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C U R R E N T  S T A T E  O F  T H E  STUDY O F  

M I C R O B I A L  L I P A S E S  

K. Davranov and V. B. Kbnlameizer UDC 577.153.2 

This review gives a comparative analysis of information accumulated over the past 15 years on the isolation, 
purification, properties, and use of lipases of microbial origin. 

The choice of lipases (E.C. 3.1.1.3 triacylglycerol acylhydrolases) as objects of study is due to the following 
considerations. In the first place, they are of interest from the point of view of general enzymology - as enzymes acting at 
an interphase surface. In the second place, interest in them is due to numerous practical problems and, above all, the 
employment of lipases as special "tools" for studying the composition of membranes and their use for concrete biotectmologieal 
processes connected with the treatment of lipid-containing raw material [1]. 

The natural substrates for lipases are triacylglycerols; however, other insoluble or partially soluble esters of glycerol 
and some esters of other alcohols are also capable of being hydrolyzed by this class of enzymes. Soluble esters are hydrolyzed 
by lipases extremely slowly since they do not accumulate at a phase separation surface [2]. 

Lipolytic enzymes are widely distributed in Nature. Sources of lipases are animal and vegetable tissues and 
microorganisms. The last-mentioned group of producing agents is attracting the intense attention of scientists through their 
advantages over other sources [3]. 

The synthesis of many hydrolases, including lipases, by the producing microorganisms can be regulated and directed 
by the choice of appropriate conditions of cultivation and, in particular, the composition of the nutrient medium. Moreover, 
many microbial enzymes are formed in response to the action of an inductor added to the nutrient medium, the activity of the 
induced enzyme rising many times during the growth of the microorganism in response to the addition of a specific substrate, 
while in a medium without the appropriate inductor the enzyme is formed in minimal mounts  [4, 5]. 

Microorganisms possess the capacity for synthesizing extraeellular enzymes the activity of which many times exceeds 
the level of activity of intracellular enzymes; i.e., a capacity for performing "supersynthesis." All this determines in full 
measure the promising nature of the microbiolog~al synthesis of lipases. 

The progress achieved in the study of microbial lipases has made possible the solution of a whole series of practical 
problems [6, 7] dictated by the tendencies in the development of the oils and fats industry and the necessity of obtaining 
products with predetermined properties. A no less important role in the stimulation of investigations of microbial lipases has 
been played by the demands of the medical and pharmaceutical industry and of public health - indeed, the etiology, 
prophylaxis, and treatment of many diseases are connected with the functioning of lipolytic enzymes [8]. The possible spheres 
of employment of these enzymes expanded after it became known that, in addition to their hydrolytic capacity, lipases possess 
the capacity for catalyzing such reactions as the synthesis of glyeerides, the acylation and alkylation of lipids, esterifieation and 
transesterification reactions, ammonolysis, oximolysis, thioacyl and thioalkyl exchange, etc. [9, 10]. Many of these reactions 
are possible only in nonaqueons media, where there are changes in the characteristics of the enzymes - specificity and 
optimum conditions of functioning, catalytic parameters, and demands on the chemical structure of the substrate [11-14]. 

Results obtained in the last 10-15 years show that microbial lipases are acquiring deserved employment in fine organic 
synthesis, petrochemistry, the manufacture of pharmaceuticals, and the production of basically new types of surface-active 
agents [15-17]. 
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Fig. 1. Change in the level of lipase activity of the fungus 
Mucor miehei during its cultivation on the addition of 
various components to the medium. 1) Minimal medium 
with glucose (basal level); 2) medium with the addition of 
cottonseed oil (Ist threshold level); 3) medium with the 
addition of cottonseed oil and fl-mercaptoethanol (Ilnd 
threshold level); 4) accumulation of biomass. 

In addition to what has been said, the advances achieved in the development of effective methods for stabilizing and 
immobilizing microbial lipases have made realistic their use for the solution of concrete applied problems [17-19]. 

CLASSIFICATION AND SPECIFICITY OF LIPASES 

According to the international nomenclature, lipases (E.C. 3.1.1.3 - triacylglycerol acylhydrolases) are hydrolases 
cleaving the ester bonds in a triglyceride molecule. In the classification of lipases the starting point is the fact that their 
substrates are triglycerides. On this basis, all lipases can be divided into three groups, depending on the positions and structures 
of the fatty acids (FAs) in the triglyceride molecule: 1) nonspecific lipases liberating any FAs from any position of a 
triglyceride (for example, lipases from Candida rugosa and Oospora lactfs); 2) 1,3-specific lipases liberating FAs from position 
I or III of a triglyceride (lipases from Rhizopus microsporus, Mucor miehei, etc.); and 3) lipases liberating only a particular 
type of FA from any position of a triglyceride (for example, a lipase from Geotrichum candidum preferentially hydrolyzes cis- 
A9 unsaturated fatty acids). According to this classification, some lipases prove to be simultaneously in two groups (for 
example, the l-n-st and third) [20]. In order to resolve this contTadicfion, Jensen [21"] proposed an improved classification of 
lipolytic enzymes on the basis of their specificity. He distinguished: 1) substrate specificity (specificity to mono-, di-, or 
triglycerides (MGs, DGs, or TGs); 2) positional specificity (specificity for a definite position of a triglyceride); 3) fatty-acid 
specificity (for a definite type of fatty acid); 4) stereospecificity; and 5) a combination of 1) and 4). This classification, based 
on the specificity of lipases, is the most popular, the most frequently used, and most convenient; however, it does not take into 
account the fact that the substrates of lipases are not only glycerides but also other esters. 

Some authors propose to classify lipases according to their specificity with respect to the chemical structure and 
positions of the alcohol moiety and the fatty acid residue of esters [22]. Thus, it is possible to distinguish lipases specific for 
an alcohol residue with respect to: 1) chain length; 2) structure (i.e., primary or secondary alcohol or polyol); 3) the position 
of the ester bond if the alcohol is a polyol; 4) branchings (if an aromatic substituent is present); and 5) stereochemistry (i.e., 
sn-1 or sn-3 position of a glycerol residue). And lipases specific for a particular carboxylic residue, according to: 1) chain 
length; 2) unsaturation (configuration of the double bonds); 3) branching (closeness to the earboxy ~oup and mature of the 
branched groups); and 4) stereoehemistry (i.e. S- or R-isomers). 

