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ABSTRACT

A commercial Rhizomucor miehei lipase was purified by ammonium
sulfate precipitation. Phenyl Sepharose 6 Fast Flow hydrophobic inter-
action chromatography, and DEAE Sepharose Fast Flow anion-ex-
change chromatography. The recovery of lipase activity was 32% with
a 42-fold purification. The molecular size of the purified enzyme was
31,600 Dalton and the pl 3.8. The enzyme was stable for at least 24 h
within a pH range of 7.0-10.0, and 96.8% of the enzyme activity re-
mained when kept at 30°C for 24 h. Further, about 10-30% of the
lipase activity was inhibited by K+, Li*, Ni+, Co2+, Zn2+, Mg?+,
Sn?+, Cu?+, Ba?*, Ca?+, and Fe?* ions and by SDS, but EDTA had no
effect. Under the experimental conditions, the optimum temperature
for the hydrolysis of olive oil was 50°C (pH 8.0), and for the synthesis
of 1-butyl oleate, 37°C. It was concluded that hydrolytic activity of
lipase alone is not a sufficient criterion for its synthetic potential. The
optimal molar ratio of oleic acid and 1-butanol was 2:1 for 1-butyl
oleate synthesis. The 1-butyl oleate yield was unaffected by purifica-
tion of the enzyme after 12 h.

Index Entries: Rhizomucor miehei lipase; purification; characteri-
zation; hydrolytic activity; synthetic activity; 1-butyl oleate.
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INTRODUCTION

Lipases (triacylglycerol acylhydrolase; EC 3.1.1.3) are enzymes that
hydrolyze the ester bonds of acylglycerols. The interest in lipases for food
and detergent uses to produce higher-quality products, and as digestive
and diagnostic enzymes has markedly increased in recent years. Conse-
quently, there is a need for improved isolation and purification pro-
cedures, since the availability of purified lipases enables one to obtain
thorough knowledge of the properties of the enzyme and a better under-
standing of the mechanism of lipase-catalyzed hydrolysis and synthesis.
Prior work on the purification of lipases from different microbial, animal,
and plant sources has been comprehensively reviewed by Taipa et al. (1).
In particular, research on microbial lipases has substantially progressed
from both the academic and industrial viewpoints mainly because of the
increased availability and stability of the commmercially available enzymes.
The purification and characterization of fungal lipases from Aspergillus
(2,3), Geotrichum (4), Mucor (5,6), Penicillium (7), and Thermomyces (8)
species have been reported. Different microbial strains produce enzymes
of varying properties, such as the hydrolytic and synthetic activity, pH
and thermal stability, activator requirement, and so forth. Two forms (A
and B) of purified lipases have been reported from fermentation with a
selected strain of Rhizomucor miehei (9,10). The two forms were obtained
with two independent purification methods. Form A was obtained by DE-
cellulose 52 anion-exchange chromatography elution by a decreasing pH
gradient from 7.0 to 3.5, Con A-Sepharose affinity chromatography, and
TSK-Phenyl-5W hydrophobic interaction chromatography, and form B by
DEAE-Sepharose anion-exchange chromatography elution using a decreas-
ing pH gradient from 7.0 to 3.0, Phenyl-Sepharose hydrophobic interaction
chromatography, and TSK G3000 SW gel filtration. The two forms have a
high degree of antigenic identity, similar pH-activity profiles with tribu-
tyroylglycerol as substrate, and the same molecular size, but differ in
their affinity toward Con A and in isoelectric points (pI 3.9 for A and 4.3
for B). Such purification methods will somewhat affect the lipase activity
by decreasing pH during elution. However, to our knowledge, no infor-
mation has been published on the effect of purification of commercial R.
miehei lipase on its synthetic activity.

In the present work, a commercial R. miehei lipase was purified by a
relatively simple and efficient method, partially characterized, and used
for 1-butyl oleate synthesis as the example process in investigating the
ester synthesis activity.

