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ABSTRACT 

Malate synthases found in cells of the halophilic Archaea constitute a third isoform of this 

important metabolic enzyme, in addition to the well characterized A and G isoforms.  They share 

little sequence similarity with these other two isoforms.  Database searches using basic local 

alignments reveal relationships between isoforms A and G, but do not indicate a significant 

sequence relationship between members of this third isoform and those of isoform G, and only a 

distant relationship with members of isoform A.  This third isoform, which we propose to call 

isoform H (Halophilic archaeal), is also significantly smaller in size: ~100 residues shorter than 

isoform A, and ~300 residues shorter than isoform G.  Representatives of both isoform A and G 

have been structurally characterized, but no three-dimensional structural information exists for 

isoform H.  Here we report the crystallization and preliminary X-ray diffraction from a crystal form 

of an H-isoform member, the malate synthase from the halophilic archaeon Haloferax volcanii, 

originally isolated from the mud of the Dead Sea.  This crystal form diffracts well, and is amenable 

to single crystal X-ray analysis. 

 

I. INTRODUCTION 

 

Malate synthase is one of two enzymes 

unique to the glyoxylate cycle, the other 

being isocitrate lyase [1].  This metabolic 

pathway has been identified in all three 

domains of life [2,  3], and allows plants to 

convert fatty acids to citric acid cycle 

intermediates, and allows microorganisms to 

survive on two-carbon compounds such as 

acetate for a sole carbon source.  The 

glyoxylate cycle has been shown to be 

important for the virulence of pathogenic 

organisms such as Mycobacterium 

tuberculosis and Candida albicans [4, 5], 

and is therefore a target for antibacterial and 

antifungal drug development efforts [6]. 

 

 

 Most organisms in which the 

glyoxylate cycle exists contain one of two 

isoforms of malate synthase, either A or G, 

while E. coli contains both [7, 8].  Isoform A 

(43.3-91.9% identity among isoform 

members) and G (53.2-81.0% identity) show 

a distant, but significant, sequence 

conservation with each other (~18% identity 

for conserved segments) [6].  However, the 

archaeal isoform of malate synthase (which 

we will call here isoform H for Halophilic, 

archaeal) has been estimated to share lower 

levels of sequence similarity (10.2-14.1% or 

10.5-12.0% identity) with either isoform A or 

G respectively [9].  While basic local 

alignment searches of the UniProt database 

using members of either isoform A or G 

identify other A and G isoform members as 

being related, searches using the H. volcanii 

malate synthase H sequence do not identify 

any of the isoform G malate synthase 
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sequences as closely related.  A BLAST 

search indicates instead a closer 

relationship with HpcH/HpaI aldolase (37% 

identity) and the beta chain of citrate lyase 

(38% identity).  A search of the current 

UniProt database does however indicate 

three malate synthase A sequences as 

being distantly related with an estimated 

23% identity and E-values ranging from 0.29 

to 5.4.  These three malate synthases were 

deposited recently and are predicted 

proteins from the genome sequences of the 

following organisms: Streptomyces sp. 

SPB74 (UniProt accession number 

B5GAJ4), Actinosynnema mirum (UniProt 

accession number C6WEX5), and Kocuria 

rhizophila (UniProt accession number 

B2GGL2).  This indicates a closer 

relationship between isoform H and A than 

between isoform H and G.   In addition to 

the lack of strong sequence similarity, these 

three isoforms also vary considerably in 

size: malate synthase G is comprised of 

~730 amino acid residues, malate synthase 

A of ~530, and malate synthase H of only 

~430 residues [9].  One other member of 

isoform H has been identified by sequence 

homology (81% identity) in the genome of 

Haloarcula marismortui and is predicted to 

be 435 amino acids in length [10].  

Members belonging to both isoforms 

G [11, 12] and A [6] have been structurally 

characterized using X-ray crystallography 

and one malate synthase G has also been 

characterized structurally using NMR [13].  

