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Abstract. Nat, K+, and Mg+*2ions are essential for Haloferax medite-
rranei growth and extra-cellular protease production. Ammonium
ions (> 2 % w/v) reduce enzyme production, whereas Ca*2 ions (~10
mM) enhance it and, in addition, activate the enzyme. The extra-
cellular enzyme purified by ultra-filtration and Hydrophobic Inte-
raction Chromatography, consists of a single polypeptide chain of
MW 26 500 Da, with optimum activity at 3 M NaCl and pH 8 within
45 to 50 °C. This enzyme belongs to the serine-protease class and
could be useful in avariety of industrial applications.

Keywords: Haloferax mediterranei, extracellular, protease, serine-
proteases.

Resumen. Na*, K+, y Mg*2 son iones esenciaes para €l cultivoy la
produccion de la proteasa extracelular de Haloferax mediterranei.
Los iones amonio (> 2 % m/v) reducen la produccién de enzima, en
cambio los de Ca*2 (~10 mM) la favorecen y, ademas, activan la en-
zima. La enzima extracelular, purificada mediante ultra-filtracion y
Cromatografia de Interaccion Hidrofdbica, consiste en una cadena de
polipéptido de PM 25,500 Da, con una actividad 6ptima a NaCl 3 M,
pH 8, dentro del intervalo de 45-50 °C. Esta enzima pertenece a la
clase de serina-proteasas que pueden encontrar atractivas aplica-
ciones industriales.

Palabras clave: Haloferax mediterranei, proteasa extracelular, serin-
proteasa

Introduction

The halophilic microorganisms, represented by the halobacte-
ria (extremely halophilic aerobic Archaeabacteria), the mode-
rate halophiles (bacteria and some methanogens), and several
eukaryotic algae, and their products, have been a research sub-
ject in modern biotechnology [1]. The halobacteria in particu-
lar, which are organisms usually found in habitats where the
salt concentration is higher than sea water [2-4], seem to be a
ble to produce a humber of metabolites and polymers such as
polyhydroxybutirate (PHB) [5], sulfated polysaccharides [6],
and cell wall components [7], of industrial and biomedical in-
terest. Haloferax mediterranei, first isolated by Rodriguez-
Valeraet al. [3], and later reassigned by Torreblancaet al. [8],
has been found to be an excellent producer of PHB [9], and
extracellular sulfated polysaccharides [6] that may have attrac-
tive applications as biodegradable polymers and anti-adhesi-
ves. Hf. mediterranei, considered a fast-growing species, has
been used as a strain model in many studies and biotechnolo-
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gical applications [10, 11]. To date, several enzymes from Hf.
mediterranei have been isolated, purified, and characterized
[12-19], yet, the one responsible for its ability to hydrolyze ca-
sein and gelatin in solid media [3, 4] has not been described
due to technical difficulties for isolating an active form of the
enzyme in apure state [2, 20-25].

As with most halophilic enzymes, the extracellular pro-
teolytic activity of Hf. mediterranei looses activity when
exposed to low salt concentrations [21, 26-32], and not even
the use of enzyme substrates and cofactors to prevent inactiva
tion [27-29, 33, 34] has been successful [20, 21]. Being aware
of the advantages offered by Hydrophobic Interaction Chro-
matography, a technique that allows the use of a high salt con-
centration to favor a selective adsorption of the protein on the
basis of its hydrophobicity [35], we decided to explore its ap-
plication in the isolation of the extracellular enzyme responsi-
ble of the proteolytic activity shown by Hf. mediterranei in
solid culture media containing casein or gelatin. Accordingly,
and based on previous reports [36-40], we studied first the
hydrolytic enzyme properties of the crude culture supernatant
under different conditions to identify an optimum procedure
for its purification and, afterwards, the properties of the active
purified enzyme.
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Materials and methods

All chemicals and reagents were andytica grade (Sigma, Chem.
Co., &. Louis, MO, USA). Unless indicated otherwise, al solu-
tions and culture mediawere prepared in 0.1 M Tris-HCI, pH 8.0.

Organism and culture conditions. Haloferax mediterranei
(ATCC 33500) was kindly donated by Dr. Rodriguez-Valera
of the University of Alicante in Spain. Five mL of athick cell
suspension (Asgy nm > 2) Were washed by repeated centrifuga:
tion and re-suspension in 5 mL of 20 % seawater-salts solu-
tion (SWS) with the following composition (%, w/v): 15.6 %
NaCl, 2.0 % MgS0,.7H,0, 1.3 % MgCl,. 6H,0, 0.4 % KCI,
0.1% CaCl,. 6H,0, 0.02 % NaHCO;, 0.08 % NaBr, and 0.05
% KH,PO,. The washed cellsin 5 mL of 20 % SWS were
used to inoculate 1000 mL of 20 % SWS supplemented with 1
% glucose and 0.2 % NH,CI (This medium will be referred to
as 20 % SWGA) in 2.8-L Fernbach flasks. Incubation was
carried out at 37 °C, 7 days, under constant stirring (120 rpm).
The corresponding culture supernatant (CS) was collected by
centrifugation at 10 °C, 13,000 ~ g, for 30 min (Beckman ul-
tracentrifuge L 7-55).