MATERIALS AND METHODS
Materials

R. miehei lipase used in the present study was purchased from Biocata-
lysts Ltd. (Batch No. 5944064; Wales, UK). Oleic acid was obtained from
Sigma (St. Louis, MO), and 1-butanol from E. Merck (Darmstadt, Germany).
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BioPilot System from Pharmacia (Uppsala, Sweden) equipped with a
fraction collector FRAC-200 was used for column chromatography and
collection of the enzyme. Phenyl Sepharose 6 Fast Flow (high-substitution)
hydrophobic interaction medium and DEAE Sepharose Fast Flow anion
exchanger were also obtained from Pharmacia.

Bio-Rad Mini-Protean II Dual Slab Cell was used for sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Low-range molec-
ular-size prestained SDS-PAGE protein standards were from Bio-Rad
Laboratories (Hercules, CA). Multiphor II Electrophoresis System, Ampho-
line PAGplate (pH 3.5-9.5) and Broad pl Calibration Kit used in isoelectric
focusing were obtained from Pharmacia.

Lipase Activity Assays

Lipolytic (hydrolytic) activity was determined according to Sigma
Technical Bulletin No. 800, using 50% olive oil emulsion (Sigma) as sub-
strate at 37°C and pH 7.0 for 30 min. Free fatty acids liberated were
titrated with 0.05M sodium hydroxide using phenolphthalein as indicator.
One unit of lipase activity was defined as the amount of enzyme that cata-
lyzes the release of 1 umol of fatty acid/min at 37°C and pH 7.0.

Synthetic activity was determined as described previously (11) and
reported as a yield (%) of 1-butyl oleate at a certain time.

Activities were given as the average of duplicate determinations.

Protein Measurement

The protein quantity was determined according to Lowry et al. (12),
using bovine serum albumin (Sigma) as standard.

Purification of the Enzyme

All of the following procedures were carried out at 4-8°C.

Enzyme Pretreatment

R. miehei lipase (2.0 g) was dissolved in 100 mL distilled water by
stirring for half an hour, and the enzyme solution was centrifuged at
7.6 x 1000g for 20 min. Ammonium sulfate was added to the supernatant
to 70% saturation, and the solution was stirred for 1 h. The resulting pre-
cipitate was collected by centrifugation at 17.0 x 1000g for 15 min and dis-
solved in 35 mL of 0.6M ammonium sulfate in 0.05M sodium phosphate
buffer (pH 7.0).

Hydrophobic Interaction Chromatography

The pretreated enzyme solution was loaded onto a Phenyl Sepharose
6 Fast Flow (high-sub.) column (2.6 x 32 cm) equilibrated with 0.6M
ammonium sulfate in 0.05M sodium phosphate buffer (pH 7.0) and
followed by elution with a linear gradient of ammonium sulfate from 0.6
to 0M, in distilled water at a flow rate of 10 mL/min. Ten-milliliter fractions
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were collected by means of a fraction collector FRAC-200. The fractions
containing lipase activity were pooled for the subsequent ion-exchange
chromatography.

DEAE Sepharose Fast Flow Chromatography

The pooled lipase fractions from hydrophobic interaction chromatog-
raphy described above were applied to a DEAE Sepharose Fast Flow
column (2.6 x 26 cm) previously equilibrated with 0.05M sodium phosphate
buffer (pH 7.0). The unadsorbed materials were washed out thoroughly
using the equilibration buffer. The lipase active fractions were obtained
by elution with 0.25M sodium chloride in 0.05M sodium phosphate buf-
fer (pH 7.0), at a constant flow rate of 10 mL/min.

Molecular-Size Determination

SDS-PAGE was carried out by Laemmli discontinuous polyacrylamide
gel (13). The separation gel contained 12% polyacrylamide. Proteins were
stained with Coomassie brilliant blue R-250 and silver stain (Bio-Rad).
The molecular size of the purified enzyme was estimated using Bio-Rad
low-range molecular-size prestained protein SDS-PAGE standards con-
taining lysozyme (18,500 Dalton), soybean trypsin inhibitor (27,500 Dalton),
carbonic anhydrase (32,500 Dalton), ovalbumin (49,500 Dalton), bovine
serum albumin (80,000 Dalton), and phosphorylase (106,000 Dalton) as
reference proteins.