*[Sic], Ref. [21] does not refer to Jensen, who appears as the author of [22]. Other, similar, probable discrepancies in the 
numbering of the references have been detected and there are probably undetected ones as well - Translator. 
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TABLE 1. Purification of the Extracellular Lipases of the Fungus Mucor miehei 

UZLT-3 

Stage of 
purification 

Filtrate of 
the culture 
liquid 
Precipitation 
with ammonium 
:sulfate 
.DEAE -TSK 650M 
TSK-55 HW 

~(A) 
.,~ (B) 

G-!0o 
(A) 

ii (B) 

Total amounti Lipase activity 
of protein, I specific, [ total, 

[ m g  . u n i t s / m g  [ units 

5OO0 800 4000000 

l Yield Degree of 
protein!activity lpurifieation 

I "i 

Joo zoo 

I620 205e 3321000 32.4 ~ 2.5 
39_5 9600 3120000 6.5 78 12 

! "20 ! 6000 ! 920000 2.4 !8 20 
76.5 i. 2000 ..320000 1.5 23 ! 5 

35 :80~,0 ! 680000  0 .7  42 5(, 
30 2Li0o0 720~d0 0.~ 18 3t, 

Culture 
Fermentation 
T 28-30"C 
PHinit 7.9:1:0. I 
Aeration 180-220 vol/min 
Time of cuitivation 7 2 - h  

[ Filtration 

Biomass Filtrate of the culture 
0 Crushing in liquid liquid 
i .nitrogen I Precipitation: 

0.1 M PhB pH 7.5 (acetone, 1:2) 
(isopropanol~ 1 i4) 

Centrifugation at (ethanol, 1:3) 
300 -xg; 15 min 

~ c~rw2so,- 3o-8o ~ 
Supernatant Precipitate Precipitate | 
liquid (discarded) Washing with acetone t 
.. I .  ~ at ~ 2-4"C) Dialysis 
Freeze-drying The preparation lipopenil ~. 

(75-78 %) l~reeze-drying 
LA 835 units/mg 

Lipopenil 
Preparation of the 
intracellular lipase LA 695.9 units/rag 

Fig. 2. Scheme for obtaining a complex preparation of microbial lipases. 

Until now, the question of the interrelationship of  the specificity and classification of  lipases has remained open, and 

in the majority of  cases a lipase is classified in accordance with the international nomenclature. 
So far as concerns the specificity of  lipases as such, this is a very important separate aspect. Of  practical interest are 

not only the positional specificity but also the stereospecificity of the lipases, since the latter can be used to separate the optical 

isomers of  a number of  compounds [23, 24]. Stereospecificity in relation to derivatives of  enantiomeric acylglycerols has been 

studied most carefully by Ransac et al. [25, 26]. 
It must be mentioned that the specificity of  some microbial lipases can be regulated by changing the conditions of  

cultivation of  the producing organisms. Below, we consider some features of cultivation exerting an appreciable influence on 

the productivity of  the cultures and the characteristics of  the enzyme synthesized. 

CULTIVATION OF  LIPASE-PRODUCING AGENTS 

The cultivation of  lipase-producing agents depends largely on factors of the medium (temperature of  cultivation, 

composition of  the nutrient medium, and, above all, the sources of  nitrogen, carbon, and lipids, the concentration of  inorganic 

115 



TABLE 2. Some Properties of Microbial Lipases 

Producing agent I MM x 1000 I pI I Amount Of " ~ P~sp" '" Literature 
. . . .  [carbohydrates, %[units/mg x 1.0001 

Pseudomonas 
fluorescrns 32 4.5 0 4 . 2  1851 
Ps.fluore.seens 
533-58 320 26 
Asp. n iger  25 4.6 10 24 
Candida 
cy l ind  ra~ea 120 4.2 4.2 1.14 
Cre.ot t ic  h u m 
c a n d i d u m  54 4 .3  7.0 0.45 
Humieo la  
lanu~inogt 27.5 - 0 1.5 
Mueor  j:iv~tp.iclt.~ - 2 . 6  1 .3  

21 
Rhizovu.- a r rh izus  

43 6.3 6.7 9.3 
Rhizopu.s de ienlar  

~il 4.2 - 4.0 
Penicillham 7.93 - - - 
roquefor t  l. 9.1 
14! ! I .~ 
Oospora ~0.0 4.7 0 18 
lactis" 43 a.9 5.0 27 

65 - - 21 
Rl~izopus 
microsporus* 28 12. ; 30 

39 8..5 21 
~3 ~5.8 45 
6.3 5.2 ',5 
6.9 10. ~ 27 

[86l 
[871 

[88] 

:[891 

I901 
(9o! 

[911 
[931 

[94} 

Results f r o m  
�9 K~ UCO r rllll:b.~i" 

f o r m  A -~:3 ~.9 - 48 t h e  [abor_atory 

fo rm B �9 30 ~-.7 - 2.4 
Penie i l l ium"  o f  microorganic 
sp. 

form A 30 5.2 - 37 enzymes 
form B 37 4.8 - 4~, 

*Results obtained by the authors. 

salts, the availability of oxygen, etc.). The sources of carbon, nitrogen, and oxygen exert a particularly strong influence on 

the properties of the enzymes produced by the strains and on the ratio of the extra- and intracellular forms of the enzyme [27]. 

The synthesis of lipases is regulated by certain fatty acids, but it is impossible to choose the overall optimum 

concentrations of these acids in order to obtain different lipases [28, 29]. For example, during the fermentation of the lipase 

from Streptococcusfecalis, short-chain fatty acids exerted a stimulating effect, while long-chain unsaturated (oleic) fatty acids 
had no effect. A similar picture has been observed by other workers [30, 31]. 

The influence of polysaccharides on the elaboration of some lipases has been investigated in detail [32]. It was found 

that polysaccharide molecules act through some limited number of sites and not through electropolarity [33]. 