Enzyme assay. Casein digestion was carried out following the
method described by Norberg and Hofsten [36], using 1 mL of
1 % (w/v) casein (Hammarsten, BDH Chemicals, Poole, En-
gland) in 20 % SWS-Tris buffer (0.1 mM, pH 8.0) mixed with
0.5 mL of the enzyme preparation. After incubation for 30
min at 38 °C, the reaction was stopped by addition of 3 mL of
5 % (w/v) trichloroacetic acid (TCA). The precipitated pro-
teins were removed by centrifugation (15,000~ g, 5 min,
room temperature) and the supernatant absorbance at 280 nm
determined. The reference cell contained the supernatant of a
mixture of 1 mL of casein substrate, 3 ml of 5 % TCA, and
0.5 mL of CS, added in that order. Additionaly, a negative
control was prepared using Tris buffer instead of the culture
supernatant. Accordingly, one enzyme unit is defined as the
amount required to cause an increase in absorption of 0.01 OD
units per minute at 280 nm.

Effect of salt concentration on CS proteolytic activity. The
remaining CS was concentrated about 20 times in an Amicon
apparatus (Mod. 202) using a diaflomembrane YM10. The
new concentrated material was designated as CS10. One mL
of CS10 was diluted 1:20 with Tris buffer (0.1 M, pH 8.0) and
the proteolytic activity measured as above.

Cation effect on CS proteolytic activity. To determine the spe-
cific cation regquirements for protease activity, 5 mL of CS10
were dialyzed against 2000 mL of different 20 % SWS solu-
tions lacking one of the following cations Na*, K+, Mg2*, or
Cazt, for 48 h at 4 °C. After dialysis, the remaining protease
activity was measured as above using a 1:10 dilution of the
dialyzed sample with the corresponding dialysis solution. The
control consisted of a CS10 sample treated in the same way
but dialyzed and diluted with 20% SWS.

Optimum sodium chloride concentration for stability of CS
proteolytic activity. To determine the optimum NaCl concen-
tration required for CS protease stability, two different experi-
ments were carried out:

1. One mL of CS10 was dialyzed against 1000 mL of different
NaCl solutions (2.5, 5, 7.5, 10, and 15.6%) containing 6.8
mM CaCl,, at 4 °C for 24 h. The dialyzed samples were
diluted 1:10 with 2.67 M NaCl containing 6.8 mM CaCl,,
and the protease activity measured using 0.5 mL of enzyme
solution adjusted to 0.89 M NaCl.

2. One mL of CS10 was diluted 1:30 with different NaCl con-
centrations (2.5, 5, 7.5, 10, 15, 20, 25, and 30 % [w/v]) con-
taining 6.8 MM CaCl2 and incubated at 4 °C for 72 h. After
this period, the proteolytic activity was found using 0.5 mL
of the treated enzyme solution adjusted to a final NaCl and
CaCl,, concentrations of 2.56 M and 2.2 mM, respectively.

Specific ion requirement for CS proteolytic activity. To deter-
mine the type of salt required for protease stability, samples of
1 mL of CS10, previoudly diluted 1: 10 in 20 % SWS, were
dialyzed against 100 mL of different 2.67 M, or saturated,
solutions of CuCl,, LiCl, CsCl, KCI, NH,CI, NaF, NaHCO;,
NaH,PO,, Na,SO,, NaBr, NaNOg, (NH,),S0,, sodium citrate,
sodium lactate, sodium acetate, sodium formate, sodium suc-
cinate, sucrose, betaine, glycerol, and Tris buffer, for 6 h at
room temperature, and then 36 h a 4 °C. The samples were
finally dialyzed against 15.6 % (equivaent to 2.67 M) NaCl
solution containing 6.8 mM CaCl,, solution for 36 h at 4 °C
and the proteolytic activity determined.