Isoelectric Point Determination

The isoelectric point of the purified lipase was determined by iso-
electric focusing performed on Multiphor Il apparatus using Ampholine
PAGplate precast polyacrylamide gel as described by the manufacturer
(Pharmacia). The broad pl calibration kit (pH 3.0-10.0) containing amylo-
glucosidase (3.50), soybean trypsin inhibitor (4.55), @-lactoglobulin A
(5.20), bovine carbonic anhydrase B (5.85), human carbonic anhydrase B
(6.55), horse myoglobin-acidic band (6.85), horse myoglobin-basic band
(7.35), lentil lectin-acidic band (8.15), lentil lectin-middle band (8.45), lentil
lectin-basic band (8.65), and trypsinogen (9.30) was used as reference
proteins.

Hydrolysis Experiments

The temperature and pH optima, as well as the effects of a number of
inhibitors, were investigated in covered 25-mL Erlenmeyer flasks contain-
ing 3 mL of 50% olive oil emulsion, 2.5 mL deionized water, 1 mL Mcilvaine
buffer (pH 7.0) or 1 mL other buffer for investigating pH optima (citric acid-
sodium citrate, pH 3.0-6.0; imidazole-HCl, pH 6.0-8.0; Tris-HCl, pH 8.0-
9.0 and sodium carbonate-sodium hydrogen carbonate, pH 9.0-10.0) and
lipase (2-20 U). Standard assay method for lipase activity was employed,
except for the special conditions investigated.
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Ester Synthesis Experiments

Ester syntheses were carried out in 35-mL screw-capped flasks at
37°C. The reaction mixtures containing 0.7-1.4 mmol of oleic acid and
1.4-0.7 mmol of 1-butanol in molar ratios of 0.50, 0.83, 0.91, 1.0, 1.1, 1.2,
and 2.0, deionized water (18.1%, w/w), and lipase (53 U) were magnetically
stirred at 150 rpm. Samples were taken at certain time intervals, the con-
tents were mixed with a blend of diethylether and ethanol (1:1, v/v), and
the residual free acid was titrated with 0.1M sodium hydroxide. The yield
of ester was calculated on the basis of the limiting substrate (11).

RESULTS AND DISCUSSION

Enzyme Purification

Figure 1A shows the elution profile of R. miehei lipase from Phenyl
Sepharose 6 Fast Flow hydrophobic interaction chromatography. The
lipase activity peak was obtained when the concentration of ammonium
sulfate was lower than 0.1M. After that, two other peaks having no lipase
activity were washed out from the column with distilled water. Active
fractions (10 mL each) were combined and applied into DEAE-Sepharose
Fast Flow ion exchanger. The elution profile of ion-exchange chromatog-
raphy is given in Fig. 1B. Lipase was eluted as a single peak of activity by
0.25M sodium chloride in 0.05M sodium phosphate buffer (pH 7.0). Active
fractions (10 mL each) were pooled for further studying. The column was
then washed with a linear gradient sodium chloride of 0.25-1.0M in the
same buffer to remove the proteins remaining in the column.

The purification procedures and results from the different steps are
given in Table 1. The enzyme was purified 42-fold with an activity yield
of 32%. The purity of the enzyme was examined by SDS-PAGE (Fig. 2)
and isoelectric focusing (Fig. 3), both showing only one band. Only one
lipase active peak was obtained and purified further. By using different
separation and purification procedures, Huge-Jensen et al. (9) were able
to isolate two forms of extracellular lipase from a mutant strain of R.
miehei. Of these, the active form B was obtained from the form A at a low
pH (9), and appeared to be less glycosylated (10). The apparent molecular
size of the lipase purified in the present work by SDS-PAGE was 31,600
Dalton (Fig. 2). This agrees well with the 32,000 Dalton previously reported
for both A and B forms obtained after reduction (10).