All of these previously determined structures 

are for enzymes that are found in their 

native states as monomers.  However, there 

is no three-dimensional structural 

information for the third class of malate 

synthase, isoform H.  The isoform H variant 

encoded by the aceB gene from Haloferax 

volcanii which we have crystallized, and 

report here, is 432 residues in length, has a 

molecular weight of 48 kDa, and has been 

predicted to form a tetramer based on gel-

filtration mobility [2, 9].   

 In order to investigate the structural 

relationship of isoform H with those of A and 

G we have undertaken the present study.  

Structural determination of a malate 

synthase H will allow us to define the 

structural relationships among these three 

isoform variants, and therefore better 

understand evolutionary relationships and 

how the monomeric malate synthase 

structures which have been determined 

previously relate to this multimeric enzyme.   

Since both known examples of 

isoform H have been found in halophilic 

archaea, it also offers an opportunity to 

explore the halophilic adaptation of these 

enzymes.  Malate synthase from H. volcanii 

is most active at a KCl concentration of 3 M 

[2].  This is similar to the levels found in cells 

of a halobacterium species isolated from the 

Dead Sea which was found to contain K
+
 

concentrations ranging from 3.7 to 5.5 M, 

and Cl
-
 concentrations ranging from 2.3 to 

4.2 M depending on the growth stage of the 

cultures [14].  These high levels of cellular 

potassium were measured in cells grown in 

a medium containing only ~ 9 mM K
+
, 

indicating the active accumulation and 

concentration of potassium ions to high 

levels within these organisms. 

 

II. MATERIALS AND METHODS 
 

a. Cell Culture 
 

A lyophilized sample of Haloferax 

volcanii was obtained from the American 

Type Culture Collection [15].  Cells were 

grown as previously described [2] in a 

chemically-defined medium using acetate as 

a sole carbon source to induce expression 

of glyoxylate cycle enzymes.  The culture 

media contained 2.14 M NaCl, 246 mM 

MgCl2, 29 mM K2SO4, 1.8 mM CaCl2, 5 mM 

NH4Cl, 0.5 mM K2HPO4, 0.22 M CuSO4, 

8.6 M FeSO4, 1.7 M ZnSO4, 2.0 M 

MnCl2, 2.4 M thiamine, 0.4 M biotin and 

between 12 and 49 mM sodium acetate.  

The pH of the media was adjusted to 6.8 

using KOH.  The cultures were inoculated 

and grown in a shaking incubator at 37 °C 

and 120 rpm; progress was monitored by 
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measuring the absorbance at 595 nm.  After 

approximately two weeks of growth, the 

cultures had reached a plateau in their cell 

density and were harvested by 

centrifugation at 12,000 g (8,000 rpm) in a 4 

x 1 liter Fiberlite rotor and cell pellets were 

stored at -80 °C. 

 

b. Protein Purification 

 

Protein purification was carried out 

as previously described [2] with slight 

modifications; all steps were carried out at 4 

°C.  The frozen pellets were resuspended in 

lysis buffer consisting of 2.5 M (NH4)2SO4 

and 50 mM Na3PO4, pH 6.6.  Cells were 

lysed by sonication using a Fisher Scientific 

Model 100 sonic dismembrator.  The cellular 

debris were pelleted by centrifugation, and 

the cell lysate was loaded onto a 

phenylsepharose column (Pharmacia), pre-

equilibrated with lysis buffer.  The bound 

proteins were eluted using a linear gradient 

from 2.5 M to 0.5 M (NH4)2SO4.  Fractions 

containing malate synthase activity were 

pooled and loaded onto a DEAE-cellulose 

column (Whatman) equilibrated with 2.5 M 

(NH4)2SO4 and 50 mM Na3PO4, pH 6.6.  