Chromatographic assays. All experiments were made at room
temperature on Phenyl Sepharose Cl-4B (Amersham-Pharma-
cia Biotech, Uppsala, Swden) and all solutions prepared in
Tris-HCI buffer (0.1 M, pH 8.0):

1. A sample of 0.6 mL of CS10 was applied to a 1.8 mL of gel
bed column previoudly equilibrated with the starting solution
consisting of 2.67 M NaCl and 10 mM CaCl,. After washing
the column with 2 volumes of starting buffer, a decreasing
linear gradient of NaCl (from 2.67 to O M) and an increasing
gradient of ethylene glycol (from O to 50 %) were used for
elution. The flow rate was approximately 15 mL / h and frac-
tions of 0.5 mL were collected in 1.5 mL of 20 % SWS.

2. 0OnemL of CS10 diluted 1:1in 5 M NaCl, was applied to a
5 mL gel bed column equilibrated as above. A decreasing
linear gradient of NaCl (from 5.0 to O M) and an increasing
gradient of ethylene glycol (from 0 to 50 %) were used for
elution. The flow rate in this case was 26 mL / h and 2 mL
fractions were collected in 2 mL of 5M NaCl.

3. A sample of 0.5 mL of CS10 diluted 1:1in 5 M NaCl, was
applied to a column of 1.8 mL of gel bed equilibrated as
above and the elution carried out with a NaCl decreasing
gradient. The flow rate was 13 mL / h and fractions of 1 mL
collected in 1 mL of 5M NaCl.
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CS Protease purification. All steps were done at room tempe-
rature as follows:

1. Ultrafiltration. A fresh culture supernatant was subjected to
ultrafiltration in an Amicon system using a YM100 diaflo-
membrane to separate the high molecular weight exopo-
lysaccharide [41, 42]. The filtrate was then concentrated
(1/20 of the original volume) using a YM10 membrane.
This concentrated protease material free of exopolysaccha
rides was designated as CS-EP.

2. Hydrophobic interaction chromatography. A 4 mL sample
of CS-EP, dialyzed 48 h at 4 °C against 5 M NaCl-10 mM
CaCl, in Tris-HCI 0.1 M, pH 8.0 buffer, was applied to a co-
lumn (2.6~ 40 cm) packed with 100 mL of Phenyl Sepharose
ClI-4B, equilibrated with the dialysis buffer. The column was
washed with 150 mL of the starting buffer and eluted with a
decreasing sodium chloride linear gradient at a flow rate of 28
mL / h. Fractions of 6 mL were collected in tubes containing 5
mL of 5 M NaCl and assayed for protein [43] and protease
activity.

3. Electrophoresis. SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) was done as described by Laemmli [44]. The
gels (10 % Polyacrylamide, PAA), were cast in 3-mm dabsin
a 12-cm vertical electrophoresis apparatus (Bio-Rad laborato-
ries, Richmond, Ca, USA). Samples and molecular weight
markers (Dalton Mark VI, Sigma Chemicals, St. Louis Mo.
USA) were prepared in SDS-reducing buffer containing
0.125M Tris-HCI, pH 8.0), 1 % (w/v) SDS, 5 % (v/v) 2-mer-
captoethanol, 0.29 % (w/v) EDTA, and 25 % (w/v) sucrose,
and immediately heated at 100 °C for 5 min. Electrophoresis
was done at a constant voltage (120 V) until the tracking dye
(bromophenol blue) reached 1 cm from the bottom of the gel.

Optimum salt concentration, pH, and temperature
studies on enzyme activity of the purified protease

1. Using Black Gelatin (ENZYMMIS, Czechodovakia, kindly
donated by Dr. Ivo Safarik) as substrate, the optimum salt
(NaCl) concentration for enzyme activity was determined
varying the amount of NaCl in the assay mixture (0 to 4.0
M). The procedure consisted in homogenizing 20 mg of the
insoluble substrate in 2 mL of TrissHCI (0.1 M, pH 8.0)
containing different concentrations of NaCl and after 10
min of pre-incubation at 38 °C, 10 uL of a purified enzyme
stock solution added and the incubation prolonged for 15
min with occasional stirring. The reaction was ended
removing the insoluble material by filtration through a
Whatman filter paper and the absorbance at 850 nm mea
sured against the corresponding blank.

2. The enzyme stability at different NaCl concentrations was
determined as follows: Ten pL of purified protease stock
solution was mixed with 640 pL of a NaCl solution of di-
fferent concentration (0, 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0,
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and 5.0 M) and incubated at 380C for 60 min. After incuba-
tion, the NaCl concentration was adjusted to 2.0 M using
different proportions of Tris and / or 5M NaCl to a final
volume of 1300 pL. Two hundred pL of a5 % (w/v) casein
substrate was added to determine enzyme activity after 30
min of incubation at 38 °C. The optical density of the rela
tive enzyme activity was found as above.