Isoelectric Point

The isoelectric point of the purified enzyme was estimated by isoelec-
tric focusing on Ampholine PAGplate precast polyacrylamide gel using
broad pl calibration kit as marker proteins. The result is presented in Fig. 3.
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Fig. 1. Elution profile of R. miehei lipase on Phenyl Sepharose 6 Fast Flow
(A) and on DEAE Sepharose Fast Flow (B). Shaded area indicates lipolytically

active fractions.

Table 1
Summary of Purification of Lipase from R. miehei
Total Total Specific
protein,  activity,? activity,® Purification  Yield,

Purification step mg U U/mg factor %
Crude powder 460 12000 26 1.0 100
Ammonium 110 8400 77 3.0 76

sulfate
Phenyl Sepharose 6 37 7800 210 8.0 65

Fast Flow
DEAE Sepharose 3.6 3900 1080 42 32

Fast Flow :

2Hydrolytic activity.
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Fig. 2. SDS-PAGE of purified R. miehei lipase. Column 1, 12.5 pg of the
mixture of molecular-size standard proteins; column 2, 2.5 ug of the purified
lipase. Gel was stained with both Coomassie brilliant blue R-250 and silver stain.
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Fig. 3. Isoelectric focusing of the purified lipase. Column 1, 60 ug of the
mixture of isoelectric point standard proteins; column 2, 10 ug of the purified
lipase. Gel was stained with Coomassie brilliant blue R-250.

The isoelectric point of the purified enzyme was calculated to be 3.8, which
is consistent with the result obtained from chromatofocusing, which showed
only one peak at pH 4.2-3.7 (data not shown). The pl value of the puri-
fied lipase was close to the value of 3.9 reported for A form (9).

Effect of Temperature on the Activity and Stability

The hydrolytic and synthetic activities of the enzyme were determined
at various temperatures from 30 to 70°C. The optimum temperature for
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Fig. 4. Effect of temperature on the lipase hydrolytic activity (®) and syn-
thetic activity (O).

the hydrolytic activity of the enzyme under the experimental conditions
was found to be 50°C and for synthetic activity 37°C (Fig. 4). Clearly, the
measurement of hydrolytic activities alone cannot be used as the sole
criterion in determining the suitability of lipases for ester syntheses.
While the present work was in progress, Robinson et al. (14) also reported
similar conclusions by comparing synthetic and hydrolytic activities of six
different lipases. Of them, Pseudomonas fluorescens lipase showed the
highest lactone synthetic activity, but low hydrolytic activity, whereas
Chromobacterium viscosum lipase had the highest hydrolytic activity, but a
low synthetic activity. Figure 4 also shows that both hydrolytic and synthe-
tic activities decreased sharply at temperatures above 50°C. The measure-
ment of the enzyme activity was carried out by the standard assay method,
except for the temperature. The hydrolytic activity was expressed as U/mL,
and the synthetic activity was calculated as the yield (%) of ester in 12 h.

The thermal stability of the enzyme was investigated by incubating
the purified enzyme solution in a water bath at various temperatures
from 30 to 60°C for 24 h. The residual activity was measured and expressed
as the percentage of the activity of the nonincubated enzyme. The result
is presented in Fig. 5. After 24 h, 97% of the hydrolytic activity remained
for the enzyme incubated at 30°C, but there was only 67% of the hydrolytic
activity left for the enzyme incubated at 40°C. When the enzyme was incu-
bated at temperatures above 55°C for 24 h, almost all of the activity was
lost. When the lyophilized purified enzyme was kept at 4°C for 30 d, only
about 10% of the activity was lost. An immobilized form of R. miehei lipase
has been shown to have an activity half-life exceeding 100 d at 60°C (15).

