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Operation of glyoxylate cycle in halophilic archaea: presence of malate
synthase and isocitrate lyase in Haloferax volcanii
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Abstract The occurrence of the glyoxylate cycle has not
previously been demonstrated in any of the Archaea. In
halophilic archaea, only isocitrate lyase activity has been
detected. The halophilic archaeon Haloferax volcanii was tested
for the presence of the other key enzyme of this pathway, malate
synthase. High activities of this enzyme were detected when the
carbon source was acetate. Both glyoxylate cycle key enzymes,
isocitrate lyase and malate synthase, from Hf. volcanii were
purified and characterized.
© 1998 Federation of European Biochemical Societies.
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1. Introduction

The glyoxylate cycle is a metabolic pathway by which or-
ganisms can synthesize carbohydrates from C2 compounds.
This cycle has some enzymes in common with the citrate
cycle, and there are two exclusive enzymes: isocitrate lyase
(EC 4.1.3.1), which catalyzes the cleavage of D-isocitrate to
glyoxylate and succinate; and malate synthase (EC 4.1.3.2),
which catalyzes the formation of r-malate from glyoxylate
and acetyl-CoA. The net function of glyoxylate cycle is the
formation of a C4 compound from two acetyl-CoA (C2) mol-
ecules in each cycle. There are alternative pathways to the
glyoxylate cycle in some bacteria [1,2].

Taking into account the three domains of living organisms
(Bacteria, Eukarya and Archaea) [3], the key enzymes of this
cycle (isocitrate lyase and malate synthase) have been detected
in Bacteria and Eukarya (fungi, plants, some invertebrates [4],
and even in some vertebrates [5,6]). In Bacteria and unicellular
Eukarya, the glyoxylate cycle operates mainly when the prin-
cipal or sole carbon source is a C2 compound (acetate, etha-
nol). In all organisms this pathway can operate to generate
carbohydrates from stored lipids. This is very important in
plants during germination of seedlings, and recently the im-
portance of the glyoxylate cycle in animals has been pointed
out [4] (for review see [7,8]).

Recent works indicate an unsuspected diversity of archaeal
organisms [9], which leads us to think of an important role of
Archaea in the biosphere. Despite this and the importance of
the glyoxylate cycle, there are no reports that confirm its
operation in any of the Archaea. Only isocitrate lyase activity
has been clearly detected in some genera of halophilic Archa-
ea [10]. That activity was induced when acetate was the main
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carbon source. Malate synthase activity could not be detected
in that study. There is an earlier work [11], from 1969, in
which isocitrate lyase and malate synthase activities were de-
tected in the archaeon Halobacterium salinarum, but data are
poor, values of activity are very feeble, and those results could
not be repeated in the cited article [10].

Acetate could have a role in the nutrition of natural com-
munities of halophilic Archaea, as it is produced from glycerol
(the main carbon source in nature) in hypersaline lakes by
some species of halophiles [12]. Haloferax volcanii is a halo-
philic archaeon able to grow in minimal medium with acetate
as the sole carbon source [13]. Isocitrate lyase activity was
detected in this organism when it was grown on a medium
with acetate as the main carbon source [10]. In view of these
previous works we decided to investigate the assimilation of
acetate by the archaeon Hf. volcanii and prove the presence of
malate synthase, an enzyme that has not previously demon-
strated in Archaea.

2. Materials and methods

2.1. Culture conditions and cell extracts

Hf. volcanii was obtained from the Deutsche Sammlung von Mi-
kroorganismen und Zellkulturen (DSM 3757). It was grown aerobi-
cally at 37°C, in a chemically defined medium [13], with 0.1% sodium
acetate or 0.5% sodium lactate as carbon source.

Cells were harvested by centrifugation (30 min, 9600Xg); sus-
pended in extraction buffer; and lysed by sonication in a bath of
ice. Cell debris was removed by centrifugation (50 min, 105000 X g)
and supernatant was used in enzyme assays and purification. The
extraction buffer was 50 mM Tris, pH 7.5; 3 M KCI when cell ex-
tracts were used only to assay activity.

2.2. Enzyme assays and determination of protein concentration

Isocitrate lyase was assayed spectrophotometrically at Aso4, accord-
ing to the rate of formation of glyoxylate phenylhydrazone
(e=1.7x10* M~! ecm™!) in the presence of isocitrate and phenylhy-
drazine. It was made at 40°C, and as described in [10] (70 mM
HEPES buffer, pH 7.0; 1.9 M KCI; 5 mM MgCly; 4 mM phenyl-
hydrazine; 4 mM b,L-isocitrate). One unit of enzyme activity is de-
fined as the amount of enzyme necessary to produce 1 umol of glyox-
ylate phenylhydrazone per minute under assay conditions. The pH
was varied using PIPES in the range of 6.1-7.0 and HEPES between
7.0 and 8.0.

