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1. Scope and outline 

 

Oils and fats from natural origin are sustainable sources for a broad range of 

economically relevant products in food, feed, fuel, oleochemical, and cosmetic 

industries. Thereby, a huge variety of lipids or lipid-derived products exist which 

distinguish themselves by their unique physical properties making them suitable for 

their individual applications. To obtain such functional lipids in an environmentally 

friendly manner, enzymes can be employed. In that context, lipases have been 

proven to be valuable biocatalysts in lipid modification, which are broadly applied in 

industry. Even though they have been implemented successfully in the dairy, baking, 

and detergent industries, there is an increasing demand for the expansion of their 

utilization. New technologies like protein engineering and the implementation of 

process development are employed in solving this task.  

 

ARTICLE I Engineering and application of enzymes for lipid modification, an 

update 

 Zorn K.a, Oroz-Guinea I.a, Brundiek H., Bornscheuer U. T.*, Prog. Lipid. 

Res., 2016; 63, 153-164. 

 (a shared first authorship, * corresponding author) 

In addition to the predominantly applied (i) lipases, enzymes involved in lipid 

modification include (ii) phospholipases, (iii) lipoxygenases, (iv) fatty acid double-

bond hydratases, and (v) P450 monooxygenases. Recent progress in the 

implementation of these enzymes has focused on the identification, characterization 

and optimization of desired catalysts and their processes to obtain novel products 

from fats and oils. Thereby, advanced technologies for the evolution of enzymes 

towards improved stability, activity or selectivity are key driving forces to broaden 

their applicability in industrial processes. In addition, the understanding of 

fundamental mechanisms and structures of the catalysts are supporting this 

development strategies, including examining the phenomenon of interfacial activation 

in lipases, cofactor regeneration and electron transfer in oxygenases, and the 

elucidation of new enzyme classes. Hence, engineering of lipases led to the 

alteration of fatty acid chain length selectivity, fatty acid specificity and improved 

performance in esterification reactions. Likewise, recent advances in the field of 

oxygenase reactions emerged from protein engineering studies mainly focusing on 

the improvement of their stability towards oxidative stress and their robustness and 

regeneration ability of the electron transfer system. On a different account, new lipid 

products can be accessed by the identification and characterization of new 

biocatalysts. In the example of the fatty acid hydratases the implementation in 

enzymatic cascade reactions has shown to be most suitable to obtain ω-

hydroxycarboxylic or dicarboxylic acids from simple unsaturated fatty acids. 

 

ARTICLE II Alteration of chain length selectivity of Candida antarctica lipase A 

by semi-rational design for the enrichment of erucic and gondoic 

acids. 

 Zorn K.a, Oroz-Guinea I.a, Brundiek H., Dörr M., Bornscheuer U. T.*, 

Adv. Synth. Catal., 2018, 360(21), 4115-4131. 
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Long-chain mono-unsaturated fatty acids are interesting building blocks for the 

chemical industry. Therefore, processes for obtaining these compounds with high 

yield and purity are needed. The application of enzymes, and more specifically 

lipases, for fatty acid oil enrichment is an interesting alternative to conventional 

separation technologies. Hence, an enzymatic method was developed in order to 

enrich long-chain mono-unsaturated fatty acids from Camelina and Crambe oil ethyl 

ester derivatives by using selective lipases. To pursue this goal, a suitable lipase 

scaffold, to serve as protein engineering template to create the desired selectivity, 

was chosen. Subsequently, the structure of the selected lipase A from Moesziomyces 

antarcticus (formerly named Candida antarctica; CAL-A) was subjected to molecular 

modeling to examine potential hotspots to perform saturation mutagenesis. Three 

residues present in the binding pocket were identified, allowing the design and 

creation of three combinatorial mutant libraries. The performance of more than 4500 

clones was screened using a robotic platform. The most selective variants were 

analyzed for their activity and selectivity towards different chain length pNP-FA 

esters, as well as the analysis of the contribution of each amino acid change and the 

outcome of combining several of the aforementioned residue alterations. The 

selection and the application of the most promising candidates resulted in enrichment 

of the long-chain mono-unsaturated fatty acid erucic acid from Crambe oil ethyl 

esters in either the free fatty acid fraction (wild-type, wt), or in the esterified fatty acid 

fraction (variants V1, V9, V19). In addition, selective enrichment from the Camelina 

substrate of gondoic acid was accomplished by accumulation of gondoic acid in the 

esterified fatty acid fraction (V290W, V9, V19, V20). The importance of synergistic 

effects in these variants was confirmed and the results obtained are promising for 

developing an economic process for the lipase-mediated enrichment of long-chain 

mono-unsaturated fatty acids from plant oils.  

 

ARTICLE III Strategies for enriching erucic acid from Crambe abyssinica oil by 

improved Candida antarctica lipase A variants. 

 Zorn K., Oroz-Guinea I., Bornscheuer U. T.*, Proc. Biochem., 2019, 79, 

65-73 

To continue with the research on the development of an enzymatic process for 

industrial enrichment of erucic acid from Crambe oil, the best four CAL-A variants (wt, 

V1, V9, and V19) were thoroughly investigated. Hence, first the maximum point of 

enrichment for V1 and V19 was identified by performing enzyme dosing experiments 

on the Crambe ethyl ester. Subsequently, the selectivity towards the natural Crambe 

oil (TAG) substrate was studied, as well as the impact of the reaction temperature. 

Thereby, CAL-A variants were shown to be able to enrich erucic acid up to 80% 

using both substrates, with the wt and V1 being the best performing variants. They 

displayed an optimum activity at high temperatures (60-75 °C) and preserved their 

selectivity in reactions up to 50 °C. Moreover, ethanolysis of the oil was performed to 

examine the influence on fatty acid selectivity, which resulted in erucic acid 

enrichment above 70% but this was accompanied by decreased yields. Finally, the 

most promising reaction was successfully performed on a 1 g substrate scale, the 

resulting fatty acid fractions were isolated by flash chromatography and analyzed. A 

strategy was developed to obtain further enrichment by combining the accumulation 

of erucic acid in the esterified fatty acid fraction, catalyzed by CAL-A V1, with 

subsequent utilization of CAL-A wt. The results obtained provide a promising starting 
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point for implementation of CAL-A variants for oleochemical erucic acid enrichment 

from natural Crambe oil. 

 

ARTICLE IV Enzymatically modified shea butter and palm kernel oil as 

potential lipid drug delivery matrices 

 Obitte N. C.a, Zorn K.a, Oroz-Guinea I.a, Bornscheuer U. T., Klein S.*, 

Eur. J. Lipid Sci. Technol., 2018; 120(4), 1700332. 

To enhance the bioavailability of pharmaceutically active substances, which are 

poorly soluble in water, drug formulations based on lipids can enable a significantly 

improved delivery. However, natural fats and oils usually display properties that do 

not allow their direct use for drug solubilization. Therefore, two different modifications 

of the natural lipids from shea butter and palm kernel oil were carried out by lipase-

catalyzed transesterification reactions to improve their melting and emulsifying 

properties: (i) incorporation of hexanoic acid into the triacylglycerides and (ii) 

formation of mono- and diacylglycerides by glycerolysis. Subsequently, drug 

solubilizing properties towards the model drug Celecoxib were investigated and 

hexanoic acid-modified shea butter demonstrated significant improvement in 

solubilizing it (16 mg/mL) compared to the starting material (8 mg/mL). The lipase-

catalyzed modification also improved the miscibility, droplet homogeneity and 

reduced the droplet size of the oil-water emulsions formed by the lipids blended with 

surfactant mixtures. Consequently, the successful modification process yielded 

structured lipids with improved behavior as major components in self-emulsifying 

drug delivery systems and potential enhancement of Celecoxib solubility and thus 

represents a promising approach for the development of novel safe and effective 

lipid-based drug delivery systems. 