Effect of pH on the Activity and Stability

The effect of pH on the hydrolytic activity was determined in different
buffer systems with a pH of 3.0-10.0. The lipase activity was measured by
the standard method, except for the pH, and expressed as the percentage
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Fig. 6. Effect of pH on the lipase activity. ® 0.1M citric acid-sodium citrate
buffer; [1 0.1M imidazole-HCl buffer; B 0.1M Tris-HCl buffer; O 0.1M sodium
carbonate-sodium hydrogen carbonate buffer.

of the activity measured at pH 7.0 with 0.1M imidazole-HCl as bulffer.
The optimum pH for the enzyme was 8.0 with olive oil as the substrate,
and relative activities (at pH 8.0) of 104% in imidazole-HCl buffer system
and 110% in Tris-HCl buffer system, as indicated in Fig. 6. Under acidic
conditions, the hydrolytic activity was lower than that under alkaline
conditions. For example, the relative activity was 32% at pH 3.0, and 88%
at pH 10.0. Huge-Jensen et al. (9) reported an optimum pH of 7.0 for the
two forms (A and B) of R. miehei lipase, using tributyroylglycerol as a
substrate, with similar pH-activity profiles for both.

To investigate the enzyme stability at varying pHs, the purified enzyme
was exposed to different buffers of pH 3.0-10.0 for 24 h at 4°C. The remain-
ing activity was expressed as the percentage of the activity of the untreated
enzyme solution at pH 7.0. The enzyme was relatively stable for at least
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Fig. 7. Effect of pH on lipase stability. [ 0.1M citric acid-sodium citrate
buffer; @ 0.1M imidazole-HCl buffer; £ 0.1M sodium carbonate-sodium hydro-
gen carbonate buffer.

24 h within a pH range of 7-10 and the optimal stability was at pH 8.0 as
indicated in Fig. 7. It could be concluded that pH 8.0 was optimal both
from the point of view of activity and stability. When the enzyme was
kept under acidic conditions (pH 3.0-6.0) for 24 h, the activity decreased
by more than 35%.

Effect of Metal lons and Other Reagents on the Activity

After DEAE Sepharose Fast Flow chromatography, the enzyme solu-
tion was dialyzed against distilled water overnight at 4°C.

The obtained enzyme solution was incubated in the presence of 1 mM
of various metal ions (as chlorides) or a number of other reagents for 30
min at 30°C. The hydrolytic activity was then measured and reported as
the percentage of the enzymes without metal ion or other reagent treat-
ment. The results are given in Table 2. All the metal ions used in the
present study and SDS decreased the hydrolytic activity by about 10-30%.
EDTA had no effect.

Optimization of Substrate Molar Ratio
for Lipase-Catalyzed Synthesis of 1-Butyl Oleate

Lipase-catalyzed ester synthesis is a reversible reaction. In order to
drive the reaction toward synthesis, one should remove the water formed
in the reaction or increase the molar ratio of either substrate. However,
initial water content also plays an important role in 1-butyl oleate synthe-
sis (11,16). R. miehei lipase exhibits little 1-butyl oleate synthesis activity
with 3.2% water or less, but with 14% water, a yield of 90% is obtained in
24 h (17). Optimal substrate molar ratio, and the quantity of added water
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Table 2
Effects of Metal Ions
and Other Reagents on the Lipase Activity

Metal ions

or other reagents Relative activity,
1 mM %
None 100
K+ 86
Ni+ 73
Lit 84
Co?* 72
Zn?* 71
Mg2* 73
Sn2+ 76
Cu?+ 91
Ba2* 73
CaZ+ 72
Fe2* 70
EDTA 99
SDS 91

Table 3
Comparison of Optimal Conditions and Yields
in 1-Butyl Oleate Syntheses with Various Lipases

Molar ratio

of oleic Yield,
Enzyme, acid and Water,
Lipases mg 1-butanol %, wiw 2h 6 h 12h 24h 30h
R. miehei 9.0 (53 U)? 2.0 18.1 95.7 97.2% 965 940 95.0
C. rugosa 8.0 (980 U) 2.0 3.2 93.1 876 904 944 97.3
Porcine pancr. 30.0 (115 U) 1.1 3.4 195 540 77.0 88.1 93.6
P. fluorescens 10.5 (123 U) 1.0 3.2 65.2 889 9.0 91.0 96.5

2Hydrolytic activity is given in parentheses.
bHighest activity is given in bold.