Malate synthase activity was measured according to the rate of
formation of 5-mercapto-2-nitrobenzoic acid (CoASH+DTNB) in
the presence of glyoxylate, acetyl-CoA and DTNB. The increase in
absorbance at 412 nm (e=1.36x10* M~! cm™') was measured spec-
trophotometrically, at 40°C, in a reaction mixture containing: 20 mM
Tris buffer, pH 8.0; 2 mM EDTA; 3 M KCI; 5 mM MgCl,; 0.1 mg/
ml DTNB; 0.5 mM glyoxylate and 0.2 mM acetyl-CoA. The reaction
was started by the addition of acetyl-CoA. One unit of enzyme activ-
ity is defined as the amount of enzyme necessary to produce 1 pmol of
S-mercapto-2-nitrobenzoic acid per minute under assay conditions.
The pH was modified using Tris-HCI between 7.0 and 9.0 and gly-
cine-NaOH in the range of 9.0-10.0.

Isocitrate dehydrogenase was assayed spectrophotometrically at
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Asy, according to the rate of formation of NADPH (e=6.19x 103
M~! cm™), at 40°C, in 20 mM Tris buffer, pH 8.0; ImM EDTA;
5 mM MgCly; 0.22 mM NADP" and 0.7 mM b,L-isocitrate. The
reaction was started by the addition of NADP". One unit of enzyme
activity is defined as the amount of enzyme necessary to produce
1 umol of NADPH per minute under assay conditions.

Protein concentration was determined as described by Bradford
[14], using bovine serum albumin as standard.

2.3. Purification of isocitrate lyase and malate synthase

Isocitrate lyase: Hf. volcanii cells were extracted in 50 mM sodium
phosphate buffer, pH 6.6; 2.5 M (NH4);SO,; 2 mM DTT. The cell
lysate was loaded onto a column of Sepharose-4B equilibrated with
the same buffer, and the proteins were eluted with a linear gradient of
2.5-0.5 M (NH,)2SOy (600 ml). The active fractions were pooled and
the pool was loaded onto a DEAE-Cellulose column equilibrated with
50 mM sodium phosphate buffer, pH 6.6; 2.5 M (NH4)2SOy4; 2 mM
DTT. The proteins were washed with two column volumes of this
buffer and were eluted with 50 mM sodium phosphate buffer, pH
6.6; 2 M NaCl; 2 mM DTT. The active fractions were pooled and
loaded onto a Pharmacia FPLC Sephacryl-S300 column equilibrated
with 50 mM sodium phosphate buffer, pH 7.3; 2 M NaCl; 2 mM
DTT. Proteins were eluted with the same buffer and the active frac-
tions were pooled.

Malate synthase was purified with a three-step procedure, similar to
that used in isocitrate lyase purification. The first step (Sepharose-4B
chromatography) was the same as that for isocitrate lyase purification
(the presence of DTT in extraction buffer and during the purification
was not necessary, and it interferes in the enzyme assay). The pool
from this column was loaded onto a DEAE-cellulose column equili-
brated with 50 mM sodium phosphate buffer, pH 6.6; 2.5 M
(NH,)>SO,. Proteins were washed with two column volumes of this
buffer and were eluted with a linear gradient of 2.5-0 M (NH,4),SO,4
and 0-2 M NaCl. The active fractions were pooled and loaded onto a
Pharmacia FPLC Sephacryl-S300 column equilibrated with 50 mM
sodium phosphate buffer, pH 7.3; 2 M KCI. Proteins were eluted
with the same buffer and the active fractions were pooled.

2.4. Determination of M, values

The M, values for the subunit of isocitrate lyase and malate syn-
thase were determined by SDS-PAGE [15], using standard protein
markers (Fig. 1). The M, values for the native enzymes were deter-
mined by gel filtration on a Pharmacia FPLC Sephacryl-S300 column,
carried out in 50 mM sodium phosphate buffer, pH 7.3; 2 M NaCl;
and 2 mM DTT only when isocitrate lyase M, was determined, using
standards proteins markers (Fig. 2).