Inorganic ions such as Na +, PO43-, and Ca 2+ are also basic for the growth of microorganisms [34, 35], while the 

action of iron ions on their growth has an ambiguous nature [36]. Experimental results on the influence of metal ions on the 

formation of lipases by microorganisms have hitherto been of debatable nature and the mechanism of their influence has not 
been discovered, although a number of hypotheses explaining this fact have been expressed. 

We have investigated the influence of various classes of detergents and mercaptans on the secretion of lipases by 

microorganisms. It was established that some Tweens, Spans, and mercaptans cause a considerable increase in the secretion 

of Iipases. This process is not due to an intensive accumulation of biomass or to the removal of the enzymes from the cell 

surface of the producing agents. In the strains of micromycetes that we studied, the synthesis of lipases is inducible and is 

subject to catabolite repression; nevertheless, when they were grown on minimal medium with glucose little synthesis of these 

enzymes (basal level) was observed (Fig. 1). In a medium with vegetable oils the secretion of a lipase is regulated by its level 
in the medium (f'trst threshold level). 
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On the basis of the experimental results obtained, we have proposed the following hypothesis of the mechanism of the 
regulation of the synthesis and secretion of lipases in micromycetes. The genes responsible for the synthesis of lipases are 
probably included in one inducible operon (the lipase operon) with positive regulation. In the absence of an inductor (oil) only 
a background synthesis of enzymes ensuring their basal level in the medium takes place. On the appearance of an inductor 
(vegetable oil) an intensive synthesis and secretion of enzymes up to their first threshold level begins, leading to the saturation 
of the receptors of the cell surface, a signal from which showing a cessation of enzyme synthesis passes to the ~anslation 
apparatus. Some detergents (Tweens, Spans) block these receptors nonspecifically (while mercaptans probably impair their 
capacity for binding the enzymes), the signal showing the cessation of synthesis is not formed, and synthesis with secretion 
continues up to the second threshold level. 

Numerous investigations by other workers have confn'med the activation of the synthesis of lipases on the addition of 
vegetable oils to the medium for the growth of a number of producing fungi [37, 38]. However, other researchers [39] have 
reported a directly opposite effect. 

It must be mentioned that the synthesis and secretion of lipases by microorganisms depend not only on the composition 
of the nutrient medium and the conditions of cultivation but also on features of the producing strain. Consequently, for each 
new strain that is a potential lipase producer k is necessary to carry out model investigations to select the composkion of the 
nutrient medium and the conditions of cultivation. 

PURIFICATION OF LIPASES 

In the past few decades the demand for large amounts of microbial lipases has risen sharply. Their use in large-scale 
manufacture and in chemical and physical scientific investigations and for clinical purposes has stimulated a rapid growth of 
technologies for the high-efficiency extraction and purification of enzymes [40]. 

The final yield of an enzyme depends to a large degree on the choice of the actual source of the lipase and of the 
conditions for its growth. 

Various methods are used for the purification of lipases, as also of other microbial enzymes: electrophoresis, 
electrofocusing, differential ultracentrifugation, zonal sedimentation, ultraffltration, electrodecantation, chromatography, etc. 

Intracellular lipases must first be isolated from the cells. Its own specific method of isolation is used for each 
microorganism [41]. 

We have developed a scheme for obtaining complex lipase preparations from many fungi (Fig. 2), including Penicillium 
sp. and Mucor miehei. 

The purification procedure was a multistage process during which we used both traditional methods and the specific 
expedients required for obtaining purified preparations of just these enzymes (Table 1). 

The first stage in the purification of the !ipases from a filtrate of the culture liquid from the fungus Mucor miehei was 
performed by ion-exchange chromatography on DEAE-TSK 650 Toyopearl. Desorption of the proteins possessing lipase activity 
was achieved in a sodium chloride concentration gradient from 0 to 0.6 M in standard buffer. The active fractions were 
combined and were concentrated with the aid of polyethyleneglycol (PEG) having a molecular mass of 1500. 

We then used gel filtration on TSK-HW-55 Toyopearl and Sephadex G-100. As a result, we obtained two forms of 
the lipases from Mucor miehei, differing in molecular mass and in a number of physicochemical properties. 

The fungus Penicillium sp. also produces two forms of lipases. For their complete separation it is necessary to use 
repeated chromatography on various supports. The first stage in the purification of the lipase from the fungus Penicillium sp. 
was chromatography on Sephadex G-75, which permitted the separation of the high- from the low-molecular-mass proteins. 

Ion-exchange chromatography was conducted on Q-Sepharose, which enabled us to eliminate a large amount of ballast 
proteins and to separate the two forms of lipases. 

The following stage of purification was chromatography on DEAE-Sephadex A-50 (form A) and butyl-650 M (form 
B). Further purification of the lipases of form B was achieved by chromatography on hydroxylapatite. 

The production of lipases from Oospora lactis and Rhizopus microsporus has been achieved by the large-scale growth 
of the fungi [42]. The extracellular lipase from Oospora lactis was purified 90-fold with an activity yield of 60%, and the 
periplasmic lipase 110-fold but with the low yield of 25 %. To purify membrane-bound forms, the methods of biospecific chro- 
matography were employed. Affinity chromatography, not previously used in the purification of microbial lipases, has proved 
to be an effective method enabling highly purified enzyme preparations to be obtained. The sorbent used for affinity chro- 
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TABLE 3. Primary Structures of Some Fungal Lipases 

Rhizopus delemar 
~-hizomucor mtehe;. 
Hu mic~iv, tanu~inesa 
Penicilliu m r ii 
Peaicillium s~. 

Rhizopus cielemar 
Rhizomucor mlehei 
Humieoia ianuginosa 
Penieillium ~amembertii 
Pentcilliu msp.  

~hLzogu_~ deJemar 
Rhizom~'or miehe~ 
~u miof, ia ianuginosa 
Penicillium camcmbertii 
Penictiiiun: sp. 

Rhizopus t|elemar 
Rhizomueor miehei 
Humicoia tanuginos~ 
~enicillium c~.nembe.,'ti[ 
~enicillium sp. 

Rhizopus dele:nar 
Rhizomucor michel 
Humicoia lanuginosa 
~eatcilIium camemberti[ 
Peni,::,:liu msp.  