Thus, enzymes in lipid modification offer more sustainable and often more efficient 

processes and consequently are being widely applied among others in the production 

of oleochemicals, healthy fats and oils, and biofuels. Thereby, protein engineering 

offers a toolset to expand the use of enzymes and to design them towards process 

requirements. Within the enzymes in lipid modification, lipases are the most applied 

catalysts and in this thesis their utilization was expanded successfully to the 

implementation of novel separation processes and the production of improved drug 

delivery matrices. 
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2. Introduction 
 

2.1. Lipids 

Lipids are a class of biomolecular compounds which are insoluble in water (making 

them hydrophobic). To this class belong fatty acids (FA), acylglycerides (AG), 

phospholipids, waxes, sphingolipids, lipopolysaccharides and isoprenoids. They play 

a major role in biological systems and especially in the form of FA esters they are 

essential components as fundamental membrane building blocks and energy storage 

units [1]. In this context, most of these biological lipids display an amphiphilic 

character with a lipophilic hydrocarbon residue, which is usually contributed by a FA, 

and a lipophobic headgroup, which could be among others the carboxylic function of 

the FA, glycerol, phosphate, or sugar. The majority of functional lipids are composed 

of esterified FA which are represented in their most abundant form as fats and oils, 

built-up by three FA esterified to the three alcohol moieties of a glycerol molecule 

which is called a triacylglyceride (TAG).  

The physical properties of such FA esters are mainly influenced, not only by their 

level of esterification and other functionalities introduced to the headgroup, but also 

by the FA itself. As mentioned before, FA are hydrocarbons composed of a 

carboxylic acid function with a long aliphatic chain (Table 1). Due to their biological 

synthesis from acetyl-CoA in lipogenesis, natural occurring FA usually only contain 

an even number of carbon atoms. The length of the synthesized carbon chain can 

vary and therefore a classification into short- (<C12), medium- (C12-C18), and 

long-chain (>C18) FA can be performed.  

Table 1: Nomenclature of fatty acids shown for the long-chain mono-unsaturated fatty acid erucic 

acid. 

 

Trivial name Erucic acid 

IUPAC name (Z)-Docos-13-enoic acid 

Number of Carbon atoms 22 

Lipid number C22:1 

Double bond position Δ13 n-13 ω-9 

Double bond stereoisomer cis Z 

 

In addition, the biosynthetic route allows by dehydration processes the introduction of 

double bonds to the aliphatic chain. Thus, only cis (Z) double bonds are introduced 

one or several times resulting in mono- and poly-unsaturated FA (MUFA and PUFA), 

respectively. Such naturally occurring double bonds can undergo microbial and 

chemical hydrogenation processes and lead to the formation of trans FA as side 

products [2]. This type of FA is usually associated with negative health effects being 

attributed as a risk factor for coronary heart disease [3]. Additionally, the double bond 

offers further modification possibilities such as hydroxylation and epoxidation. Taking 
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all this into account, the complexity of FA results in a huge variety of possible lipids 

with biological activity differing in their physical properties concerning (cold) stability, 

oxidation stability, distillation curve, flash point, viscosity, hydrophobicity, acidity, 

odor, hydrolytic stability, etc. 

 

2.1.1. Industrial relevance of lipids 

Lipids are a source of numerous products for food, feed, fuel, oleochemical, and 

cosmetic industries. Thereby, such valuable lipids can be obtained from edible and 

non-edible oils and fats originating from plants, mammals, fish or microbes [4–7] and 

further from industrial oils like petroleum, fossil oil, coal, and gas [8]. Concerning the 

utilization of industrial lipids originating from such fossil resources, they are mainly 

converted into fuel and partially into petrochemicals. Strategies to reduce the 

utilization of fossil raw materials involves the employment of the aforementioned oils 

and fats from renewable resources, but in addition involves new technologies like the 

development of novel microbial lipid producers like cyanobacteria (blue-green algae), 

eubacteria and yeast (Saccharomyces cerevisiae and Yarrowia lipolytica) [9]. Such 

microbial lipid production has several advantages, like (i) faster production of oils and 

fats in comparison to the slowly growing edible oil producing higher organisms like 

animals and (ii) the oils do not compete with the food market. When oils and fats from 

animal and vegetable sources are utilized for other applications than food, the price 

of for instance crops needed for the preparation of basic foods is increased. 

However, the production of microbial lipids is in most cases still not economically 

feasible.  

Furthermore, referring to the relevance of animal fats, they are being mainly 

implemented to the market in food and feed including tallow, lard and butter. Among 

the animal fats and oils, fish oils are especially interesting because of their positive 

nutritional aspects. These beneficial health effects are attributed to their high content 

in poly-unsaturated fatty acids (PUFA) like docosahexaenoic acid (DHA, C22:6), 

eicosapentaenoic acid (EPA, C20:5), and arachidonic acid (ARA, C20:4) which are 

on top of that interesting building blocks for the oleochemical industry.  

In comparison to animal lipids, oils and fats originating from plant sources can be 

economically more interesting due to their shorter growing period and their 

composition of a variety of interesting and useful FA. As a consequence, the 

production of seed oils reached in 2016/17 a world supply of 210.6 million tons [10]. 

The majority of these oils (80%) are used for nutritional purposes as cooking oils, 

margarines, and processed foods [12]. Especially oils containing essential FA like the 

ω3 PUFA linoleic acid (C18:2 Δ9,12Z) and α-linolenic acid (C18:3 Δ9,12,15Z) are 

crucial for human nutrition [13]. Other utilization of vegetable oils involves the animal 

feed industry (6%) and as building blocks for industrial products (14%).  

The major vegetable oils produced worldwide originate from palm, soybean, 

rapeseed, sunflower, palm kernel, peanut, coconut, cotton, and olive [10] (Figure 1). 

Most of them being also used to produce fuel in the form of biodiesel which include in 

this context mainly rapeseed, palm, and soy [14,15]. Biodiesel is produced by 

chemical or enzymatic esterification of the FA in the oil to fatty acid methyl esters 

(FAME).  
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Figure 1: World market share of the vegetable oils being manly produced [10,11]. 

 

As it can be seen for the production of biodiesel, FA are interesting targets and 

utilized as a main product (Table 2). Due to their appearance in the natural form as 

TAG, removal of the FA from the glycerol backbone is needed and the latter is 

produced as valuable secondary product. Glycerol attains its economic significance 

due to its comprehensive application in cosmetics, soaps, pharmaceuticals, and 

production of polyglycerol esters [4].  

 

Table 2: Utilization of oils and fats in the chemical industry [16]. 

Compounds Applications 

Fatty acids and derivatives plastics; metal soaps; laundry and cleaning agents; soaps; 

cosmetics; alkyd resins; paints; textile-, leather-, and 

paper- industries; caoutchouc; lubricants 

Fatty acid alkyl esters cosmetics; laundry and cleaning agents; biodiesel 

Fatty alcohols and 

derivatives 

laundry and cleaning agents; cosmetics; textile-, leather-, 

and paper industries; permanent stencils; additives of 

mineral oil  

Fatty amines and 

derivatives 

fabric softener; mining; road construction; biocides; textile- 

and fiber industry; additives of mineral oil 

Glycerol and derivatives cosmetics; tooth paste; pharmaceuticals; food; coatings; 

plastics; synthetic resins; tobacco; explosives; cellulose 

processing 

Dry oils and natural oil 

derivatives 

coatings; paints; varnish; linoleum; and soaps 
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Due to the unique features displayed by each individual FA, they are valuable 

products in their free FA (FFA) form as well as derivatized compounds (Table 2), 

which can be obtained either by modification at the carboxy function into soaps (FA 

salts), esters, amides, amines or by hydrogenation of both FA and their FAME to fatty 

alcohols for surfactant production [4,5,17].  

Moreover, certain FA are especially interesting for the production of different 

chemicals. For example, α-eleostearic (C18:3 Δ9,11,13Z) acid which can be isolated 

from tung oil is used for the production of paints and printing inks. Furthermore, an 

important component of soaps and detergents can be found in coconut and palm 

kernel oils. The saturated FA lauric acid (C12:0) is abundantly present in these oils. 