3. The effect of pH on enzyme activity was determined adding
10 pL of the purified enzyme stock solution to a mixture
containing 200 pL of 5 % (w/v) casein in distilled water,
200 pL of 5 M NaCl-10 mM CaCl ,, and 1090 L of 0.1 M
glycine buffer with the pH adjusted between 3 and 12 with
1.0 M HCI or 1.0 M NaOH, as necessary (except for pH
6.5, 7, 7.5 and 8, were 0.1 M Tris-HCI buffer was used).
The enzyme activity was then determined as above.

4. The stability of the enzyme towards the pH of the medium
was found by exposing 10 pL of the enzyme stock solution
to 490 pL of the corresponding pH solution at a final con-
centration of 2.5 M NaCl and 5 mM CaCl2. After incubat-
ing for 18 h, at 4 oC, activity was determined using 1 mL of
1% (w/v) casein prepared in 0.3 M Tris buffer (pH 8.0).

5. The effect of temperature on enzyme activity was determi-
ned as follows: One mL of 1 % (w/v) casein substrate war-
med at different temperatures (25 to 100 °C) was mixed
with 490 uL of 20 % SWS at the corresponding tempera-
ture. Then 10 pL of enzyme stock solution were added and
the activity measured after 15 min incubation.

6. To determine the effect of temperature on enzyme stability,
10 L of purified enzyme stock solution were mixed with
490 pL of 20 % SWS at different temperatures (35 to 100
oC). After 10 min, the solutions were quickly chilled in an
ice bath. The enzyme activity was measured for 15 min
near the optimum temperature (45 °C) using 1 mL of 1 %
(w/v) casein substrate.

7. The effect of NaCl concentration on enzyme stability at
high temperature was measured as follows; 10 pL of puri-
fied enzyme stock solution was mixed with 640 pL of ice
cold NaCl solution (1.5 to 5.0 M), then immediately
exposed to 68 °C for 10 min and quickly cooled in an ice
bath. The NaCl concentration was adjusted to 2.0 M in a
final volume of 1,300 pL. The activity was then measured
for 30 min near the optimum temperature (45 °C), using
200 pL of 5% (w/v) casein substrate.

8. The temperature and salt concentration effect on enzyme
activity was determined as follows: 200 pL of 5 % (w/v)
casein substrate were mixed with 1,290 yL of one of the
following NaCl solutions: 1, 2, 3, and 4 M (final concentra-
tion in the assay mixture was 0.86, 1.72, 2.58, and 3.44 M
NaCl) at temperatures of 45 to 85 °C. Then, 10 uL of the
purified enzyme stock solution was added and the activity
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measured at the corresponding temperature after 15 min incu-
bation.

9. The effect of the different salts (listed in Table 2) on the ac-
tivity of the purified enzyme fraction was found using 1290
pL of salt solution and 200 pL of 5% (w/v) casein with 10
pL of the purified enzyme stock solution. The activity was
determined as above.

10. The effect of exposure of the protease to different chemi-
cals (listed in Table 3) was studied by first incubating 10
pL of the purified enzyme stock solution with 490 pL of
the chemical solution for 60 min at 38 °C. After incuba
tion, 800 pL of the buffer solution containing 2.66 M
NaCl and 5.3 mM of CaCl, (in TrissHCI, 0.1 M, pH 8.0)
were added, and the remaining activity was measured in
the presence of 200 pL of 5 % (w/v) casein substrate.

11. To determine the effect of chelating agents, such as
EDTA, and of various protease inhibitors, like Trypsin,
serine-protease PMSFM, and Sulfhydryl protease inhibi-
tors, 10 uL of the purified enzyme stock solution were mi-
xed with 5to 25 pL of the various agents at the concentra-
tion listed in Table 5. The mixture volume was adjusted to
500 L with 5.0 M NaCl and incubated for 30 min to esti-
mate the enzyme activity as above.

12. The Ca*2 concentration required to activate the enzyme
was determined by mixing 10 pL of the purified enzyme
stock solution with 9.9 mM EDTA in 400 pL of Tris.
Immediately, different amounts of CaCl, were added and
the volume adjusted to 500 pL to afinal concentration of O
—24.9 mM CaCl,. The incubation was continued for 30
min at 37 °C and the enzyme activity determined with 1
mL of 1 % (w/v) casein solution as above.