Rhizopus delemar 
Rhizomucor michel 
Humicola Iota" ?,inosa 
Penici',liu m camembe~ii 
Peniciilium sp. 

Rh:zoI,"s de!emar 
�9 ~h  ,.~ ;zucor *,l:.~.he~. 
:" : .,~nic.: 'a ~unuginosa 
P"'mcHlh::,; c~imember-ii 
P:::~;~:il!:u t. cp 

Rkiznpus deiemur 
Rb !.:.m.;,.~ :'o r m,ei~ei 
Humicola lanuginosa 
-~enteLl[iu m camembe~il 
Penici/liu o'~ sp. 

Rhizopw delema; 
bi hiz:-.:a,~vor michel 
~u:~,c.r,!:. tanug~nosa 
Penieilhum camembcrtii 

! 1MVSFISISQGVCLLVSSM .MLGSSAVPVS 
1 IMVLKQRANYLGFLIVFFTAFLVEA VPIKRQ 
I EVSQDLFNQFNLFAQYSAA 
! DVSTSELDQFEFXVVQYAAA 
t ATAATAAFPDLHRAAKLTSA 

lSl ~ YC RSVVPGNT<WDCVQCQKWVPDGKI !TTFT 
121 SYC RTV/PGATWDCI HCDA TEDLKIIK.T~' S 
20 AYCGKNNDAPAGTNITCTGNACPEVEKADATFLYSFED 
:0 ~YYEADYTAQVGDKLSCSKGNCPEVEATGATVSYDFSD 

eXTG IGKAFDVT ITKRI Y 

H" ) .. LLSDTNGYVLRSDKQKTIYLVFRGTNSF R 
!5~ " LIYDTNAIMVARGDSEKT,:YIVFRGSSSI R 
58 SGVGDVTGFLALDNTNKLIVLSFRGSRSIEE 
5X S T I T P T A G Y I A V D H T N S A W L A F R G S Y S V  R 
40 DLLTDTNGFVGYSTEKKTIAVIMKGAATA A 

21 ! SAITDIVFNFSDYKPV KGAKVHAGFLSSYE 
181 NWIADLTFVPVSYPPV SGTKVHKGFLDSYG 
89 TGSGNLNFDLKEINrDICSGCRGHDGFTSSV~ZR 
88 MVv'VADATFV HTNPGLCDGCLAELGFWSSWK 
64 AAAADIDIALITPEFP SDVKILAGVHRPWS 

241 QVVNDYFPVVQEQLTA H PTYKVI VTGH S LG 
2; I EVQNELVATVLDQFKQYPSYK VAVTGHSLG 
120 SVADTLRQLVEDAVREHPDYRVVFTGHSLG 

18 LVRDDII KELKEV'VAQNPNYELVVVGHSLG 
97 AVHDTIiTEVKALIAKYPDYTLEAVGHSLC- 

27.~ GAQALLAGMDLYQRE PRLSPKNLS I ~-~'VGG 
241 GATALLC ALGLYQREEGLS S SNLFLVT_ QGQ 
~50 GALATVADL RGNGY DIDVF,C.YGA 
~48 AAVATI.~,ATDL RGKGY PS&KLYAYAS 
127 GALTS 1AH"..~LAQNFPR K SLVSNALNA 

30,' PRVGNPTFAA,~ VE ST"GIPFQRTVHKDIVP 
27; PRVGDPAFAN-V~-I STG ~PYRRTVNERDIVP 
~73 ..'?RVGNRA FA E J: LTVQTGGTLY RITH'L'N D I VP 
174 PRVGNAALa.KYITAQ C NNFRFTHTNDPVP 
133 FPiGNQAWADFGT SQSGTTNR GNNVLDGVP 

,-13! HVPPQSFGFLHPGVESWIKSCT SNVQICT 
.301 H LPPAAFGFL~AGEEY WiTDNS PET','QVCT 
2Q-~ K-.#PREFGYSHSS PEYWILSGTLVpVE'RN 
202 KLS;LLSMGYVHVSPEYWITSPNNbTVS T 
184 NMYSTPLNFKHYGTEYX: SSG-";" EASTV)'.C,., 

36~ . SE! ET K DCSNSIV P FTSILDHLSYFDINEG 
?,31 SDL ET S DCSNSIV P FT_SVLDHLSYFGINTG 

DIVKIEG ID ATGGNNQPNIPDIPAHLW'YFGL. IG 
".'.~I SDIKViDGD,/SFD GNTGTGLPLLTDFEAHIWYFVQ VD 

matography was polyceramide, consisting of cephalin covalently bound with Kapron Loolycaprolactarn] granules, which has 
exhibited a high efficiency in the purification of phospholipases from various sources [43]. 

The fungus Rhizopus microsporus produces five forms of lipases, and schemes of purification have been developed for 
all of them, several schemes having been given for some of them, including methods of high-performance biospecific 
chromatography on polycerarnide and also hydrophobic chromatography on a specially synthesized sorbent based on 
microcrystalline cellulose as support and n-butanol as ligand [44]. A preliminary stage in the purification of forms of the 
enzyme localized in vesicular structures was differential centrifugation in a Ficoll gradient, which enabled these vesicles to be 
concentrated. 

As can be seen from the material presented, for purifying fungal lipases we have used the main direction by which the 
purification of the majority of microbial lipases proceeds - ion-exchange chromatography, gel filtration, chromatography on 
hydroxylapatites, and ion-exchange chromatography again. However, the use of hydrophobic and affinity chromatography as 
intermediate stages of the purification of lipases has an individual nature. 
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PROPERTIES OF LIPASES 

Lipases purified to a homogeneous state (degree of purification checked with the aid of disk electrophoresis, 
electrophoresis in PAAG, ultracentrifugation, and the investigation of N- and C-terminal amino acid residues) are used for 

scientific and practical purposes. 

Microbial lipases are acidic proteins with molecular masses of from 20 to 60 kDa. The specific activities o]~ the pure 

proteins range from 500 to 10,000 units/mg of protein. The majority of microbial lipases have acidic or neutral isoelectfic 

points. 
Some lipases are glycoproteins, i.e., they contain a carbohy~ate residue. 