Another valuable example is the long-chain MUFA erucic acid (C22:1 Δ13Z), which is 

the major component of high erucic acid rapeseed and Crambe oil. Its amide 

derivative can be used as slip agent in the production of polyesters and furthermore 

other derivatives produced by oxidative cleavage of erucic acid are utilized as 

surfactants with tensioactive properties [5]. Another example worth mentioning can 

be found in the production of nylon, paints, coatings, and lubricants, where the 

natural hydroxy FA ricinoleic acid (C18:1 Δ9Z; 12-OH) from castor oil is the starting 

material.  

For downstream processing purposes it is often required to obtain the FA in high 

purities from the natural fats and oils. Yet, each oil possesses a unique fatty acid 

composition (Table 3) that could be taken advantage of by either using it as it is 

given, or it could be employed as source for a specific FA due to its high 

concentration within the oil mixture. 

 

Table 3: Fatty acid composition of selected vegetable oils including Camelina sativa oil, Canola oil, 
Crambe abyssinica oil, high erucic acid rapeseed (HEAR) oil, olive oil, palm kernel oil, and shea 

butter.  

 

Fatty acid composition [%] 
TM 

[°C] 

C
8
:0

 

C
1
0

:0
 

C
1
2

:0
 

C
1
4

:0
 

C
1
6

:0
 

C
1
6

:1
 

C
1
8

:0
 

C
1
8

:1
 

C
1
8

:2
 

C
1
8

:3
 

C
2
0

:0
 

C
2
0

:1
 

C
2
2

:0
 

C
2
2

:1
 

Camelina [17] 
 
 

   5.3  3.0 19 16 38 1.4 12  2.5 
-18 ‒ -15 

[18] 

Canola [17]    0.1 5.1 0.2 1.7 60 22 9.9 0.6 1.4   
-15 ‒ 0  

[18] 

Crambe [17]     2.2   17 9.3 4.8  4.7  63 
6  

[19] 

HEAR [20]     1.0   22 13 13  9.8 4.6 37 
-21 ‒ 5  

[21] 

Olive [17]     12 0.8 2.6 73 9.4 1     
-9 ‒ 0  
[18] 

Palm kernel [17] 4.1 3.7 46 18 8.4  1.6 16 3.1      
19 ‒ 24  

[18] 

Shea butter [17]     5.0  41 48 5.1 0.3 0.6 0.1   
25 ‒ 45  

[22] 
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2.2 Industrial products obtained by enzymatic lipid modification 

The classical industrial processes in oleochemistry are predominantly targeting the 

ester functionality of the native TAG [5]. Unfortunately, this is pursued by the 

application of harsh chemistry, like high temperatures and high pressures. Well-

established transformations in this industry involve the hydrolysis to FFA and glycerol 

which was formerly performed under alkaline conditions resulting in alkali soaps and 

nowadays is still performed under high temperature and pressure but with water 

steam [16]. Furthermore, the production of valuable FAME for biofuel production also 

involves harsh reaction conditions and is chemically accomplished by base-catalyzed 

methylation. A more ecofriendly alternative is the utilization of biological catalysts 

which are capable of replacing such environmentally harmful processes by more 

sustainable processes. Enzymes are proteins with catalytic activity and can exhibit 

several advantageous features: (i) display of distinct selectivity (stereo-, regio-, 

chemo-); (ii) work under mild reaction conditions (physiological pH, moderate 

temperatures and atmospheric pressure); (iii) have a relatively long half-life; (iv) 

conversion of natural and non-natural substrates; and (iv) no need for using 

protection group chemistry [23]. For these reasons some of the former chemical 

processes in the oleochemical industry have already been displaced by biocatalytic 

routes and furthermore new products have been developed by using enzyme 

technology. Enzymes are employed successfully in lipid modification and primarily 

involve lipases, but moreover phospholipases, lipoxygenases, P450 monooxygenase 

and FA double bond hydratases. 

 

2.2.1 Lipases 

Lipases naturally catalyze the hydrolysis of TAG into glycerol and FFA. These 

enzymes are present in every organism and therefore play a major role in the 

metabolism of lipids. They belong to the class of α/β-hydrolase fold enzymes. Within 

this protein superfamily up to 75% exhibit the three conserved residues serine, 

histidine, and aspartate/glutamate, the so-called catalytic triad [24]. This catalytic 

triad is not only found in lipases, but also in other enzymes performing hydrolytic 

reactions like esterases, proteases, oxidoreductases, and lyases. Indeed, lipases and 

esterases share high similarities and their reaction mechanism [25,26] involves a 

nucleophilic attack by the catalytic serine on the ester substrate (Figure 2). The 

serine itself is activated by the catalytic histidine-aspartate/glutamate pair and a 

tetrahedral intermediate is formed, which is stabilized by the backbone nitrogen of 

glycine residues of the so-called oxyanion hole. These oxyanion hole residues are 

conserved within different lipase families (GX, GGGX, and Y families) [27]. After the 

tetrahedral intermediate collapses, the alcohol product is released. The histidine-

aspartate/glutamate pair activates the water which subsequently attacks the acyl-

enzyme. This leads to the formation of the second tetrahedral intermediate. After 

breaking down the carboxylic acid product is released.  

Both lipases and esterases usually display a broad substrate scope. In contrast, the 

esterases prefer hydrophilic substrates while lipases prefer hydrophobic substrates 

[28]. As a consequence, the phenomenon of interfacial activation is observed with 

most lipase-catalyzed reactions [29], resulting in non Michaelis-Menten kinetics of the 

reactions [30]. This phenomenon is related to the lipase protein structure, exhibiting 
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(with few exceptions) a lid domain. In aqueous environments this domain covers the 

entrance to the active site while it moves away at an oil-water interface (in contact 

with a hydrophobic environment), resulting in the active state of the enzyme. 

Connected to the active site is the substrate binding site, which can form in each 

individual lipase unique structures. Hence, the shapes of those sites are linked to the 

substrate selectivity of the enzymes and are divided into three forms: crevice-like 

(located near the protein surface), funnel-like, and tunnel-like [35]. 

 

 
Figure 2: Proposed reaction mechanism of M. antarcticus lipase A according to Ericsson et al. [25]. 

In step (I), the ester substrate enters the active site and is subjected to nucleophilic attack by Ser184, 
which is itself activated by proton abstraction by the His366/Asp334 pair. The resulting tetrahedral 
intermediate is stabilized by the oxyanion pocket including the backbone nitrogen of Gly185 and the 
protonated side chain of Asp95. In step (II), His366 releases its proton to the alcohol product as the 
tetrahedral intermediate collapses. The alcohol leaves the site, and a water molecule enters in step 
(III). After being activated by the His366/Asp334 pair, the water molecule attacks the acyl-enzyme to 
generate a second tetrahedral intermediate, which then breaks down to release the carboxylic acid 
product (IV). 

 

In addition, lipases are not only capable of performing hydrolysis. They are also able 

to perform synthetic reactions in water-free media, mostly transesterification and 

esterification (Figure 3) [5,31–33]. Besides this promiscuity of lipases, they can 

exhibit different types of preferences towards their substrate regarding sn-1,3-

regioselectivity, fatty acid selectivity, or triacylglycerol selectivity [34].  

Position-specific lipases usually exhibit a preference for the conversion of FA on the 

terminal positions of the glycerol backbone (i.e. sn-1,3-regioselectivity). Until now, 

selectivity for the inner FA position at sn-2 was assigned only to lipase A from 

Moesziomyces antarcticus (formerly: Candida/Pseudozyma antarctica; CAL-A) in 

literature [36] and this was later found to be inaccurate [37,38]. This misinterpretation 

was a result of acyl migration of the glycerol-bound FA and exemplifies how 

important the application of reliable analytics is. There is also a group of non-

regiospecific lipases described with lipase from Candida cylindracea as a prominent 

representative [39]. Furthermore, lipases are known to distinguish between the 

monoacylglyceride (MAG), diacylglyceride (DAG), or TAG forms of acylglyceride. 