Results

Hf. mediterranei growth and extracellular proteolytic

activity at various salt concentrations

As expected, Hf. mediterranei was able to grow and secrete a
substance with proteolytic activity when cultured in glucose:
NH,CI (1 %: 0.2 % [wiV]) in 20 % SWGA medium, as a func-
tion of salt concentration (Figs. 1a and 1b). The maximum opti-
cal dengty after 4 days of incubation was 1.9 and the proteolytic
activity of the supernatant 9 U / mL at 3.4 M (20 %) NaCl. Also
the concentration of ammonium ions affected cell growth and
the extracellular enzyme activity of Hf. mediterranei, being 1.5
% optima for cell growth (Fig. 24), and 0.2 % for enzyme acti-
vity (Fig. 2b) in culture media prepared in 20 % SWS. Hence,
the following experiments were run with 0.2 % NH,CI, 20 %
SWS, in order to obtain maximum enzyme activity and growth.
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Fig. 1. Haloferax mediterranei cell growth (a), and production of
extracellular protease activity (b) at different NaCl concentrations.
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Fig. 2. Haloferax mediterranei cell growth (a), and production of
extracellular protease activity (b) as a function of ammonium chlo-
ride concentration in the culture medium.
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Table 1. Cation effect on Haloferax mediterranei cell growth and
crude extracellular proteolytic activity.

Héctor Nolasco et al.

Table 2. Effect of dialysis against different solutions on Haloferax
mediterranei crude extracellular proteolytic activity.

Experiment Medium Growth Activity
(OD 580 nm) (U/mL)
1 20 % SWGA 1.248 9.7
20 % SWGA Nar(K+) 0.000 0.0
20 % SWGA K+(Nar) 0.083 0.0
20 % SWGA Mg*y(Cat?)* 0.000 0.0
20 % SWGA Ca2(Mg+2) >15 4.8
2 25 % SWGA >15 7.3
25 % SWGA Cat2 >15 17
25 % SWGA Cat2 + Sr+2 1.462 18
25 % SWGA Cat2 + Mn*2 0.513 0.0

Added substituting cations in the chloride form (2.5 mM) are indicated in
parentheses. Co*2, Zn*2, and Ni*2, substituting Ca*2, inhibited both growth
and protease formation (not listed).

lon-specificity requirements for Hf. mediterranei

growth and protease production

Table 1 shows the effect of different cations on Hf. medite-
rranei cell growth and on its extra-cellular protease produc-
tion. When Na+ was replaced by K+, no cell growth, and con-
sequently no proteolytic activity in the culture medium was
detected. When K+ was replaced with Nat, a dight cell bio-
mass increase without extracellular proteolytic activity was
observed. When Ca*2 was replaced by Mg+*2, a considerable
increase in cell biomass was observed, but the number of pro-
tease units / mL was half of that with 20% SWGA medium.
On the other hand, when Mg*2 was substituted by Ca*2, nei-
ther cell growth nor enzyme activity in the medium could be
observed. In conclusion, according to these results Na*, K+,
and Mg*2 present in 20 % SWGA medium appear to be essen-
tial for Hf. mediterranei cell growth and extracellular proteo-
lytic enzyme production. A higher salt concentration (25 %
SWGA) with concomitant increase in concentration of the
corresponding ions, did improve the cell biomass yield but not
the enzyme activity. Therefore, the 20 % SWGA medium was
considered suitable for the production of biomass and extrace-
[lular enzyme activity in the following experiments.

Stability of extracellular protease activity

in different chemical conditions

In order to determine the appropriate experimental conditions
for purification of Hf. mediterranei extracellular hydrolytic
enzyme, the culture supernatant obtained in 20 % SWGA
medium was concentrated 20 times by ultrafiltration and the
enzyme activity assayed after dilution (1:20) with Tris buffer
(0.1 M, pH 8.0). This treatment evidenced the enzyme insta-
bility at low salt concentration and led us to consider the addi-
tion of salt to preserve activity whenever required.

Dialysis of CS10 against different 20 % SWS in which
the cations were removed or exchanged (i.e. Na* vs. K+, and
Caz* vs. Mg?*), reved ed the enzyme susceptibility towards the
different cation species. For example, without sodium ions, a

Solution Activity (%)
20 % SWS 1002
20 % SWS without NaBr and NaCl Oc
20 % SWS without KCI 100a
20 % SWS without MgSO, and MgCl, 95a
20 % SW'S without CaCl, 67b

Different superscripts letters indicate statistically significant differences
between the treatments.

complete loss of enzyme activity was noticed (Table 2). Hen-
ce, considering the results of Table 1 discussed above, Na*
was not only important for extracellular enzyme production
but also for its activity. In contrast, despite the previous obser-
vation suggesting that K+ was essential for growth and extra
cellular enzyme production, the enzyme was fully active in
the absence of potassium ions, indicating that K+ was not
essential for enzyme activity. Dialysis of CS10 against 20 %
SWS without specific divalent cations on the other hand,
revealed that the extracellular enzyme activity of Hf. medite-
rranei was still high in the absence of Mg?* (95 % of the orig-
inal activity in 20 % SWS) and significantly reduced in the
absence of Cazt (67 % of the origina activity in 20 % SWS).
Thus, it may be concluded that the most important cations for
Hf. mediterranei extracellular proteolytic activity are Na* and
Caz* ions.

