethanol and subjected to electro-
phoresis in SDS-polyacrylamide, a single major
polypeptide was observed (Fig. 2), the mobility
of which corresponded to a molecular weight of
56,000. The E. coli synthase, like its homolog
from the thermophilic Bacillus, is thus a mon-
omeric protein. The native molecular weights of
malate synthases from P. indigofera and B.
licheniformis, which were deduced from the re-
sults of gel filtration of cell-free extracts of these
bacteria to be about 56,000, are closely similar
to those of the thermophile and E. coli enzymes.
It is likely therefore that the P. indigofera and
B. licheniformis synthases are also monomers.
The values observed here for these two species
may be assumed to be reasonable approxima-
tions to the true molecular weights, since iden-
tical values were obtained for the thermophile
synthase when the homogeneous preparation
and the unfractionated extract were used in the
gel filtration.

Effect of increased ionic strength on the
thermostability of the thermophile and
mesophile malate synthases. The monomeric
nature of the malate synthases from the ther-
mophilic Bacillus and several mesophilic bac-
teria prompted an experimental verification of
the suggestion (18) that specific salt bridges
might be a unique structural feature of mono-
meric thermophile proteins, accounting for their
unusual heat stability. Perutz and Raidt (18)
predict that a protein owing its stability to salt
bridges would be labilized by an increase in the
ionic strength of the medium. The thermophile
malate synthase possesses considerable heat sta-
bility with estimated half-lives, in the purified
state, of 2.8 h and 12.5 h at 60°C in the Tris and
glycine buffer systems described in Table 3. The
E. coli enzyme in the highly purified state was
markedly more thermolabile, having a half-life
of 25 min at 45°C and 3 min at 50°C (Table 3);
its half-life in cell-free extract at 45°C was also
about 25 min (Table 4). Malate synthases from
the other two mesophilic bacteria, P. indigofera
and B. licheniformis, which were examined only
in cell-free extracts, were also appreciably less
resistant to thermal denaturation than the ther-
mophile synthase (Table 4). When the ionic
strength was increased by the addition of 0.2 M
potassium chloride, a striking labilization of the
thermophile enzyme occurred at 60°C to a half-
life of about 30 min in the Tris system and of 50
min in the glycine system. Potassium chloride
also caused a decrease in thermostability at
65°C. A similar pattern was seen at pH 9 in the
glycine system, the half-lives at 60°C without
potassium chloride and with 0.2 M potassium
chloride being 8.7 h and 12 min, respectively
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TABLE 3. Thermostability of purified malate
synthases from the thermophilic Bacillus

and E. coli*
Half-life
T (min)
Enzyme emp
source Buffer (°C) With- With
out 02M
KCl KCl
Thermophilic 25 mM Tris-chlo- 60 168 30
Bacillus ride (pH 7)
25 mM Glycine- 60 750 50
NaOH (pH 8.5)
25 mM Glycine- 60 522 12
NaOH (pH 9)
25 mM Tris-chlo- 65 6 2
ride (pH 6.86)
E. coli 50 mM Tris-chlo- 45 25 25
ride (pH 8 at
20°C)
50 mM Tris-chlo- 50 3 3
ride (pH 8 at
20°C)

® All buffers contained 0.1 mM MgCl,. The longer half-lives
(30 min and over) were estimated from inactivation plots
established over 80 to 100 min. The thermophilic Bacillus
enzyme was heated at a tration of 16 pg of protein per
ml, and the E. coli enzyme was heated at a concentration of
30 pug of protein per ml. After the heat treatment the samples
were quickly cooled in ice and assayed for enzyme activity,
the thermophile enzyme in the system with DTNB, and the
E. coli enzyme in the system without DTNB. The pH values
of the Tris and glycine buffers given for the thermophile
system are those estimated for the temperatures of the heat
treatment from the pH measured at 20°C and the temperature
coefficients (dpH/dt) of —0.028 and —0.026 pH unit/°C, re-
spectively (7).

(Table 3). The effect of salt on the stability of
the E. coli malate synthase was examined at
45°C and 50°C because of its extreme instability
at the higher temperatures. At either tempera-
ture, potassium chloride made little difference
to the rate of thermal inactivation of this enzyme
(Table 3). The response of the P. indigofera and
B. licheniformis synthases to potassium chlo-
ride, which was studied in cell-free extracts, was
likewise different from that of the thermophile
enzyme; the thermophile synthase, although
somewhat less unstable in cell-free extract than
in the purified state, was still markedly labilized
by the salt in the impure system (Table 4).
Since cell-free extracts were used in the study
of the stability of the P. indigofera and B.
licheniformis malate synthases, there is the pos-
sibility that the results may be subject to com-
plication due ‘to likely protease action in the
extracts. However, it is unlikely, but not com-
pletely ruled out, on the basis of the following
observations, that the conclusion drawn from
the above data regarding the effect of salt on the
thermostability of the two mesophile enzymes
in seriously invalidated by interfering proteo-
lytic activity. The thermophile and E. coli syn-
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thases were no more stable in the purified state
than in cell-free extracts (see above). The ther-
mophile enzyme was completely stable in the
extract for at least 2 h at 45°C in both the Tris
(pH 8) and glycine (pH 7.5 to 9.5) buffer sys-
tems and therefore resistant to protease action
under these conditions. The stability of the P.
indigofera and B. licheniformis synthases in
cell-free extracts in Tris-chloride buffer (pH 8)
at 45°C was unaffected by the inclusion of the
protease inhibitor, phenylmethylsulfonyl fluo-
ride (25 pug/ml), in the presence or absence of
potassium chloride.