Especially lipases with an unusual preference towards MAG and/or DAG have been 

investigated for this unique behavior [40–42]. In addition, fatty acid preference of 
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lipases can be utilized for the separation or enrichment of unwanted or valuable FA 

and can be based on different types of selectivity [43]: (i) chain-length [44,45] (ii) 

double-bond position [46], and (iii) double bond conformation [47]. Stereospecificity 

can also be found in lipases, which is not only limited to the natural substrates (in 

asymmetric TAG a distinction of the FA on sn-1 and sn-3 positions is possible) [36] 

but also other enantiomeric esters can be converted selectively. The distinct 

specificities of lipases can be useful for certain applications but are limiting when the 

conversion of a broad range of FA is needed.  

Besides the commonly reported hydrolytic and (trans-)esterification activity of lipases, 

they can catalyze a range of other reactions. For instance, numerous reactions have 

been described for lipase B from M. antarcticus (CAL-B), such as epoxidation of α,β-

unsaturated FA, amide hydrolysis, and (very slow) aldol addition [24]. 

 

 

Figure 3: Reactions catalyzed by lipases in aqueous and non-aqueous solutions [33]. 

 

In summary, there are numerous features that make lipases useful biocatalysts for 

industry, including their (i) broad substrate spectrum; (ii) excellent chemo-, regio- and 

stereoselectivity; (iii) high stability towards harsh reaction conditions; (iv) 

independence of cofactors; and furthermore (v) a wide variety of lipases is 

commercially available [31,48]. Due to all these advantages lipases are used in 

industry for the removal of fats and oils or for the production of FA, MAG, DAG, and 
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other raw materials [49]. Large scale applications of lipases in industry can be found 

in the dairy, baking, detergent and chemical industries [26,50,51]. 

 

2.2.1.1 Lipase application in the laundry and detergent industry 

One of the most important applications of lipases is in the laundry and detergent 

industry for the removal of oil stains [51]. As additive in modern laundry agents, 

certain features are required of those enzymes like a broad substrate scope to 

remove stains originating from different oils; a high thermostability and cold activity, 

activity in basic environment and even more important, a resistance towards other 

components present like certain chemicals and proteases. Companies like 

Novozymes/Novo Nordisk (Lipolase™, LipoPrime™), Genencor (now DuPont; 

Lumafast™, Lipomax™), and Unilever (lipase from Pseudomonas glumae) have 

been producing and developing such commercial lipases successfully since the 90s 

from fungal and bacterial sources [52]. Additionally, lipases are being utilized in the 

bio-detergents, acting as perhydrolases for the in situ production of peracids [53,54]. 

These compounds function as bleaching agents. On a different account, lipases are 

also involved in cleaning agent production by the synthesis of the chemical 

compounds acting as bio-based surfactants, including sugar or sugar alcohol esters, 

MAG, fatty acid ethoxylates, and polyglycerol polyricinoleate [55] or as soaps by 

lipase-catalyzed hydrolysis of fats and oils [56,57]. 

 

2.2.1.2 Lipase application in the paper industry 

Cellulose is the main component for paper production, but the natural raw material 

contains to a certain extent fat, which leads to so-called "pitch problems" in the 

production process. Therefore, those fats are removed by lipase application by 

companies like Nippon papers industry, Nihon Seishi Company, and Sandoz 

Chemical Biotech (now Clariant) [56,58]. 

 

2.2.1.3 Lipase application in the production of food and nutraceuticals  

Utilization of lipases in the food industry involves the production of flavor compounds, 

edible emulsifiers and functional fats. The flavor compounds synthesized in these 

processes comprise primarily short-chain acyl esters. As most of these compounds 

exhibit a chiral center, enantioselective lipases are preferred in the manufacturing 

process of these substances over the non-selective chemical route. Regarding the 

dairy industry, lipases function as flavor developers in the maturation process of 

cheese [59]. Thereby the lipases partially hydrolyze the TAG of the milk fat and, 

depending on their FA selectivity, the taste can be modulated from strongly spicy 

(short chain FA) to kind of soapy (medium chain FA). Lipases used in cheese 

production usually originate from the gastric system of ruminants or from fungi [60–

62].  

Moreover, fatty sugar ester and partial glycerides including MAG and DAG are 

natural emulsifiers with application in food processing [63,64]. One example is the 

esterification of lauric acid with glucose or fructose with CAL-B to form these sugar 

esters, which in addition display antifungal properties [65]. By partial hydrolysis of fats 



13 

and oils MAG and DAG can be obtained. Regioselective lipases like the one from 

Rhizomucor miehei or a lipase from Penicillium camemberti (Lipase G, Amano) are 

being used for this purpose [66]. 

Concerning bread and other baked products, the employment of lipases has positive 

effects on volume, softness, and shelf-life [67]. They act on both polar and non-polar 

lipids, which results in the enhancement of flavor development as well as in situ 

generation of emulsifiers. The increased stability of the dough to mechanical stress is 

related to these emulsifiers. By that the mechanical processing is improved and can 

result in the enhancement of the loaf volume and higher homogeneity in the 

structural elements of baked products like softness and outer crust. Lipases and 

phospholipases for applications in the baking industry are commercialized by various 

producers including Amano, DSM Food Specialties, Novozymes, and Danisco. 

Regarding the production of nutritionally important structured lipids, regioselectivity of 

lipases from Rhizopus oryzae, R. miehei, Thermomyces lanuginosus, and CAL-B is 

harnessed for their synthesis from low-cost oils by acidolysis. As an example, for 

applications in low-calorie diets TAG exhibiting short-chain (S) or medium-chain (M) 

FA at the sn-1 and sn-3 positions and long-chain (L) FA at the sn-2 position (SLS, 

MLM) are produced for instance from olive oil by transesterification with caprylic 

(C8:0) and capric acid (C10:0) [68]. Also TAG structured with all M FA (MMM) are 

suitable for such a diet. On top of that, DAG oils are even being utilized as anti-

obesity nourishment, which are produced by glycerolysis of oils from e.g. soybean or 

palm [69,70]. Another example is the production of healthy lipids rich in ω-3 PUFA. 

They are usually produced by the acidolysis of hydrolyzed fish oil, rich in these FA, 

with lower grade oils like lard [71]. Furthermore, from a palm oil fraction, containing 

TAG assembled mainly by palmitic and oleic acid, acidolysis with stearic acid leads to 

a suitable cacao butter equivalent. Other structured lipids rich in MUFA can be used 

as milkfat substitutes which are produced from tripalmitin and oleic acid (C18:1; Δ9Z) 

being applied for infant nutrition under the name Betapol™ [72–74]. In addition, a 

better spreadability of margarines is usually achieved by interesterification of solid 

TAG with unsaturated FA. The increased content of double bonds leads to a 

decrease of the melting point [56,75,76].  

Besides the production of such structured lipids, lipase application to improve the 

positive health effects of oils is realized by the selective removal of trans-FA from 

partially hydrogenated vegetable oils [77] and the synthesis of nutraceuticals like 

vitamins [78] and phenolic esters [50,79].  

 

2.2.1.4 Lipase application in organic synthesis and pharmaceutical industry 

As described in Chapter 2.1.1, FA ester production plays an important role in 

oleochemistry and can in most cases also be performed by lipases. However, the 

utilization of the stereospecificity of lipases leading to enantiopure compounds is 

most interesting in the chemical and pharmaceutical industries [56,80–82]. Even 

though a vast number of studies have been conducted on lipase-catalyzed 

stereoselective esterification or hydrolysis involving a broad spectrum of compounds 

(exhibiting alcohol, carboxyl, amine or sulfur moieties), only a relatively small 

percentage of these routes are being achieved on an industrial scale. This includes 

the production of profens (2-aryl propionic acids), Diltiazem (a benzodiazepine), and 

various chiral amines. Still, one of the main limitations for the implementation of 

lipases in the synthesis of enantiopure compounds in industry results from the 
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relatively low product yield. This is mainly due to the fact that most of the lipase-

catalyzed stereoselective processes are based on the kinetic resolution of a racemic 

substrate mixture [83]. By that, only one of the enantiomers is converted by the lipase 

leaving the other as side product. However, this can be overcome, if a system is 

available for converting this enantiomer into the other (dynamic kinetic resolution).  