The effect of NaCl concentration on Hf. mediterranei
extracellular enzyme activity is shown in Fig. 3. The maxi-
mum recovered activity assayed at 2.67 M NaCl after expo-
sure to different salt concentrations was observed at 17 % w/v
NaCl. Exposure to lower or higher salt concentration reduced
enzyme activity.

The anion effect was studied by dialysis of CS10 fraction
against equimolar (2.67 M), or saturated solutions, of different
compounds (Table 3). Modification of protease activity in this
case, evidenced the influence of the anion species in enzyme
activity. For example, NaF, NaHCO;, NaH,PO,, and NaNO;,
provoked a complete enzyme inhibition, while sodium citrate >
sodium acetate > sodium formate > sodium succinate > sodium
lactate, derivatives, showed a decreasing inhibition power (in
that order). Saturated solutions of sucrose, and betaine, and
5.20 M glycerol, on the other hand, provided an excellent
enzyme protection allowing a 97-99 % activity recovery.

It should be borne on mind that Hf. mediterranei is also
capable of excreting polysaccharides and other substances that
may participate in the overall enzyme stabilization process.
The exopolysaccharide for example, may play an important
role in controlling water activity, which can be also modified
by the presence of salts according to the nature of the ions
involved.

The above experiments provided important information
about the conditions required for the proper handling of an
active extracellular enzyme produced by Hf. meditarranei.
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Fig. 3. Stability of extracellular proteolytic activity of Haloferax
mediterranei fraction CS10 exposed to different NaCl concentra-
tions.Remaining activity was measured at 2.56 M final NaCl concen-
tration. 100% corresponds to maximum enzyme activity: AbS,gg nm, =
0.370.
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Fig. 4. Purification of Hf. mediterranei extracellular protease activity
by Hydrophobic Interaction Chromatography on Phenyl-Sepharose
Cl-4B.

Table 3. Activity and stability of Haloferax mediterranei extracellu-
lar proteolytic enzyme examined by dialysis against different solu-
tions.

Solute Stability Activity
CS10 Purified enzyme  Purified enzyme
(%) (%) (%)
LiCl 23f ND ND
CsCl 99 147 197
NH,CI 32e or 55T
KCl 65¢ 157 63T
NaCl 1002 1007, G 100S; 1007
Na,SO, 18f or,w 197
(NH,),SO, 35e 257 oT; QW
NaBr 424d 86 106G
NaClOg4 ND 06 oG
Nacitrate 3h ND ND
Nalactate 92b ND ND
Na acetate 129 0 ND
Naformate 45d 0G 276
Na succinate 63¢ ND ND
Sucrose 97 @ 817 58W; 65T
Betaine 96 & ND ND
Glycerol 99 & grw 25W; 447

——
S —
.

Fig. 5. Electrophoresis of purified extracellular protease of Hf.
mediterranei: Lane (a), SC10-EP fraction; lane (b), HIC purified
fraction; and Lane (c) molecular weight markers.
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Fig. 6. Effect of NaCl concentration on purified Haloferax mediter-
ranei extracellular protease activity against Black Gelatin (a), and
casein (b).
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Table 4. Purification of the extracellular protease of Hf. meditterranei.

Héctor Nolasco et al.

Fraction Volume Activity Total activity Protein conc. Specific activity Overall

(mL) (U/mL) ) (mg/ mL) (U /mg) Yield (%) Purification
Culture
supernatant 900.0 15 13,500 0.719 21 100.0 1.0
Cs-10 6.8 1082 7,357 14 77 54.0 3.6
Purified fraction 31 338 1,047 4 845 24.4 4.0

Purified fraction of 4 mL of CS-10 (4,328 U) by HIC.

Once established, we were able to introduce the following
method for itsisolation and purification: First, for the removal
of the exopolysaccharide component a selective ultrafiltration
procedure was carried out. Then, taking into account the
nature (extracellular), and composition (high salt concentra-
tion culture medium) of the CS10-EP preparation, Hydropho-
bic Interaction Chromatography, HIC, was considered the
method of choice for the enzyme purification as shown in the
following section.