3. Results and discussion

3.1. Glyoxylate cycle key enzymes activity

Isocitrate lyase and malate synthase activities were meas-
ured in cell extracts of Hf. volcanii grown in chemically de-
fined medium [13] with acetate (C2) or lactate (C3) as carbon
source. This medium is almost a minimal medium, it only has
thiamine and biotin at low concentrations (0.8 and 0.1 pg/ml

Table 1
Activities in cell extracts of Hf. volcanii grown with acetate or with
lactate as carbon source

Carbon source
Acetate (C2) Lactate (C3)

0.14£0.02 (4) 0 (3)
0.35+0.04 (4) 0(2)
0.7 £0.2 (5) 0.5+0.1 (2)

Activities are expressed in U/mg protein: mean value * standard de-
viation (in parentheses, number of experiments). Hf. volcanii was
grown in the chemically defined medium described in Section 2. Iso-
citrate lyase activity was higher (up to 0.25) when 2 mM DTT was
added to the extraction buffer. It was usually not added as it interferes
with the malate synthase assay.

Enzyme

Isocitrate lyase
Malate synthase
Isocitrate dehydrogenase
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Fig. 1. SDS-PAGE of Hf. volcanii isocitrate lyase (A) and malate
synthase (B). Lanes 1, standard protein markers; lanes 2, cell ex-
tract; lanes 3, protein after chromatography on Sepharose-4B; lanes
4, pool after DEAE-cellulose chromatography; lanes 5, enzyme after
gel filtration on FPLC Sephacryl-S300. The M, values of standard
protein markers are indicated.

respectively), apart from salts and the carbon source. This
kind of medium is necessary to obtain no interference in the
regulation of the enzymes activities due to other carbon sour-
ces.

The activities of glyoxylate cycle key enzymes are necessary
to synthesize precursors for carbohydrates only when the car-
bon source is a C2 compound, such as acetate. Those activ-
ities are not needed when the carbon source is a compound
with three or more carbons, such as lactate. Results of isoci-
trate lyase and malate synthase activities in cell extracts of Hf.
volcanii grown with acetate or with lactate are shown in Table
1. No activity could be detected when lactate was the carbon
source, but high activities were measured when acetate was.
This shows that the glyoxylate cycle operates in the halophilic
archaeon Hf. volcanii, and there must be a mechanism of
regulation. This regulation of enzyme activities appears in
all organisms which have this cycle (regulation of transcrip-
tion, enzyme modification) [16-21].

Interestingly, citrate synthase from Hf. volcanii, an enzyme
which operates in the citrate cycle and in the glyoxylate cycle,
shows an expression pattern in agreement with the operation
of the glyoxylate cycle: when Hf. volcanii grows on acetate the
level of expression of citrate synthase increases (M.J. Danson,
D.G. Maddocks and D.W. Hough, personal communication).

When the glyoxylate cycle is operating, both isocitrate lyase
(glyoxylate cycle) and isocitrate dehydrogenase (citrate cycle)
compete for isocitrate. To avoid this, in eukaryal organisms
these two cycles are physically separated: citrate cycle works
at the mitochondrial matrix and glyoxylate cycle does at
glyoxysomes [22]. In bacteria, the mechanism of regulation
of this branch-point is well studied in Escherichia coli: both
glyoxylate cycle key enzymes (isocitrate lyase and malate syn-
thase) and isocitrate dehydrogenase are controlled. Genes for
isocitrate lyase and malate synthase are in an operon activated
by acetate. There is in this operon a gene for an isocitrate
dehydrogenase kinase, which inactivates isocitrate dehydro-
genase by phosphorylation [16-18].

Because of this, we measured isocitrate dehydrogenase ac-
tivity in extracts of cells grown with both carbon sources
(acetate or lactate). Results are shown in Table 1. We did
not find significant differences in Hf. volcanii isocitrate dehy-
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Fig. 2. Determination of the M, of native glyoxylate cycle key en-
zymes from Hf. volcanii by gel filtration on a Pharmacia FPLC
Sephacryl-S300 column. The M, and K,, of standard proteins (®)
are, respectively, as follows: trypsin inhibitor (21.5 kDa, 0.67), oval-
bumin (42.7 kDa, 0.46), bovine serum albumin (66.2 kDa, 0.42), al-
cohol dehydrogenase (150 kDa, 0.31) and catalase (240 kDa, 0.15).
Values of log(M,) have been plotted against their K,,. The calcu-
lated values for isocitrate lyase (K,, =0.28, 140+20 kDa) and ma-
late synthase (K,, =0.21, 200 £ 30 kDa) are interpolated.

drogenase activity when glyoxylate cycle is operating or it is
not.