As demonstrated above, lipases are powerful catalyst with a broad range of 

application. Each individual application requires particular features of the catalyst in 

regard of selectivity or stability towards temperature, pH and/or organic solvents. In 

order to accommodate the demand for new and more suitable catalytic processes, 

different strategies can be conducted: (i) search for new strains and enzymatic 

activities; (ii) design of the reaction concerning the conditions, routes, media and 

utilization of immobilization techniques; and (iii) variation of the enzymes’ properties 

by protein engineering. In this respect, processes used to be designed around the 

features of the applied lipase. Nowadays, in order to expand the use of lipases in 

industry and other enzymes in lipid modification, protein engineering is applied to 

adapt them to the process requirements [84]. 

 

2.3 Recent advances of enzymes in lipid modification (ARTICLE I) 

2.3.1 Protein engineering  

Protein engineering has emerged to be one of the most powerful tools for the 

creation of proteins applied in the pharmaceutical and chemical industries. This 

technology is dived in two concepts: directed evolution and rational design 

[31,84,85]. Directed evolution mimics natural selection by the creation of genetic 

diversity with subsequent screening for the desired activity [86]. Thereby the genetic 

variability is created randomly, utilizing methods like error-prone PCR or gene 

shuffling. This results in a vast number of mutant variants which create a need for a 

suitable high-throughput screening or selection system. Directed evolution has 

proven to be an effective tool for the creation of unique and powerful enzyme 

catalysts and its pioneer Frances Arnold was awarded the 2018 Nobel Prize in 

Chemistry for this groundbreaking technology [87]. However, directed evolution is 

subjected to some major limitations, especially in the quality and ability to produce 

the intended diversity and the availability of an appropriate screening method. In 

contrast to directed evolution, the rational design approach requires the use of 

information about the enzyme, including its structure, reaction mechanism, and 

related family members [88,89]. This knowledge-guided strategy results in the 

production of a few depicted changes to form only a limited number of variants which 

subsequently can be analyzed. Especially computational tools, which for instance 

predict the interactions of the enzyme with the substrate (or product), result in new 

cognitions on structure-function relationships and can lead to the identification of 

structural features which are crucial to introduce a change in the desired protein's 

properties [90]. However, this correlation of structural elements with enzyme 

properties is still not understood completely and by that restrains the rational design 

approach. To overcome the limitations of both directed evolution and rational design, 

a combination of the two can result in a better set of variants and this is called semi-

rational design (also known under the terms focused directed evolution or targeted 

mutagenesis). Therefore, the information available about the enzyme is used to 
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identify certain regions or residues prone to lead to variants exhibiting the desired 

properties. By applying random or saturation mutagenesis to this target sequences a 

few hundred to several thousand variants are created which need to be subsequently 

screened. The approaches that can be conducted to achieve the desired changes 

are numerous and the main challenge lies in finding a suitable assay and the most 

efficient way to improve the chosen enzyme toward the individual goal of amendment 

in the semi-rational strategy but also in general in protein engineering. 

 

2.3.2 Progress in the field of lipases  

Since lipases have been applied widely in lipid modification, recent advances in this 

field focus on the improvement of stability or selectivity, expansion and optimization 

of their applicability, and also the understanding of mechanisms for interfacial 

activation or the ability of members of the "CAL-A-like lipase subclass" to 

preferentially perform acyl transfer reactions in aqueous media. For this mostly 

studies utilizing protein engineering are responsible for the progress. 

The lipase subclass of "CAL-A-like lipases" is quite new and belongs to the group of 

fungal lipases that contain a Y-type oxyanion hole [27]. They are characterized by a 

conserved penta-peptide and a unique cap domain. Lipase A from M. antarcticus 

(CAL-A) was the first member of this subclass and possesses two domains involved 

in interfacial activation of the enzyme [25]. The cap domain is built up by six 

consecutive α-helices and forms the long fatty acid binding tunnel (Figure 4A). The 

flap domain is formed by the C-terminus and acts as a lid covering the active site 

entrance in aqueous environments. Interestingly, removal of the flap has no negative 

effect on CAL-A activity and selectivity and even leads to Michaelis-Menten-like 

kinetics [92]. Consequently, the truncated variant no longer exhibits interfacial 

activation. 

 

 
Figure 4: Structural characteristics of CAL-A (pdb: 2veo and 3guu) [91] including (i) the cap domain 

(red), (ii) helix αD2 (yellow) comprising residue G237 (pink sphere), (iii) the movable flap domain 

(green), (iv) the α/β-hydrolase fold in (blue/grey), (v) the fatty acid binding tunnel (grey wireframe), and 

the catalytic residues S184, D334, and H366 (shown as sticks with atom labeling - C (green), O (red), 
and N (blue). In (A) the full structure of CAL-A is presented and a C16-alkyl chain (orange) is docked 
to the tunnel. In (B) the fatty acid binding tunnel is displayed, which is mainly formed by the helices of 
the cap domain and p-nitrophenyl hexanoate (blue) is depicted in its two possible binding locations. 

 

A B 
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Several protein engineering studies were performed to alter the substrate selectivity 

and specificity of this tunnel lipase. Rational design targeting the acyl-binding 

channel allowed the enantioselectivity towards transacetylation of secondary alcohols 

[93], the selectivity towards trans FA [77], and medium-chain FA [91], to be improved. 

As an example, for the creation of medium-chain FA a blocking of the main acyl-

binding tunnel by the introduction of bulkier residues at position G237 was 

investigated (Figure 4B). The substitution resulted in the desired blockage and the 

binding of the medium-chain FA in an alternative short binding tunnel located at the 

beginning of the main tunnel. The best variants G237V and G237Y were unable to 

hydrolyze FA chains longer than C6 and displayed up to threefold increased activity 

towards p-nitrophenyl hexanoate in comparison to the wild-type (wt) CAL-A. 

Another unique feature of CAL-A is its ability to perform acyl-transfer reactions in the 

presence of water, while other lipases only perform this type of reaction in organic 

media [94,95]. However, to some extent hydrolysis is performed as side reaction and 

by rational design an improved variant D122L was generated with an increased 

transesterification rate. Another member of the "CAL-A-like lipase" subclass is 

lipase 2 from Candida parapsilosis (CpLIP2) [96], which has a more profound 

acyltransferase activity than CAL-A. As structural homologue of CAL-A, 

computational studies were conducted to create a homology model of CpLIP2 [97]. 

This was confirmed in studies utilizing site-directed mutagenesis to identify residues 

crucial for lipase activity and specificity. In addition, the mutant Y197F was identified, 

which exhibited further improved acyl-transfer characteristics of CpLIP2.  

On a different account, industrial lipase application can be limited by the protein 

stability under the needed process conditions. To overcome this limitation, one 

strategy can be to increase the rigidity of the protein scaffold by the introduction of 

new bonds like hydrogen bonds, shown by engineering of CAL-B [98]. Another 

approach is to increase the hydrophobicity on the protein surface to make a lipase 

e.g. from Pseudomonas sp. more stable in organic solvents [99]. Furthermore, 

destabilizing compounds like aldehydes and ketones, which can be present in 

unsaturated FA-rich oils and fats, could react with nucleophilic amino acid residues of 

the enzyme [100]. By saturation of such residues in R. oryzae lipase, a variant was 

evolved with improved stability by 100%. 

Protein engineering studies can be also a useful tool to perform mechanistic studies 

on enzyme structure-function relationships [101]. Even though the phenomenon of 

interfacial activation has been studied extensively [102,103], this activation process 

of lipases by being placed at a lipid-water interface is not completely understood. 

This also applies to the lipase from T. lanuginosus [30,104]. Molecular dynamics 

studies supported the fact that lid opening in aqueous media is unfavored due to the 

exposure of hydrophobic residues [105]. To understand this observation further, a 

structural relative in the esterase family was utilized, the ferulic acid esterase from 

Aspergillus niger [106]. The lid region of T. lanuginosus lipase was exchanged by 

that of the esterase and hybrids of both were generated. It was found that the lid 

region was crucial for presenting either lipase or esterase characteristics. Hybrids 

were found which displayed both features but were negatively affected in terms of 

thermal stability. Interestingly, only the lipase variant with the full esterase lid was 

able to exhibit the open lid confirmation in aqueous media [107]. 