Chromatographic assays

Fig. 4 shows the separation profile of the different protein
fractions contained in a CS10-EP sample applied to a Phenyl
Sepharose column and eluted with a decreasing NaCl concen-
tration gradient. The major pesks, containing also most of the
proteolytic activity, were pooled after the corresponding elec-
tophoretic analysis revealed no differences in protein pattern
between the fractions. Y et, under such chromatographic con-
ditions, pooling yielded only 25 % of the original activity. A
large improvement in enzyme recovery was achieved when
the chromatography was carried out in a column equilibrated
with 2.6 M NaCl-10 mM CaCl,, and a decreasing salt gradient
for elution. In this case the yield of proteolytic activity was
nearly 100 %. The active fractions that separately emerged
from the column (Fig. 4) correspond to the same protein, as
evidenced by SDS-PAGE electrophoresis analysis, and this
separation can be accounted on the basis of the column he-
terogeneity, which may adsorb a given protein with different
strengths. The increased recovery obtained by adding Caz+
simply reflects the importance of this cation on enzyme activi-
ty and stability (discussed previoudly).

The SDS-PAGE electrophoretic analysis of the active
purified fraction obtained by HIC (Fig. 5), reinforces the
above assumption of the presence of a single protein band
fraction of about 26 500 MW responsible of the enzyme acti-
vity. Because the employed electrophoresis conditions are
known to promote protein disgregation, and because only one
protein band in the gel was observed, we have concluded that
the extracellular protease of Hf. mediterranei consists of asin-
gle polypeptide chain which purification summary is shown in
Table 4.

Properties of the purified protease
Table 3 describes the effect of different ions on the activity of

the purified extracellular protease of Hf. mediterranei, Figures
6, 7 and 8 show the effect of salt concentration, pH, and tem-
perature, on enzyme activity. The combined effect of such
parameters is presented in Figs. 9 and 10 and, finally, the
effect of various protease inhibitorsin Table 5. All these tests
provided some useful information about the properties of the
enzyme that led us to conclude that the extracellular enzyme
activity of Hf. mediterranei corresponds to a halophilic serine-
protease.

Discussion

Enzymes from halophilic archagbacteria are highly unstable at
low salt concentrations of neutral salts [45]. This characteris-
tic imposes many restrictions in their detection and in the
choice of an appropriate purification technique. Although so-
me halophilic enzymes may be reactivated from the salt-free
solutions [21, 26-32], and this facilitates their purification
using standard methods, i.e. ion-exchange chromatography,
many others cannot [26, 27].

Previous reports on the purification of halophilic enzymes
from Hf. meditarranei refer mostly to cytoplasmic or mem-
brane-bound proteins [12, 19], in which cases the enzyme
activity decreases with increasing salt concentration in the
molar range. In our case, the extra-cellular protease stability
and activity of Hf. mediterranei are dependent of the salt con-
centration in the medium and appear favored at concentrations
within 2.56 and 4 M NaCl range.

Most reports of halophilic enzyme isolation and purifica:
tion dealt well with enzyme stability in different salts like
sodium chloride, potassium chloride, and ammonium sulfate.
Hence, reported purification methods in those cases have
included: ammonium sulfate fractionation, salting out chro-
matography, ion exchange chromatography, gel filtration,
affinity chromatography, and chromatography on hydroxyla
patite [20, 21, 24, 25, 28-30, 32, 33, 37, 38, 40, 46-58]. Our
study, however, has shown that the extracellular protease
activity of Hf. mediterranei is highly unstable and irreversibly
lost at low salt concentration. Moreover, Hf. mediterranei
extracellular proteolytic enzyme requires Na+ and Ca?* to
express activity. These features made the application of the
above purification techniques inadequate and, therefore, an
alternative procedure had to be explored. Hydrophobic Inte-
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Fig. 9. Effect of salt concentration on purified Haloferax mediterra-
nei extracellular protease activity after treatment at 68 °C.

raction Chromatography, HIC, has been seldom applied in the
purification of halophilic enzymes [21, 39, 40, 49], in spite of
its inherent advantage of combining gel hydrophobicity and
salt concentration for the adsorption-elution phenomenon, that
helps to resolve the separation of biomolecules on the basis of
their hydrophobicity [35]. The technique has been successfu-
[ly applied, for example, by Kamekura and Seno [39] who
were able to purify an extracellular protease from an unidenti-
fied strain of a halophilic archaebacterium on Butyl Toyopearl
and Phenyl Sepharose. Unfortunately, they were not success-
ful in the isolation and purification of a similar enzyme from
Hf. mediterranei. We may ascribe that failure to inappropriate
experimental conditions to preserve enzyme activity.

In our study we found that exposure of the culture super-
natant of Hf. Mediterranei to different kinds of salts, including
ammonium sulfate, resulted in a considerable loss of activity.
Hence, the traditional salting-out protein purification and con-
centration procedure cannot be applied in this case. We also
found a great loss of activity when the culture supernatant
CS10-EP was kept at room temperature, and that the protease
activity yield could be enhanced if the purification process
was carried at low temperature; presumably, due to a reduced
autohydrolysis. Finally, we found that CS storing below 0 °C
helps to preserveits activity for at least 6 months.