The properties of a number of microbial lipases are presented in Table 2. 

The action of microbial lipases is regulated by numerous external factors, and therefore urgent attention is being 
devoted to the study of the mechanisms of their influence. 

Since the activation of lipases by certain compounds, including Ca 2+ and bile acids, has been noted by many authors, 

it would be desirable to dwell on this question. Ca + ions exert a great influence on a whole series of microbial lipases. Various 

hypotheses explaining the activation of pancreatic lipase by Ca 2+ ions have been put forward: 1) they stabilize the lipase 
structure [45]; 2) they bind FAs, forming the corresponding salts and thereby intensify hydrolysis proper in accordance with 

the law of mass action [46]; and 3) they enhance the adsorption of the lipase on the surface of the substrate [47]. Disputes over 

this question have not yet died down. It is most likely, in fact, that Ca 2+ ions play an ambiguous role in the catalytic process, 
affecting both the catalytic center of the enzyme and its conformation and also the physical state of the substrate. 

However, many ions inhibit the activity of lipases. For example, the hydrolysis of olive oil by an Aspergillus niger 
lipase is inhibited by iron ions many times more strongly than by other ions. The addition of even small amounts of iron ions 

to the medium appreciably inhibited lipase activity. Depending on the time of action of iron ions on the lipase, two types of 
inhibition were observed: 1) reversible inhibition talcing place on brief contact with low concentrations of the ions; and 2) 

irreversible inhibition, talcing place on prolonged keeping of the medium with high concentrations of iron. In the case of 
reversible inhibition, activity was rapidly restored on the addition of EDTA or sodium citrate. The effects of Fe 2+ ions on the 

activities of five fuugal lipases have been compared. It was found that a lipase from Aspergillus niger was rapidly inhibited 

on contact with even low concentrations of Fe 2+, regardless of the time of the action. The other lipases were inhibited to a 

smaller degree or were not inhibited at all by iron ions [45]. 

Apparently, the pronounced inhibition of some lipases by high concentrations of iron ions and their decomposition by 

proteases produced by the same microorganisms are the two main factors in the instability of lipases, and this must be taken 

into account in their commercial production. 
We have established that the lipase from Mucor miehei is not a metal-dependent enzyme. The decrease in the catalytic 

activity of lipases in the presence of some salts (ZnCI 2, CuCI 2, CdCI2) is possibly connected with a screening of the charges 

and a change in electrostatic interactions in ~ e  enzyme molecules, causing a disturbance of the catalytically active 

conformation. 
It has been shown experimentally that the time of addition of an inhibitor or activator to the reaction medium is of 

definite importance. For example, the activating effect of CaCI 2 and MgC12 is enhanced when they are added to the reaction 

medium after a definite time from the beginning of the reaction, while the inlfibiting capacity of CuCl 2 and CoCI 2 is suppressed 
under identical conditions. Apparently, the fatty acids produced by the time of addition prevent the inhibiting action of Cu 2+ 

and Co 2+ by forming the corresponding fatty acid salts [48]. 
Neither form of the lipase from the fungus Penir sp. requires the presence of bivalent metals in order to exhibit 

activity, while such cations as Zn 2+, Cu 2+, and Hg 2+ are powerful inhibitors. 
The addition of Co 2+ and Ni 2+ ions (10 -2 M) to the reaction mixture for hydrolysis catalyzed by a Rhizopus 

microsporus lipase after a definite time from the beginning of incubation showed an inhibition of lipase activity proportional 

to the time for which the metal ions had been present in the medium. The observed inhibition obviously took place at the stage 

of the formation of an enzyme-substrate complex. 
It is lmown that the addition of salts of bile acids accelerates hydrolysis. According to Borgstrom's hypothesis [49], 

bile acid salts form mixed micelles with the products of lipolysis, shifting the equilibrium in the direction of the formation of 

the products. 

The influence of these compounds on the activity of the lipases from Penicillium sp. has been investigated. In the 

presence of sodium taurocholate at a concentration of 0.01-0.1%, an increase in the level of activity of form A by 15-20% and 
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of form B by 25-30 % was observed, while in the case of a lipase from the fungus Mucor miehei medicinal bile and sodium 

cholate and dihydrocholate in the concentrations given above had no appreciable influence on activity, and sodium deoxycholate 

led to an inhibition of the enzyme [48]. 
The protective property of taurocholate and other bile acid salts is apparently connected with their lipophilic nature. 

It is just thanks to these properties that they are readily adsorbed at a phase separation surface and prevent the appearance of 

hydrophobic interactions between enzyme and substrate. At the same time, these compounds are fairly hydrophilic and therefore 

cannot themselves enter into a bond with the enzyme. However, on analyzing the functions of bile acid salts during lipolysis 

it can be stated that bile acid salts are not obligatory in the enzymatic hydrolysis of triglycerides either in vitro or in vivo. 

It is known that the physicochemical and catalytic properties of any enzymes are determined by their structural features 

and it is, therefore, necessary to make a deep study and comparative analysis of the molecular organization of these enzymes 

and to elucidate the interrelationship of the structure and functioning of lipases under various conditions. 

STRUCTURE AND FUNCTION OF LIPASES 

The study of the structure of any protein begins with the elucidation of its primary structure, since this determines its 

spatial organization and, consequently, its properties. This also applies to microbial lipases [50]. Some scientists consider that 

lipases contain an exceptionally high proportion of hydrophobic amino acids and that it is precisely this property that is the 

reason for their preferential interaction with hydrophobic substrates. However, a careful study of the primary structures of 
lipases has shown that they are no more hydrophobic than any other enzymes [51]. Therefore, the true reason for interaction 

with a hydrophobic substrate is most probably hydrophobic "protrusions" on the surface of the lipase. These "protrusions" may 

also be the reason for the specific behavior of lipases in an aqueous medium. The primary structures of some microbial lipases 

are given in Table 3. 
Many questions of the mechanism of catalysis and the molecular nature of activation have remained unanswered until 

now and will so remain until the tertiary structures of the lipases have been determined. The first attempts to obtain crystalline 

forms of lipases Were made by Japanese workers as early as the 1970s, but the crystals that they obtained were not stable, 

apparently because of an irthomogeneity of the enzyme preparations, and theycould not be used for determining structures [52]. 