To expand the industrial application spectra of lipases, next to improving the catalyst 

by protein engineering also optimization of the process itself can improve largely the 

economic feasibility. In the case of biodiesel production, lipases have the potential to 
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overcome some of the major drawbacks of the chemical process [14,108–111]. 

However, the only industrial applications of lipase-catalyzed biofuel production have 

been reported in China and Brazil [26,112]. Therefore, studies have been performed 

to optimize the process concerning the selection of the lipase and its formulation, the 

composition of the reaction mixture, and the starting raw material. Especially the 

content of methanol and FFA are important parameters to be adapted in such 

processes, as demonstrated for CAL-B [113–115] and lipase from T. lanuginosus 

[116]. 

 

2.3.3 Progress in the field of phospholipases  

Phospholipids are naturally occurring compounds in vegetable oils which have 

negative effects on the oil stability, color, and flavor [26,117]. Degradation of 

phosphoglycerides can be performed by phospholipases. This class of enzymes can 

be divided into five groups (PLA1, PLA2, PLB, PLC, and PLD) based on their 

substrate cleavage site (Figure 5A). Utilization of these enzymes in oil degumming 

improves the yield in comparison to the classical process. In the classical approach 

the hydrophilic properties of the phospholipid are used for their separation into an 

aqueous phase but due to their emulsifying abilities entrainment of the oil can occur. 

For that reason, phospholipases are applied to separate the hydrophilic phosphatidyl 

headgroup from the hydrophobic FA. 

 

 

Figure 5: Regio- and stereoselective reactions of selected enzymes in lipid modification. 
(A) Hydrolytic reactions of phospholipids catalyzed by phospholipases PLA1, PLA2, PLB, PLC, and 
PLD. (B) Peroxygenation of polyunsaturated fatty acids to conjugated hydroperoxy-dienoic acids by 
lipoxygenases LOX. (C) Hydration of Δ9 and Δ12-fatty acid double bonds by hydratases (FAHA) to 
hydroxy fatty acids. 

 

PLA1 and PLA2 regioselectively hydrolyze the acylglycerol ester bond and thereby 

produce easily hydratable lysophospholipids. The most prominent representative of 

the group of PLA2 originates from porcine pancreas, while in the group of PLA1 the 

member from Fusarium oxysporum is widely applied [118]. To improve the PLA1 

stability of F. oxysporum, a chimeric enzyme with the thermostable lipase from 

T. lanuginosus was evolved [119].  

On a different account, utilization of phospholipases from the group of PLC results in 

the production of oil-soluble DAG and the hydrophilic phosphatides and is by that a 

degumming strategy as efficient as the application of PLA1 or PLA2. The spectrum of 

PLC was expanded due to the development of an enzyme-coupled assay for PLC 

activity [120,121]. This assay utilized an alkaline phosphatase to cleave the 
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phosphoester produced by the PLC and quantification of the phosphomolybdate 

complex formed was realized by spectrophotometry [122].  

Furthermore, phospholipases share with their close relatives the lipases the ability to 

perform the reverse synthetic reaction. PLD from Streptomyces antibioticus was 

utilized to perform such a transphosphatidylation of phosphatidylcholine with myo-

inositol. To establish an efficient enzymatic system, site-directed mutagenesis studies 

were performed, which resulted in variants producing phosphatidylinositol as a 

mixture of positional isomers [123–125]. A subsequent round of mutagenesis led to 

the generation of the desired phosphatidyl-1-inositol isomer [126]. 

 

2.3.4 Progress in the field of lipoxygenases 

Lipoxygenases are interesting catalysts for potential application in industry, including 

the bleaching of colored components in food, paper and textile processes; 

modification of lipids from different raw materials; and production of oleochemicals 

and aroma compounds. They perform (non-heme) iron- or manganese-dependent 

dioxygenation reactions of PUFA with a cis-1,4-pentadiene unit into conjugated 

hydroperoxy-dienoic acid [127] (Figure 5B). Even though lipoxygenases are 

ubiquitous, their applicability is hampered by their poor stability, low catalytic activity, 

and low expressability in suitable host systems [128]. Nonetheless, bleaching of the 

carotenoids present in wheat flour is realized commercially by lipoxygenases from 

soybean [129]. To understand the structure-function relationships in lipoxygenases 

better, several protein engineering studies have been conducted to alter their stability 

[130], metal selectivity [131], and regio- and stereospecificity [132]. By that, a 

conserved residue in the active site was identified which was responsible for the (S)- 

or (R)-specificity in lipoxygenases corresponding to alanine or glycine residues 

respectively [133,134]. To overcome the limitations of these lipoxygenase 

peroxidation processes, studies were performed to scale-up the reaction of linoleic 

acid to 13-hydroperoxy-(9Z, 11E)-octadecadienoic acid with lipoxygenases from 

Gaeumannomyces graminis [135] or Pseudomonas aeruginosa [136]. Thereby, a 

stable process on a 10 g/L substrate scale with high yields and selectivities could be 

developed. 

 

2.3.5 Progress in the field of fatty acid double bond hydratases 

Fatty acid double bond hydratase activity in a Pseudomonas strain was first reported 

in 1962 [137], but only in 2009 was this enzyme cloned and characterized [138]. 

Since then, several members of this developing enzyme class have been identified 

and investigated [139–141]. Most of these enzymes show a preference for the 

hydration of the fatty acid double bond at position Δ9, leading to the formation of the 

10-hydroxy FA (Figure 5C) and therefore are often referred to as oleate hydratases. 

These enzymes are structural homodimers and possess a FAD cofactor as structural 

element, which helps coordinate the FA double bond in the active site but does not 

participate actively in the reaction mechanism [142,143]. Among others, 

investigations on the reaction mechanism have been conducted via structure-based 

mutagenesis studies. In addition, there have been some hydratases described which 
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are able to hydrate, in addition to the Δ9 position, to some extent the Δ12 position 

[144–146] and to date only one enzyme has been identified showing a preference 

towards Δ12 to form the 13-hydroxy FA [147,148]. The promising future prospects for 

the industrial application of hydratases is supported by their successful 

implementation in whole-cell biocatalysis, which led to the production of up to 46 g/L 

10-hydroxy FA [149,150]. Furthermore, they were proven to be suitable biocatalysts 

in different multienzyme cascade reactions for the production of dicarboxylic acids, 

ω-hydroxy FA, or ω-aminocarboxylic acids starting from unsaturated FA [151–153]. 

 

2.3.6 Progress in the field of cytochrome P450 monooxygenases 

Cytochrome P450 monooxygenases (CYP) catalyze the regio- and stereospecific 

oxidation of a wide variety of substrates which can be difficult to access via chemical 

synthesis [154,155]. They are heme-containing enzymes depending on an efficient 

redox partner system that transfers electrons from NAD(P)H to the cytochrome P450. 

Classified by the architecture of the P450 unit with their corresponding redox system, 

these enzymes can be composed of multiple proteins or of a self-sufficient fusion 

protein. Furthermore, they can appear in free form, membrane-bound or membrane-

associated. Besides the great potential of CYP in biotechnology, their industrial 

applications are still limited due to the same obstacles as other oxygenases have, 

involving low stability and poor activity. Especially the efficiency of the reductase 

system of the multicomponent CYP often limits their functionality to the whole cell 

biocatalysis approach [161,162]. Due to that, self-sufficient CYP are more widely 

applied and usually display higher turnover frequencies. This also includes the most 

studied P450 enzyme, the self-sufficient CYP from Bacillus megaterium (BM3, 

CYP102A1) [163]. Furthermore, the complex reaction mechanism of CYP can lead to 

termination reactions where reactive oxygen species like superoxide anion and 

hydrogen peroxide are released and negatively affect the stability of the enzyme. To 

overcome these obstacles, studies were conducted involving an electrochemical 

approach, protein-, and metabolic engineering [156–160]. 