and enzyme for 1-butyl oleate syntheses with various commercial available
lipases are given in Table 3. Figure 8 further illustrates the effect of the
molar ratio of oleic acid and 1-butanol for ester synthesis with 53 U of R.
miehei lipase and 18.1% (w/w) of water. With an excess of oleic acid (Fig.
8A, substrate molar ratio of 2:1), the highest 1-butyl oleate yield of about
97% was obtained in 6 h, and with 1-butanol excess (Fig. 8B, molar ratio
of 1:2), about 93% in 30 h. Ester yields obtained at different reaction times
with a number of commercially available lipases under the optimal con-
ditions are given in Table 3. R. miehei lipase exhibited the fastest rate of

Applied Biochemistry and Biotechnology Vol. 59, 1996



156 Wu, Jaakelainen, and Linko

Degree of Synthesis (%)

0 + t
0 10 20 30

Reaction Time (h)

Degree of Synthesis (%)

0 10 20 30
Reaction Time (h)

Fig. 8. Ester synthesis with an oleic acid excess (A), oleic acid: 1-butanol
molar ratio = 1.1 (); 1.2 (OJ) and 2.0 (@), and with 1-butanol excess (B), oleic
acid: 1-butanol = 0.9 (@); 0.83 (B) and 0.50 (O).

synthesis and the highest ester yield of about 96% in 2 h and 97% in 6 h,
whereas Porcine pancreatic lipase needed a much longer reaction time with
only 54% of ester yield in 6 h and 94% in 30 h. The widely different hydro-
lytic activities for the different enzymes given in Table 3 were chosen in
order to obtain approximately the same order of magnitude of ester syn-
thesis activity. One can clearly see the marked variations in the relation-

ships of hydrolytic to synthetic activity with the different enzymes under
the experimental conditions used.

Kinetics of 1-Butyl Oleate Biosynthesis
with Commercial and Purified R. miehei Lipases

The purified lipase solution after DEAE Sepharose chromatography
was concentrated and desalted by using an ultrafiltration membrane with a
cutoff of 10,000 (PM 10, Amicon). The concentrated lipase was lyophilized
and the obtained powder was used for ester synthesis. Figure 9 shows
the results of 1-butyl oleate synthesis using the optimal oleic acid and
1-butanol molar ratio of 2:1, and either commercial or purified R. miehei
lipases as biocatalyst. The initial rate of the esterification was markedly
reduced when the purified lipase was used as the catalyst. For example,
the yield of 1-butyl oleate was 96% in 2 h with the commercial lipase, but
< 64% with the purified lipase with the same hydrolytic activity. A lag time
in heptyl oleate synthesis has been reported by Sanchez-Montero et al.
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Fig. 9. 1-Butyl oleate synthesis using lipase as biocatalyst; ® commercial
lipase; O purified lipase.

(18) when dialyzed Candida rugosa lipase (partially purified) is used as bio-
catalyst. They concluded that the reason was insufficient available water
around the enzyme molecules for the lipase to be fully active, but that lac-
tose present in the crude lipase could improve the synthesis by acting as a
water “‘reservoir.”” Because in the present work there always was a large
quantity (18.1%) of initial water present during the ester synthesis, the
explanation given by Sanchez-Montero et al. (18), who added no excess
water to the reaction mixture in addition to that present in the enzyme
preparation after equilibrating to a water activity of 0.44, is not the probable
cause in this case. However, it is likely that the changes in the micro-
environment of the enzyme as suggested by Sanchez-Montero et al. (18)
can markedly affect the initial synthesis activity. As the ester synthesis
progressed for about 6 h, the ester yield was no more affected by the initial
purity of the enzyme. The 1-butyl oleate yield of 96% in 12 h obtained
with purified lipase was nearly equal to the about 97% obtained with the
original commercial lipase preparation under comparable conditions. It
can be concluded that although the purification procedure resulted in a
decrease in the initial rate of ester synthesis with R. miehei lipase, it had
little effect on the final 1-butyl oleate yield.
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