Now, many lipases have been crystallized in the amounts necessary for performing x-ray structural analysis [53-55]. 
In spite of the fact that the majority of microbial lipases are glycosylated, scientists have obtained stable crystals of high quality 

giving diffraction. 
The largest number of results on the determination of the tertiary structures of lipases have appeared only in the last 

4-5 years. These results relate to a lipase from Rhizomucor miehei [56], human pancreatic lipase [57], a lipase from Geotrichum 

candidum [58], and some bacterial lipases [59]. Recently the structure of eutinase has been determined at the molecular level 

[60]. 
It has been shown that the lipases the tertiary structures of which have been determined have dissimilar amino acid 

sequences and form three families of proteins, while cutinase forms yet another family. But, in spite of the differences in their 

amino acid sequences, the tertiary structures of different lipases have much in common. 

Crystals of a lipase from Geotrichum candidum have been investigated as a model characterizing lipase structure [61]. 

The molecule has an ellipsoidal form with dimensions of 50 • 50 • 70 .~. Adjacent to the active center there is a large "cleft." 
It is obvious that it is just within this "cleft" that the active site of the lipase is located, since it is large enough to accommodate 

a molecule of a large triglyceride (for example, triolein). The x-ray structural analysis of a lipase crystal at a resolution of 2.8 

,/~ revealed the presence of nine a-strands and four/3-sheets [62]. 

The chemical modification of the lipase has also revealed an interrelationship between the structure and function of 
the enzyme. Such investigations, performed with the lipase from Geotrichum candidum, permitted the conclusion that on the 

interaction of this enzyme with a substrate there is no involvement of an active serine residue, as in the case of pancreatic lipase 

and a number of others. Moreover, in contrast to lipases from Rhizopus delemar and Humicolor lanuginosa, the tryptophan 
residue in the molecule of the G. candidum lipase does not play a major role in catalysis, this function being borne by histidine 
and tyrosine residues. 

In 1993, Swenson et al. [63] crystallized a proenzyme and a mature form of a lipase from Rhizopus delemar. They 

Obtained crystals of different sizes, but for the x-ray structural investigations it was possible to use only one monoclinic crystal 

which, as further investigations showed, contained two molecules of the enzyme arranged asymmetrically with respect to one 
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TABLE 4. Characteristics of the N- and C-Terminal Amino Acid Sequences and the 
Active Centers of Some Lipases 

Producing agents I M..,,. I Number of I Amino acid [ Active 
i i amin~ acids i sequence center 

N-terminal I C-terminal' 
Rhizopus delemar 44.0 "598 MVSFISI LESGEN GHSLG 
Rhizomucor miehe~. "~.2.0 269 MVLKQR TCLGI~ GHSLG 
Ht:mieola I:muginos;: 37.0 284 VRKFPL GHSLG 
Pen~.ciHimn ~:ama,-nbertii 27.5 272 DVSTSEL LCTGI GHSLG 
Pen V.:-:lHmu ~l.. 2.q I: 276 ATAATAA F TGCGA :GI-IS. LG 

ct/l~ Hydrolase Fold 

N 

Fig. 3. Topological diagram demonstrating the mutual positions of the 
E-sheets in the s/B-proteins [61]. 

another and linked by a noncrystalline bond. The crystals of the proenzyme were orthorhombic and likewise consisted of two 
molecules in an asymmetric arrangement. To determine the correct orientation and position of the protein molecules in sections 
of the crystal the authors made use of known facts on the crystal structure of a lipase from Rhizomucor miehei. 

The crystals from the latter fungus were used not only to elucidate the three-dimensional structure of the enzyme but 
also to establish the roles of its individual elements (in particular, the arginine residues) in catalysis [64]. It was found that Arg 
87, localized in the "lid" covering the active site of the lipase, interacts with the "cleft" (polar cavity). The other polar arginine 
residues obviously also take part in the stabilization of the "open-lid" conformation of the enzyme. There are three arginlne 
residues - Arg 30, Arg 80, and Arg 86 - in this stabilized complex, but Arg 30 and Arg 80 are located in strands round the 

polar cavity. 
The observed molecular dyr~amics of the catalytic act, beginning with the "closed-lid" lipase conformation, shows that 

Arg 86 in the lid is the most important for stabilizing the "open-lid" conformation. Arg 86 is modified to a considerably larger 
degree than Arg 30 and Arg 80. Modification of the arginine residues by various agents (cyclohexane-l,2-diol, phenylglyoxal, 
guanidine) has permitted an understanding of the participation of the various arginlnes in the act of catalysis. In fact the enzyme 
is stabilized in the "open-lid" conformation by the hydrophobic interaction of the substrate itself with the hydrophobic side of 
the "lid," and Arg 86 participates only in maintaining the "lid" in the optimum position for catalysis. When Arg 86 is inhibited 
by guanidine it cannot form hydrogen bonds with the active site, and the "lid" does not assume its optimum position, as a result 
of which the activity of the enzyme falls. 

Elucidation of the amino acid sequences of the "lid" region of the Rhizopus delemar lipase, human pancreatic lipase, 
and lipases from Humicolor lanuginosa and Candida rugosa showed the presence of arginine only in those lipases that were 
inhibited by guanidine. The impossibility of the inhibition of some lipases by guanidine indicates only that this inhibition is 
specific and is neither an artefact nor a common property of lipases. 