One of the industrially relevant reactions CYP can perform is the hydroxylation of FA 

at the ω-position (Figure 6). In addition, these ω-hydroxy FA can be subsequently 

converted to dicarboxylic acids. Both compounds are interesting building blocks 

useful for the production of polymers and fragrances due to their multifunctionality. In 

this context, the BM3 naturally catalyzes the subterminal hydroxylation of long-chain 

FA in a regio- and stereoselective manner with an exceptionally high reaction rate 

when compared to other CYP. Several protein engineering studies of BM3 made it 

possible to alter its activity, selectivity, stability, cofactor dependence, and 

furthermore gave new insights into amino acid residues crucial for substrate 

specificity and regioselectivity [164–167]. For example, a semi-rational design 

approach led to a BM3 variant which contained eleven amino acid substitutions and 

was capable of forming selectively the terminal hydroxy-FA product with a yield of 

74% [168]. Unfortunately, an increased uncoupling rate was observed with this 

variant. However, to expand the spectrum of applications of this relatively redox-

effective self-sufficient CYP, new members of this class have been investigated 

[169–172]. In addition, fusion proteins have been created of these enzymes with CYP 

units from multi-protein CYP. As it was shown in the fusion of CYP153A from 
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Marinobacter aquaeloei and the reductase domain of BM3, a process could be 

developed for the production of up to 4 g/L ω-hydroxy dodecanoic acid [173].  

 

 

Figure 6: Reactions performed by cytochrome P450 oxygenases, including the hydroxylation at the 
terminal position of the fatty acid acyl chain by the monooxygenase from Bacillus megaterium BM3 
and the decarboxylation of fatty acids with the peroxygenase from Jeotgalicoccus sp. OleT. 

 

Moreover, some CYP can be utilized for the production of terminal alkenes by 

decarboxylation of fatty acids, utilizing hydrogen peroxide as electron and oxygen 

donor (Figure 6) [174]. These terminal alkenes are valuable precursors for 

commodity chemicals and furthermore can be used as "drop-in" compatible 

hydrocarbon fuels. The type of CYP capable of performing this reaction belong to the 

peroxygenase family with CYP152L1 from Jeotgalicoccus sp. (OleT) as its most 

prominent member [175]. Most studies for the biocatalytic implementation of OleT 

focus on the system of supplying the toxic cosubstrate H2O2 to the reaction [176]. 

This can be achieved by two approaches: (i) the use of O2 as oxidant by coupling 

OleT with a biosynthetic redox cascade [177,178], or (ii) by in situ generation of H2O2 

[179]. In addition, biosynthetic alkene production from medium-chain FA was also 

reported for a different class of enzymes in Pseudomonas strains [180,181]. 

Functional screening for the 1-undecene-producing enzyme gene led to the 

discovery of a non-heme iron oxidase (UndA) using an oxygen-activating, non-heme 

iron-dependent mechanism. Further studies on this new class of enzymes need to be 

conducted, including investigations on the kind of regeneration system present to 

reduce the inactive oxidized iron species. 

In summary, it can be stated that recent progress in the implementation of enzymes 

in lipid modification is driven by the identification, characterization and optimization of 

catalysts and their processes to obtain novel products from fats and oils. Thereby, 

advanced technologies for the evolution of enzymes with improved stability, activity 

or selectivity are key driving forces as well as the application of enzyme cascade 

reactions right up to metabolic engineering. Future perspectives in this field will 

involve finding solutions utilizing enzyme technology where classical chemical 

processes are limited or unable to access valuable products. 
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3. Improving lipase selectivity for the enrichment of long-

chain mono-unsaturated fatty acids (ARTICLES II/III) 

Long-chain MUFA are valuable compounds in the production of economically 

relevant products, including detergents, plastics and lubricants [182]. Natural sources 

of these valuable compounds are plant oils from the family Cruciferae 

(Brassicaceae). Two representatives are the oil crops Camelina sativa and Crambe 

abyssinica, which contain large amounts of gondoic (C20:1, Δ11Z) and erucic acid 

(C22:1, Δ13Z) respectively (Table 3). Different strategies can be followed to obtain 

high contents of these desirable MUFA. On the one hand, new plant breeding and 

gene modification technologies are capable of modifying the oil composition 

[183,184] but are usually limited to a maximal concentration in long-chain MUFA of 

two thirds of the comprised FA due to constraints on the physiological TAG 

biosynthesis [185]. On the other hand, long-chain MUFA enrichment from the natural 

oils can be pursued by classical separation technologies, like crystallization and 

distillation [186]. This physico-chemical separation involves harsh conditions and is 

insufficient for isolation in high yields and purities when FA with similar physico-

chemical properties need to be separated. An ecofriendly and potentially more 

efficient alternative is the utilization of enzyme selectivity to solve these enrichment 

problems. Especially lipases have been described in literature to be appropriate for 

the enrichment of long-chain PUFA from fish oil [44,187,188] and trans FA from frying 

oils [47,77]. Furthermore, the enrichment of C22:1 from Cruciferae plant oils has 

been investigated pursuing two different strategies [186,189–193]. In one strategy, 

Cruciferae plant oils with high content in C22:1 (40-60%) comprise this FA naturally 

and exclusively in the sn-1,3 position of the TAG and therefore sn-1,3-selective 

lipases can be harnessed for enrichment [194]. Most studies achieved only moderate 

enrichment values and only the combination of CAL-B ethanolysis together with 

reactor and process development resulted in sufficient C22:1 enrichment (77%) and 

yield (74%) [193]. Alternatively, FA-selective lipases seem to be more promising 

alternatives by which lipases from Candida rugosa [190,191,195] and 

Geotrichum candidum [192,196] were described to discriminate the conversion of 

C22:1. Even though high C22:1 enrichment (up to 85%) was achieved, only 

moderate to low yields were determined and the utilized enzyme preparations were 

comprised of a mixture of isoenzymes, which can display different selectivities and 

therefore can result in problems of reproducibility [197]. Hence, application of single 

lipase variants and investigation of their FA-selectivity behavior as well as the 

improvement of their selectivity via protein engineering are the most promising 

concepts to develop future economic processes. Consequently, FA selectivity has 

been successfully altered in several protein engineering studies [198,199] and 

especially lipases with a tunnel-like acyl-binding site have proven to be good targets 

and could be modified by rational design to reshape such cavities [77,91,200–202]. 

Accordingly, the aim was to enrich C20:1 and C22:1 from Camelina and Crambe oil 

by the utilization of an improved lipase. Thereby the challenge lies within the 

separation of these long-chain MUFA from the large fraction of C18-FA of different 

saturation levels present in the oils, which display when compared similar physical 

properties. 
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3.1. Utilizing semi-rational design to enhance selectivity towards 

long-chain fatty acids in lipase A from Candida antarctica 

In order to achieve the isolation of erucic and gondoic acid, CAL-A was chosen 

based on knowledge of lipases previously described in literature and from an initial 

screening of commercially available lipases. Even though the wt enzyme does not 

display hydrolytic preference for the target FA [204], the tunnel-type binding site can 

be engineered to hopefully create the desired selectivity. Hence, two strategies could 

be followed to accomplish this goal: (i) by preferentially hydrolyzing FA longer than 

C18 and therefore causing their accumulation as free FA (FFA); or to the contrary 

(ii) by hampering the ester bond cleavage of the desired MUFA, thus increasing their 

concentration in the ester-bound fraction (EFA) as the shorter FA are released. 