Bound proteins were eluted using a linear 

gradient into buffer containing 2.0 M NaCl 

and 50 mM Na3PO4, pH 6.6.  Fractions 

containing the highest levels of malate 

synthase activity were pooled and 

concentrated by ultrafiltration (Amicon Ultra-

15, Ultracel-10 from Millipore) to a total 

volume of 1 mL, and loaded onto a 

Sephacryl S-300 column (Pharmacia), 

equilibrated with 2 M KCl and 50 mM 

Tris·HCl pH 8.0, for gel filtration.  Again, the 

fractions containing the highest levels of 

malate synthase activity were pooled and 

concentrated using ultrafiltration to a final 

concentration of 7 mg/mL.  Protein 

concentration was calculated by measuring 

the absorbance at 280 nm, using an 

extinction coefficient of 53400 M
-1

 cm
-1

 

(ProtParam, ExPASy).  Sodium dodecyl 

sulfate polyacrylamide gel electrophoresis 

(SDS PAGE) was used to monitor the 

purification procedure. 

 

c. Assay of Enzyme Activity 

 

Malate synthase activity was 

measured by following the loss of 

absorbance at 232 nm due to the enzymatic 

cleavage of the thioester bond in acetyl-CoA 

during the reaction as previously described 

[11, 16], but including 3 M KCl [2].  The 

reaction conditions were 0.34 mM acetyl-

CoA, 1.1 mM glyoxylate, 20 mM Tris pH 8.0, 

2 mM EDTA, 3 M KCl, and 5 mM MgCl2.  

The reaction was initiated by the addition of 

10 μL of enzyme solution into a 1mL total 

reaction volume.  The progress of the 

reaction was monitored at 232 nm using an 

Agilent model 8453 UV/Vis 

spectrophotometer. 

 

d. Crystallization 

 

Crystals were grown at room 

temperature using the vapor diffusion 

method in sitting drops. Sparse-matrix 

crystal screening using the Crystal Screen 

Cryo kit (Hampton Research) was used for 

initial crystallization experiments [17].  This 

kit contains 10 mL samples of 50 unique 

solutions containing various salts, buffers 

and precipitants.  In addition, one of a 

number of different cryoprotectants is 

present. These 50 buffer solutions were 

used as ―well solutions‖ in our crystallization 

trays. The process of vapor diffusion was 

used to cause a controlled precipitation of 

the protein. The protein solution contained 

Haloferax volcanii malate synthase at 7 

mg/mL, 13 mM MgCl2, 3 mM glyoxylate, 50 

mM Tris·HCl pH 8.0, and 2 M KCl.  Two μL 

of this protein solution was mixed with an 

equal amount of each well solution and 

allowed to equilibrate through vapor 

diffusion with a 500 μL reservoir of that 

same well buffer. Because of the 1:1 mixing 

with well solution, the protein in the drop 

was initially 3.5 mg/mL—half the 

concentration of the stock solution. For the 
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same reason, the precipitant from the well 

solution was also diluted to half the original 

concentration. Under these conditions 

(ideally), the protein would remain soluble. 

The drops were allowed to equilibrate at 

room temperature with a much larger 

amount (~125 x) of well solution, until 

precipitation of the protein occurred.  We 

screened these 50 conditions visually using 

a stereomicroscope. 

 

e. X-ray diffraction 

 

Crystals were transported to the 

laboratory of Dr. Chris Hill at the University 

of Utah, School of Medicine in Salt Lake 

City, Utah.  The crystals, which were grown 

in cryo-protected buffer, were each 

suspended in a nylon loop and plunged into 

a bath of liquid nitrogen to freeze the crystal 

in vitreous ice.  Data were collected at a 

temperature of 100 K using Copper Kα 

radiation produced by a Rigaku 007 HF 

rotating anode generator with Osmic 

confocal  X-ray optics, on an R-axis IV 

image plate detector.  Diffraction data were 

indexed, integrated and scaled using the 

HKL2000 software package [18]. 

 

III. RESULTS 

 

After the purification procedure we were 

able to estimate the purity of the Haloferax 

volcanii malate synthase by running an 8-

25% gradient SDS PAGE (Figure 1). This 

allowed us to estimate the concentration of 

malate synthase compared to those of 

contaminating proteins.  Due to the limited 

amount of enzyme present in this 

environmental strain, silver staining was 

required to visualize the protein on 

denaturing gels during the purification 

procedure (Figure 1).  Based on the dilution 

series in lanes 6, 7 and 8 (3, 9 and 27-fold 

dilutions of lane 4 respectively), we estimate 

Figure 1. Silver-stained SDS PAGE 

following the various steps of the of the 

purification protocol.  Lane 1: Cell lysate.   