An investigation of a lipase from Humicolor lanuginosa [65] showed that Trp 89, localized in the "lid," plays an 
important role in the manifestation of Iipase activity. This fact has been confirmed by means of site-directed mutagenesis of 

this amino acid residue. 
A similar investigation of a lipase from Aeromonas sp. led to the conclusion that the replacement of Try 230 by Phe 

causes the same loss of activity of the enzyme as its treatment with tetranitromethane. Tyr 230 is obviously necessary for the 
correct positioning of a phospholipid substrate in relation to the active site of the lipase. Some amino acid residues round the 
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active center exert a different action in the catalytic process. Thus, when Ser 18 was replaced by Val no protein at all was 

secreted, while when Phe 13 was replaced by Ser secretion was retarded, although the mutant protein remained active [66]. 
In spite of those mentioned above and a number of other differences in the tertiary structures of microbial lipases, they 

are all od/~-proteins (Fig. 3) [61]. The central part of the/3-sheet consists of parallel chains round a serine active center and 

is maintained by a bond between the B5 and ~/s chains. 
In all these proteins, the serine active center is inserted into a supersecondary element that is similar in all of them: 

a ~-strand-turn-c~-helix. This common structural element has been detected not only in lipases but also in other hydrolytic 

enzymes cleaving ester bonds [67]. It is likely that all enzymes of the given class contain serine included in a similar 

supersecondary structure (Table 4). 
The serine is present between a chain and an axis, assuming a conformation with helical twisting at an angle of 60- 

110% Ollis [68] has suggested that such a conformation of a serine (or any other nucleophilic) group stores a large amount of 

energy in a small section remote from the nucleophile itself, which makes the triad Ser-His-Asp accessible for the substrate. 

All lipases are characterized by the presence of a G-X-S-X-G sequence, in which the two glycine residues, located 

between a/3-chain and an c~-helix, play an important role in the existence of a compact structure. 
During lipolysis, the conformation of the enzyme changes in a definite way. It has been established that the direct 

splitting of the substrate takes place on a surface covering the active center of the enzyme. 

In the normal state, the active center of the lipase is inaccessible for a voluminous substrate. Substrates of the size of 

a triglyceride cannot enter the "cleft" to reach the active center. However, it is important to note that, for each of the enzymes, 

access to the active center is restricted differently. The size of the protecting part increases correspondingly with an increase 

in the size of the protein. Crystallographic investigations have revealed conformational changes permitting passage of the lipase 

from a state "closed" for the substrate to one "open" for it. In the "open" form the lipase increases its hydrophobic surface, 

which, in its turn, is involved in an interaction with the equivalent surface of the substrate. 
Here it is appropriate to bring in results of investigations by Canadian [61] and American scientists who have made 

a detailed study of  the binding of the substrate with ~ e  enzyme in the "open" conformation for the exemplary case of a 

Candida rugosa lipase [69]. The structure of this lipase was determined at a resolution of 2.06 A in a state accessible for 

solvents. As compared with the crystal structure of a homologous lipase from Geotrichum candidum, in which the active site 

is covered by the surface of loops and is, thus, inaccessible for solvents, the structure of the C. rugosa lipase close to the active 
site has considerable differences. The three loops in this region have different conformations, and the interphase activity of this 

lipase is connected just with the eonformational reorientation of these loops. 

Scientists have proposed two statistical models of the activation of the lipase which explains the necessity of the 

presence of an interphase surface for stabiliTing the "open" conformation of the lipase [70]. In the case of lipases from C. 

rugosa, I-1. lanugosina, and Rh. delemar, the lid is present in the "closed" state even in the presence of the substrate. However, 
the small amounts of a secondary alcohol used in the crystallization of the lipase from C. rugosa and the small amounts of 

detergent used in the crystallization of the lipases from H. lanuginosa and Rh. delemar may displace the "lid" from its "closed" 
position. That is, crystal packing factors may change the conformation of the "lid" in a definite manner. The authors consider 

that intermolecular contacts are the reason for the stabilization of the "open" form of the C. rugosa lipase. In the case of 

structural changes to the lipases of H. lanuginosa and Rh. delemar, the opening of the "lid" and access to the surface of 

hydrophobic interaction with a lipid is accompanied by a change in the spatial positions of amino acid residues. Conversely, 
in the C. rugosa lipase such a change in the positions of amino acid residues has an insignificant effect on the movement of 

the "lid." Gly 124 and Ala 210, present in its surface do not change their positions in either the "open" or the "closed" state 

or when various inhibitors act on the lipase. 

Two theories explaining the activation of a lipase at an interphase surface exist: "substrate" [71] and "enzyme" [72] 

theories. According to the ftrst theory, the state of the lipid-water interphase surface, the increased concentration gradient at 

the lipid-protein interphase surface, and the packing of the lipid molecules cause a rise in the activity of the enzyme. 
According to the "enzyme theory," the critical activation factor eousists of eonformational changes in the enzyme molecule. 

On the basis of these theories and later results on the structure of lipases, scientists have proposed a unified model of lipase 

action [69]. 

In the proposed model, the main point is the fact that the free energies of the "open" and "closed" forms of lipases 

are practically the same, and in an aqueous medium a fairly stable equilibrium of these two forms is preserved. The time during 

which the lipase is present in the open conformation varies in different lipases as a function of the size of the "lid," the nature 

of the amino acid residues, and other external factors. At the moment when the lipid concerned comes into contact with a lipase 
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in the "open" form, there is a close interaction of the substrate particle with the catalytic apparatus. This presupposes that 
hydrophobic residues present in depressions penetrate the lipid substrate and that the integrity of the protein structure is 
maintained by ion-pair interactions between polar groups present at the interphase surface. Thus, both lipase conformations 
and the nature of the interphase surface are important elements of the activation of a lipase at an interphase surface. 

The determination of the three-dimensional structures of various lipases has confirmed that they belong to the serine 
hydrolases. Their active site consists of three residues: a serine residue linked by hydrogen bonds with a histidine residue and 
with a carboxylic residue, which, in its turn, may be represented by either aspartic or glutamic acid. The architectonics of the 
lipase catalytic triad greatly resembles that in serine proteases [73]. 

In the course of the reaction a tetrahydrate intermediate is formed which subsequently breaks down into an acylenzyme 

complex. The catalytic act proper takes place by the following scheme: the first nucleophilic attack of oxygen from the serine 
side on a carbon atom from the carbonyl-ester bond leads to the formation of a tetrahydrate intermediate. The histidine leads 
to an increase in the nucleophilicity of the serine hydroxy group. The histidine imidazole ring adds a proton and acquires a 
positive charge. The latter is compensated by the negative charge of the acid residue. The tetrahydrate complex is stabilized 
by two hydrogen bonds. This is followed by a nucleophilic attack of a hydroxyl ion, liberating the FA and regenerating the 
enzyme. 