Effect of high pH on the heat stability of
thermophilic Bacillus and E. coli malate
synthases. A weakening of salt bridges in pro-
teins might be brought about by an increase in
pH as well as in ionic strength (18). The ther-
mostability of the thermophile malate synthase
was therefore determined at several pH values,
as shown in Fig. 3. The enzyme possessed con-
siderable stability at 60°C in the pH range of 7.5
to 9 with half-lives of approximately 4 to 12 h.
When the pH was raised above 9, an extremely
steep drop in stability resulted, with half-lives of
15 min and 1 min at pH 9.5 and 10, respectively.
The E. coli enzyme behaved differently, exhibit-
ing a gradual decrease in thermostability at 45°C
as the pH was increased from 7.5 to 9.5. As
stated above, the thermophile synthase was

TABLE 4. Thermostability of thermophile and
mesophile malate synthases in unfractionated cell-

free extracts®
Half-life (min)
. Tem ——
Organism (°C)  With- With02
out KCI M KCl
B. licheniformis 40 210 210
45 25 25
50 4 19
P. indigofera 40 82 82
45 2 24
E. coli 45 25.5 25.5
Thermophilic Bacillus 60 348 72
65 6.8 3.6

? Thermostability was determined in cell-free ex-
tracts which had been dialyzed against 10 mM Tris-
chloride (pH 8) containing 1 mM MgCl: and then
diluted 10-fold in 50 mM Tris-chloride (pH 8) with the
addition of KCl as indicated. The diluted samples
contained 0.5 to 0.7 mg of protein per ml. The half-
lives of the B. licheniformis and P. indigofera en-
zymes at 40°C were estimated by extrapolation of
inactivation plots established over 30 min. The half-
life of the thermophile enzyme without KCl at 60°C
was estimated by extrapolation of the inactivation plot
established over 100 min.
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F1G6. 3. Thermostability of thermophilic Bacillus and E. coli malate synthases at different pH values. The
stability of the thermophile enzyme (@) at 60°C in 25 mM glycine-sodium hydroxide buffer containing 0.1 mM
MgCl; at the pH values (estimated at 60°C) indicated was determined. The half-lives were obtained from
tnactivation plots (extrapolated when necessary) established over periods of up to 100 min. The stability of the
E. coli synthase (O) was similarly examined, but at 45°C.

completely stable at 45°C for at least 2 h in the
pH range of 7.5 to 9.5. Its inactivation at 60°C at
pH 9.5 without potassium chloride or at pH 9
with 0.2 M potassium chloride was not reversible
by dialysis against Tris-chloride buffer (pH 8)
containing 1 mM MgCl,.

DISCUSSION

The only malate synthase for which informa-
tion is available on the subunit structure is the
enzyme from bakers’ yeast, which is composed
of at least two, and possibly more than two,
polypeptide chains (19). The several malate syn-
thases examined in this study from mesophilic

and thermophilic bacteria contain-but one poly- -

peptide chain; this conclusion is at present some-
what conjectural in the case of the enzymes from
P. indigofera and B. licheniformis and remains
to be confirmed by work with purified proteins.

The marked labilization of the thermophile
malate synthase by an increase in ionic strength
strongly suggests that salt bridges must be a
prime thermostabilizing structural component
of this monomeric enzyme. The finding that the
several mesophilic bacterial malate synthases
studied here are not similarly labilized by potas-
sium chloride lends support for this conclusion.
The gradual decline in stability at the relatively
low temperature of 45°C observed with the E.
coli enzyme as the pH was raised from 7.5 to 9.5
(Fig. 3) probably represents a somewhat general
effect of high pH on proteins. The response of

the thermophile malate synthase at the much
higher temperature of 60°C is, however, strik-
ingly characteristic and apparently more spe-
cific, especially above pH 9, and is in accord with
the general proposal of Perutz and Raidt (18).
The isoelectric pH of the thermophile enzyme,
determined from its electrophoretic mobilities
at various pH values in acetate buffer of constant
ionic strength (0.1), is 4.6. The fact that the pH
range, 9 to 10, in which extreme labilization of
the thermophile synthase occurs is far removed
from the isoelectric point indicates that specific
salt bridges involving groups having a pK value
in the pH range of 9 to 10 may be essential to
maintain the structural stability of this enzyme.
Elucidation of the amino acid sequence of the
synthase and a study of the effect of group-
specific reagents on its thermostability may re-
veal the crucial residues required for the estab-
lishment of the specific salt bridges. It has been
estimated that a free energy of stabilization of
less than 3 kcal (ca. 12.6 kJ) per mol can account
for the heat stability of most thermophile pro-
teins (18, 27). This relatively small energy de-
mand could be met in manifold ways, justifying
the currently held view that there need not be
a single general mechanism of thermostabiliza-
tion for all thermophile proteins.
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