Lane  2: Elution peak from phenylsepharose 

column.  Lane 3: Concentrated pool from 

DEAE column.  Lane 4: Final purification 

product, concentrated to 7 mg/mL.  Lane 5: 

Broad range protein molecular weight 

standards (Bio-Rad; 200 kDa, 116.25 kDa, 

97.4 kDa, 66.2 kDa, 45 kDa, 31 kDa, 21.5 

kDa, 14.4 kDa, and 6.5 kDa).  Lanes 6-8: 

Dilutions of final purification product.  Lane 

6: ~2.3 mg/mL.  Lane 7: ~0.8 mg/mL.  Lane 

8: ~0.26 mg/mL. 

 

 

the purified malate synthase to be ~90% 

pure.  As expected, H. volcani malate 

synthase runs ~65 kDa due to the excess of 

acidic residues in the enzyme [9].    Average 

yield of the final, purified malate synthase 

was 0.5 mg per liter of cell culture. 

Initial crystals of malate synthase 

from Haloferax volcanii were identified using 

PEG 4000 as the precipitant.  The well 

buffer contained 0.17 M ammonium acetate,  
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Figure 2.  Haloferax volcanii malate synthase crystals under two magnifications (a and b). 
 

 

25.5% w/v PEG 4000, 15% glycerol, and 

0.085 M sodium acetate trihydrate at a pH of 

4.6.  Optimization was carried out using 

PEG 4500.  Single crystals were found to 

grow across a pH range from 4.4 to 5.0, and 

a concentration range of PEG 4500 between 

24.5 and 27% w/v (Figure 2).  Malate 

synthase from H. volcanii crystallizes in the 

rhombohedral space group R32 with unit cell 

dimensions a = b = 

156.37 Å, c = 141.46 Å, α = β = 90°, γ = 

120°.  The crystals diffract sufficiently well to 

permit a crystallographic analysis and a 

structural determination of this enzyme.  

Figure 3 shows an example of the diffraction 

from one of these crystals, which diffracted 

to a resolution beyond 3 angstroms.  A 

native dataset was collected to 2.7 Å (Table 

1).  For a discussion of X-ray diffraction 

theory and practice please see references 

[19] and [20]. 

 
IV. DISCUSSION  
 

The purification procedure used in 

this experiment, based on a published 

protocol [2], was carried out with two 

modifications.  The first column was 

described in the published protocol as a 

Sepharose-4B column, which is a generic 

matrix to which any molecule with a primary 

amine may be covalently attached.  Based 

on the loading and elution buffers used for  

 

 

Table 1.   X-ray Data Collection Statistics. 

 

 

this column, we assumed the Sepharose-4B 

column in this case was a reverse phase 

column and therefore used a 

phenylsepharose matrix for this initial 

chromatography step, which worked well 

(Figure 1).   The second modification to the 

published protocol was the use of a different 

buffer for the S-300 sizing column. We 

chose to use 50 mM Tris·HCl pH 8.0, for this 

final chromatography step.  The Tris buffer 

replaced the phosphate buffer used in the 

Resolution 
  

30-2.70 Å 
(2.80-2.70 Å) 

Rmerge (%) 9.0 (38.3) 

Average signal to noise 

Ratio,  I/ I 

14.2 (4.2) 

Completeness (%) 100 (100) 

Number of unique 
reflections 

18,255 

Number of observed 
reflections 

104,473 

Values in Parentheses are for the high-
resolution shell. 

Rmerge (%) = 100 x hkl |I - <I>|/ hkl (I), 
where I is the observed intensity, and <I> 
is the average intensity for multiple 
observations of symmetry related 
reflections. 
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Figure 3.   X-ray diffraction from one of the H. volcanii malate synthase crystals measuring ~150 

μm x 200 μm x 100 μm.  The exposure time was 10 minutes with a 0.5° oscillation angle.  The 

edge of the detector corresponds to a resolution of approximately 2 Å.  
 