Because Hf. mediterranei strain 33500 can grow and pro-
duce extracellular-proteolytic activity when cultured aerobi-
caly in different media, such as glucose-ammonium chloride-
based medium with 20 % SWS, we have concluded that thisis
a constitutive property of Hf. mediterranei. We have aso con-
firmed that Na*, K+, and Mg*2 ions are essentia for Hf. medi-
terranei growth and protease production, as occurs with other
Archaebacteria [59], and that Ca*2 ions are apparently impor-
tant for enzyme activity but not for cell growth or enzyme
production, as in the case of Hf. volcanii and Halobacterium
(now Haloarcula) morismortui [60], and the strain 172 Pl
[39], but in contrast to Hb. cutirubrum [61], Hb. halobium
[38], and to some other marine bacteria [62], where Ca*2ions
are essentia for both enzyme production and activity.

As with most haophilic enzymes [63], the purified pro-
tease of Hf. mediterranei is completely inactivated at low salt
concentration. This denaturation is irreversible, as observed
also with other halophilic archaebacteria [36, 38, 39]. The pu-
rified extracellular protease activity of Hf. mediterranei shows
amarked specificity for NaCl, rather than for KCl for activity,
as does the protease from Hb. salinarum [36], which is com-
patible with the notion that KCl is more important internally
than externally for cell function [64]. Nevertheless, there are
some halophilic proteases, like the one from Hb. halobium,
which have been shown to be stable and active in the presence
of either NaCl or KCI [38].

Extracellular Hf. mediterranei protease shows an opti-
mum activity at about 3 M NaCl against Black Gelatin, thus
showing a lower NaCl requirement for maximum activity than
Hb. halobium [38], and 172 P1 proteases [39], with this subs-
trate. However, with casein Hf. mediterranei protease retained
activity even at low salt concentrations. Such behavior was
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Fig. 10. Combined effect of temperature and salt concentration on
purified Haloferax mediterranei extracellular enzyme activity.

similar to that of another Hb. mediterranei strain [40] and also
of 172 P1 protease [39], which have been shown to be more
salt dependent when acting on short, synthetic succinyl pep-
tides. The effect of salt concentration on both substrate and
enzyme may favor their association and therefore help the
enzyme function better. For casein, Hf. mediterranei extracel-
lular enzyme showed an optimum activity at 0.5 M NaCl, sug-
gesting that this substrate may protect the enzyme because, as
we have pointed out, the purified protease without casein is
quickly inactivated in NaCl concentrations lower than 1 M.

The maximum activity for purified Hf. mediterranei pro-
tease was found at 6.0 to 8.0 pH range similarly to Hb. sali-
narum [36] and Hb. halobium [38], and lower than Hb.
mediterranei strain 1538 [40], and of strain 172 P1 protease
[39]. On the other hand, Hf. mediterranei protease was found
to be stable over a broad pH range (Fig. 7).

Like the 172 P1 protease [39], Hf. mediterranei protease
showed maximum activity around 50 °C (using casein as a
substrate at low salt concentration), increasing with salt con-
centration up to 55 °C (Fig. 8). A similar optimum tempera
ture was reported for the protease activity of Hb. mediterranei
strain 1538 on a small synthetic polypeptide [40]. In generadl,
Hf. mediterranei protease follows the same pattern as other
hal ophilic enzymes showing a close relationship between tem-
perature stability and salt concentration [(Fig. 9); Refs. 25,
65].

Hf. mediterranei protease strain 33500 is totally inhibited
by PMSF (Table 5) suggesting that it is a serine-protease, like
the protease of Hb. halobium [38], of 72 P1 [39], and Hb.
mediterranei strain 1538 [40]. It is also inhibited by EDTA
and reactivated by Ca*2 ions, which indicates its metallo-pro-
tein nature, in contrast to the serine protease of Hb. medite-
rranei strain 1538, which is not inhibited by EDTA. In addi-
tion, the Hf. mediterranei strain 33500 protease shows a di-
fferent molecular weight (26,500) than that of Hb. mediterra-
nei strain 1538 (41, 000) [40].

The extracellular Hf. mediterranei protease has a specific
NaCl reguirement for activity and stability (Tables 1, 2). KCl
and other salts, including ammonium salts, were much less
efficient The specific requirement of NaCl for enzyme activity
and stability (Fig. 9), as with other halophilic archagbacteria
[59], is not surprising if we consider the ionic composition of
Hf. mediterranei habitat, in which the main salt is NaCl [59].

Héctor Nolasco et al.

The capability of Hf. mediterranei protease to be active in
high solute concentrations may be a useful property for pro-
tein hydrolysis in processes with high solute concentrations
and low water activity.
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