3.2. Biochemical characterization of isocitrate lyase and
malate synthase
The main characteristics of isocitrate lyase and malate syn-
thase from Hf. volcanii are shown in Table 2.

3.3. Isocitrate lyase

The molecular mass of the subunit of isocitrate lyase from
Hf. volcanii (47 + 4 kDa) is similar to other bacterial isocitrate
lyases [8]. Eukaryal subunits are larger (60-64 kDa), though
they show high homology to the sequences of bacterial sub-
units [23]. Eukaryal subunits of isocitrate lyase have an inter-
nal sequence which bacterial subunits lack. Aside from that
internal sequence, the homology among all isocitrate lyases is
high. The molecular mass of native isocitrate lyase from Hf.
volcanii (140 +20 kDa) suggests that the enzyme is a trimer.
Isocitrate lyases are usually homotetramers [8].

The value of the apparent K, for isocitrate (D-isomer) in
the conditions of assay was 1.16 £0.04 mM, which is signifi-
cantly higher than the value obtained for the isocitrate lyase
from Hf. mediterranei (0.4 mM) [10]. The enzyme showed a
narrow temperature optimum for activity at 55°C. Very little

Table 2

Characterization of isocitrate lyase and malate synthase from Hf. volcanii
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Fig. 3. Temperature (a) and pH (b) dependence of isocitrate lyase
and malate synthase activity: (O) isocitrate lyase, (®) malate syn-
thase.

activity was found above 65°C, and the activity at 40°C was
50% of the maximum (Fig. 3). Like isocitrate lyase from Hf.
mediterranei [10], the enzyme from Hf. volcanii has a narrow
pH optimum at 7.0. Very little activity was detected at pH 6.1
or 8.0 (Fig. 3).

Isocitrate lyases from different sources require a thiol for
their activity in vitro [8]. In [10] this requirement was not
detected, probably because activity was measured in cell ex-
tracts. Anyway, activity was higher in cell extracts when 2 mM
DTT was added to the extraction buffer. We found a rever-
sible loss of activity in isocitrate lyase from Hf. volcanii when
the enzyme was out of extract without a thiol, such as DTT,
which indicates the presence of an active thiol in the enzyme.

3.4. Malate synthase

The molecular mass of the subunit of malate synthase from
Hf. volcanii (67+4 kDa) is similar to other eukaryal and
bacterial subunits [24-26]. The molecular mass of the native

Isocitrate lyase

Malate synthase

K 1.16 £0.04 mM (isocitrate)
Temperature optimum 55°C

pH optimum 7.0

Salt optimum 1.5-3.0 M KClI [10]

M, subunit 47 +4 kDa

M, native 140 £ 20 kDa

Quaternary structure Homotrimer

0.110£0.007 uM (glyoxylate)
0.119£0.008 uM (acetyl-CoA)
50-60°C

8.0-9.0

3.0 M KCl

6714 kDa

200+ 30 kDa

Homotrimer
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enzyme (200 =30 kDa) suggests that the enzyme is a trimer,
like some malate synthases [27]. Other malate synthases have
been shown to be dimers or multiaggregates [26,28]. There is
another group of bacterial malate synthases that are mono-
meric enzymes with a larger subunit (around 80 kDa). The
sequence of amino acid residues of this group of enzymes
displays little homology with other malate synthases [29].

Malate synthase from Hf. volcanii required a high salt con-
centration for activity, the optimum being around 3.0 M KCl.
Replacement of KCl by NaCl caused a decrease in activity
(about 2-fold). This high salt concentration requirement and
the preference for KCl over NaCl is a characteristic of some
enzymes from halophilic archaea [30,31], including isocitrate
lyase [10]. The apparent K, for glyoxylate was 0.110+0.007
mM, with 0.2 mM acetyl-CoA, and for acetyl-CoA it was
0.119£0.008 mM, with 0.5 mM glyoxylate. Unlike isocitrate
lyase, malate synthase from Hf. volcanii showed a broad tem-
perature optimum between 45 and 65°C. The activity of the
enzyme at 80°C was half of the maximum (Fig. 3). This en-
zyme showed a broad optimum pH too, between 8.0 and 9.0,
which is higher than the optimum for isocitrate lyase (Fig. 3).
The activity of this enzyme is dependent on Mg>*, like all
malate synthases.
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