The study of the three-dimensional structures of lipases is the basis for a systematic investigation of the similarities 
and differences in related enzymes. On the other hand, the general similarity of the three-dimensional structures, in spite of 
the limited extent of the homologous sequences of the lipases, raises the question of their evolutionary links. The homologous 
amino acid sequence among lipases of various families is limited to the series G-X-S-X-G, which, in all known cases, includes 
the catalytic serine and, in all lipase structures, is present in E-folds surrounded by ~x-helices (i.e., in a supersecondary 
structure) [74]. Other authors [75], analyzing the stereochemistry of the supersecondary structure, have come to the conclusion 

that in all the lipases that have been studied the regions round the catalytic serines are identical. 

LIPASES IN BIOTECHNOLOGY 

Earlier, the main field of employment of lipases was the food industry, where they were used as aromatizers, 
emulsifiers, and so on [76]. The reason for such little interest in these enzymes was their high cost with a relatively limited 
possibility of production, particularly for such large-scale processes as the manufacture of detergents. But, thanks to a sharp 
jump in the development of technologies for obtaining lipases (including the cloning and expressing recombinant DNAs, with 
the aid of which it is possible to construct microbial strains producing various types of lipases), these enzymes have come into 
ever wider use in various fields of industry, and this applies in greater measure just to microbial lipases. 

As we have shown, enzyme preparations of microbial lipases (lipolaktin, lipomikrosporin, lipomikhin, and lipopenil) 
and their immobilized forms, which differ in the specificity of their action, their heat and pH stability, and other properties, 
can be used in processes involving the hydrolysis of vegetable oils and wastes from them (soapstocks and hydrogenated fats) 
with the aim of obtaining fatty acids and glycerol; in the transesterification of vegetable oils and animal fats in order to create 
new fatty bases in the production of dietetic types of margarine and mayonnaises; in the clarification and stabilization of fruit 
juices and other biological liquids as components of enzyme compositions; in the defatting of wastes from the production of 
reeled silk, hides, and fur pelts; in the creation o f  new types of detergents, creams, shampoos, and toothpastes; as additives 
improving the food value and digestibility of fodders; in veterinary and medical practice for creating digestible drugs, for 
producing unsaturated and polyunsaturated fatty acids (prostaglandin precursors) in the processing of marine products; and for 
creating highly effective detergents for everyday chemistry - the purification of sewage, the cleaning of tankers, domestic 
pipes, etc. 

It must be mentioned that in the food industry it is preferred to use just fungal lipases because of their low toxicity in 
comparison with bacterial lipases, which does not lessen the practical value of the latter in other fields. 

For industrial purposes, use is made of microbial-lipase-catalyzed hydrolysis, esterification, and transesterification 
reactions of fats and oils. 

The chemical splitting of fats is usually performed under severe conditions (240-260"C, pressure 60 bar) and has a 
number of undesirable effects - for example, the discoloration of the product and, the degradation of some fatty acids. Today 
there are already examples of the competitiveness of microbial lipases in this field of application. Thus, Japanese scientists and 
the Miyoshi Oil and Fat Co. use lipases for the multitonnage production of soap [77]. 
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Since the lipase is, however, a fairly expensive catalyst, its use in industrial processes is favorable only when the final 
yield of product is very high. 

For a long time the chemical glycerolysis of oils and fats was used to obtain monoacylglycerols, which are emulsifying 
agents. Today it is already possible to speak of the replacement of this method by enzymatic glycerolysis using lipases. Thus, 
the lipase from Pseudomonas gives a mixture of mono- and diglycerides when a definite temperature below the critical level 

is maintained [78]; besides this, the final yield depends on the type of oil or fat used. 
Since the main contribution to the cost of the lipase-catalyzed splitting of fats is borne by the price of the enzyme itself, 

attempts are being made to stabilize the enzyme in some way, to prolong its action, etc. The use of an immobilized lipase may 
permit the easy recovery of the enzyme after the process, which will reduce expenditure. 

Although natural mixtures of triglyeerides can be used directly for various purposes, it is frequently necessary to change 
their individual properties, especially their melting characteristics. In view of this, the oils and fats industry is developing 
chemical methods of hydrogenation (saturating double bonds) and a transesterification procedure. Sodium-catalyzed 
transesterification leads to a random distribution of fatty acid residues among the acylglycerol molecules [79]. Performing 

transesterification with specific lipases will enable lipids with predetermined properties to be obtained. A lipase is used 
particularly frequently in a transesterification reaction for obtaining triglycerides similar to cocoa butter. An immobilized lipase 
must be used for the commercial exploitation of the transesterification reaction. Thus, Bell and Patterson [80] have used a lipase 
bound with micelles for transesterification. But majority of workers use for transesterification a lipase included within some 
matrix or adsorbed on a definite support [81-84]. 

Lipases are attracting attention not only as catalysts of definite processes but also as potential functional agents in 
various mixtures. For example, as important additives to detergents, where they are effective in eliminating fatty spots, 
particularly at low temperatures. It is just in the creation of detergents that the future potential large-tonnage use of lipases 
appears to reside. 

At the present time we may speak with confidence of broad prospects for the use of microbial lipases in medium- and 
large-scale industries, which will give a whole series of advantages over the use of physicochemical and chemical processes. 

Numerous investigations of microbial lipases are opening up broad prospects of their use for both basic scientific and 
practical purposes. But, on the other hand, the incompleteness of the solution of a number of questions is dictating the necessity 
for further approaches in this field. 

In particular, we may mention the problem of the stability of the lipases, especially in relation to the temperature factor. 
This problem can be solved by finding sources of lipases with high thermal stability and by isolating lipases from thermophilic 
sources, and it is possible to use gene-engineering approaches - namely the creation of recombinant DNA. And, fmaUy, there 
is a need for the further development and perfection of the traditional methods of stabilization: immobilization and chemical 
modification. 

The question of obtaining highly active lipases with the required specificity has not disappeared. For this purpose a 
search is being made for new lipase-producing strains and for improvements in the selection and mutagenesis of microoganisms, 
induction, etc. 
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