 

published protocol, in order to avoid 

potential precipitation problems with 

magnesium ions which are required for the 

enzymatic activity [2].   

Protein crystals contain significant 

solvent channels surrounding protein 

molecules in the crystal lattice.  A survey of 

the percentage of crystal volume occupied 

by solvent in protein crystals was first 

carried out in 1968 [21].  A more recent 

statistical analysis of the crystal structures 

deposited in the Protein Data Bank (PDB) 

[22] reveals a wide distribution of values 

ranging from ~26% to ~87% solvent, with  a 

mean of 54%, a median of 51% and a mode 

of 47% [23].  The crystals reported here 

must contain either one or two protein 

molecules per asymmetric unit because the 

volume occupied by three molecules would 

be larger than the volume of the asymmetric 

unit itself.  Based on the symmetry of these 

crystals, the volume of the unit cell (2.992 x 

10
6
 Å

3
) and the size of the mature enzyme 

with the N-terminal methionine removed 

(47,915 Da) [9], we can calculate the 

probable number of molecules in the 

asymmetric unit of the crystal using the 

Matthews coefficient (VM) [21].  Considering 

the solvent content distribution of the 15,641 

protein crystal structures deposited in the 

PDB by 2002 combined with the observed 

diffraction limit of our native data set, the 

most likely number of molecules in the 

asymmetric unit is one (89.75% probability) 

which corresponds to a solvent content of 

64.54% and a VM of 3.47 Å
3
/Da [23, 24].  If 

there is just a single molecule per 

asymmetric unit, this would preclude the 

existence of a tetramer as the biological unit 

as has been reported [9].  Instead, the three-

fold symmetry axis in the crystallographic 

data implies a trimeric state for the native 

enzyme.  Diffraction data from these crystals 

would be consistent with the initial report [2] 

that the native state of the enzyme is a 

trimer, although this report was based on a 
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mistaken estimate of 67 kDa for the mass of 

individual subunits due to slower migration 

on an SDS PAGE, coupled with an 

estimated 200 kDa for the native enzyme 

from gel filtration chromatography. 

In addition to the malate synthase H 

from Haloarcula marismortui [10], there are 

also four other protein candidates in the 

database which are very similar in length 

and sequence to the H. volcanii malate 

synthase.  Each of these four candidates is 

found in a different halophilic archaeal 

species.  Although these predicted proteins 

have been classified as other types of 

enzymes by authors of genome sequence 

publications, the high level of sequence 

identity with the H. volcanii malate synthase 

suggests that they may have been 

misclassified.  The malate synthase from 

Haloarcula marismortui  is comprised of 435 

amino acids in length and is 81% identical in 

sequence (Blast algorithm with BLOSUM-62 

matrix, UniProt).  By comparison, the citrate 

lyase beta subunit from Halogeometricum 

borinquense DSM 11551 [25], UniProt 

accession number C1VCA0, is 434 amino 

acids in length and is 80% identical in 

sequence.  The Citryl-CoA lyase from 

Haloquadratum walsbyi (strain DSM 16790) 

[26], UniProt accession number Q18JF9, is 

435 residues in length and is 78% identical 

in sequence.  The homlog to citryl-CoA 

lyase from Natronomonas pharaonis (strain 

DSM 2160 / ATCC 35678) [27], UniProt 

accession number Q3INJ7, is 436 residues 

and 76% identical.  And the HpcH/HpaI 

aldolase from Natrialba magadii ATCC 

43099 [28], UniProt accession number 

B9ZF01, is 441 residues in length and is 

73% identical.  The similar sizes along with 

this high level of sequence identity suggest 

the possibility that these four predicted 

proteins may have been annotated 

incorrectly in these genomic sequencing 

efforts, and they may actually represent 

additional members of the malate synthase 

H isoform. 
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