Introducing a discrimination for FA longer than C18 by shortening the acyl-binding 

tunnel seemed to be the most straightforward approach. For that reason molecular 

modeling and docking studies were conducted with the crystal structure of CAL-A 

(PDB: 3guu) and the FFA molecules of C18:1, C20:1 and C22:1. In so doing, three 

hotspots in the tunnel were identified facing towards the terminal carbon (Cω) of the 

docked C18:1 molecule: V238, V286, and V290 (Figure 7A). Substitutions of these 

residues by bulkier amino acids was performed in silico and this indicated that a full 

blockage was not possible by targeting only one residue. Since the synergistic impact 

of substitutions is hard to predict in molecular modelling studies, simultaneous site-

saturation mutagenesis libraries needed to be created and screened. To obtain a 

feasible number of variants to be screened and still be able to investigate the 

influence of all possible synergistic effects, two alterations to the library design were 

made. First, for saturation mutagenesis the number of codons was reduced from the 

natural 64 codons per position to 22 by utilizing the "small, but smart" library design 

approach with the 22c-trick [205], which encodes all 20 amino acids. Additionally, a 

compromise was made by saturating only two of the three positions simultaneously, 

leading to three combinatorial libraries, where only 1450 clones had to be screened 

per library: library I (V238X and V286X), library II (V238X and V290X), and library III 

(V286X and V290X).  

 

 

Figure 7: Binding pockets of CAL-A wt (A) and CAL-A variants V1 (B, V238L and V290L) and V9 (C, 

V286Q and V290W). The docked C18:1 (purple) is used to illustrate the probable location of the FA in 
CAL-A binding tunnel (wireframe). The tunnel is mainly formed by the six consecutive helices of the 
cap domain (red). Amino acid residues V238, V286 and V290 (green) are facing the tunnel and placed 

near the Cω. The active site residues are highlighted in blue. Note: Helix αD1 is removed for a better 

view onto the binding tunnel [203]. 
 

After creation and transformation of the mutant libraries into E. coli C41, expression 

and screening was performed on the robotic platform LARA (laboratory automation 

robotic assistant) [206]. Evaluation of the clones was conducted by analyzing their 

activity towards three different substrates with p-nitrophenyl myristate (pNP-C14:0) 
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as control substrate and pNP-C18:1 and pNP-C22:1 to determine the chain length 

selectivity of each mutant. Consequently, a pNP-C22:1/pNP-C18:1 activity ratio was 

calculated to assess the variants’ selectivity, where values of 1 indicate equal 

reaction rates towards both substrates, values >1 a preference for pNP-C22:1, and 

values <1 higher activities towards pNP-C18:1. Surprisingly, CAL-A wt showed a 

ratio of approximately 2.6, favoring the pNP-C22:1 ester over pNP-C18:1. However, 

within the designed clones, mutants with desired <1 ratios were obtained from all 

three libraries, rescreened, sequenced and the 15 most selective variants were 

chosen for further characterization.  

The CAL-A variants expressed in E. coli C41 and purified were subsequently 

investigated for their hydrolytic activity towards a range of different chain length pNP-

FA esters and for their activity ratios of pNP-C20:1/pNP-C18:1 and pNP-C22:1/pNP-

C18:1 (Figure 8A). It was observed that CAL-A wt did not sharply differentiate 

between the esters with chain length ranging from C14 to C22 and this matched 

results previously reported in literature [91,204]. For most variants an increase in 

specific activity towards pNP-C18:1 was observed when compared to the wt and for 

all variants a decrease in both activity ratios was detected. Especially the selectivities 

towards C22:1 improved immensely to C22:1/C18:1 values lower than 0.1 for 

variants V1 (V238L and V290L), V2 (V238Y and V290N), V3 (V238I and V290M), 

and V9 (V286 and V290W). Regarding the discrimination of C20:1, the best activity 

ratios obtained ranged between 0.3 and 0.6 for variants V2, V3, V6 (V238L, V286H, 

and V290M) and V12 (V238L and V290N). Further investigations on the enrichment 

behavior on the Crambe and Camelina substrates was conducted with these variants 

excluding V6 due to its low expression levels and low activity in comparison to the 

other variants. For the following experiments, the expression system was changed 

from E. coli to Pichia pastoris (reassigned as Komagataella phaffii) to improve the 

overall expression yields of the remaining five best variants (V1, V2, V3, V9 and 

V12). Expressed CAL-A variants were secreted to the culture supernatant and 

displayed similar activity ratios when applied directly as desalted supernatants. In 

addition, molecular modeling of the five best variants with a docked C18:1 inside the 

binding pocket provided an insight into possible structural changes introduced to the 

tunnel by the amino acid substitutions (Figure 7). As intended, in all five resulting 

models, the tunnel was either cut or narrowed, which explained the newly achieved 

selectivity for FA with a chain length shorter C20. 

Hence, to investigate the contribution of each amino acid change in these double 

mutants, the corresponding single mutants were generated and overexpressed in 

P. pastoris. All single mutants displayed reduced activity ratios of pNP-C20:1/pNP-

C18:1 and pNP-C22:1/pNP-C18:1 when compared to the wt with one exception, 

variant V238Y (Figure 8B). This single mutant displayed a similar C20:1/C18:1 value 

to the wt and interestingly an elevated C22:1/C18:1 value. In this context, the 

complete inversion of selectivity, compared to the parental double mutant of V238Y 

(V2), is even more thrilling and emphasizes the power and possibility of introducing 

great changes accomplished by synergistic effects. Regarding the other single 

mutants, even though decreased activity ratios were determined for them, they did 

not reach to the level of their corresponding double mutants. Thus, the distinct 

selectivity of these variants is attributed to the synergistic effects derived from the 

simultaneous change of both amino acids. Only in V9 the substitution at V290W had 

a considerable impact on its selectivity, as it was observed that the activity ratios 



24 

obtained for this single mutant were nearly equivalent to the ones of the parental 

double mutant (V9). 

After the investigation of the single and double mutants’ selectivity and activity 

towards different pNP-FA derivatives, the possibility of improving even further their 

selectivity was explored by harnessing the newly discovered substitutions to create a 

number of triple mutants: V16 (V1 + V286Q), V17 (V2 + V286Q), V18 (V2 + V286Q), 

V19 (V9 + V238L), and V20 (V9 + V238I). Unfortunately, the activity of the triple 

mutants towards C18:1 was partially negatively affected, with the exception of V16 

(Figure 8C). Even though V16 displayed higher activities towards FA with a shorter 

chain length, its activity ratios were slightly increased when compared to its parental 

double mutant (V1). However, for the other triple mutants both values of the pNP-

C20:1/pNP-C18:1 and pNP-C22:1/pNP-C18:1 were lowered further when compared 

to their parental double mutants.  

 

 
Figure 8: Specific activity towards pNP-C18:1 (  ) and activity ratios calculated for pNP-C20:1/pNP-

C18:1 (  ), pNP-C22:1/pNP-C18:1 (  ) of selected CAL-A variants: overexpressed in E. coli (A) double 
mutants and overexpressed in P. pastoris (B) single mutants and (C) triple mutants [203]. 
 

Taking all these results into account, investigations on the Crambe and Camelina oil 

substrate were conducted with the most promising CAL-A variants, including V290W, 

V1, V2, V3, V9, V16, V18, V19, and V20. Therefore, the variants were produced on 

large scale by high cell density fed-batch fermentation of P. pastoris. Furthermore, to 

assure that the amino acid changes introduced did not affect the stability of the 

selected variants, their melting temperatures were analyzed. Although a decrease in 

melting temperature was observed for all variants except V1, which displayed the 

same melting temperature as the wt (89 °C), in all cases it remained at high 

temperatures above 82 °C.  
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To investigate the enrichment capacity of the best lipase candidates exclusively for 

their FA selectivity, the Crambe and Camelina oil substrates, composed of sterically 

demanding TAG, were replaced by the corresponding FA ethyl ester (FAEE) 

derivatives. In so doing the FA composition of the oils remained the same and the 

possible influence of regiospecific behavior of the lipase variants towards the different 

FA positions on the glycerol would be bypassed.  

Regarding the FA composition of the Crambe FAEE, they were mainly made up of 

C22:1 (58.7%) and unsaturated FA of C18 (31.2%). When the biocatalysis with the 

variants was performed, their behavior could be divided into two enrichment 

behaviors: (i) accumulation of the desired C22:1 in the EFA fraction as intended, and 

(ii) concentration of the desired C22:1 in the FFA form.  

Almost all generated CAL-A mutants acted as expected on the hydrolysis of FA 

shorter C20, with the best variants (V9>V1>V19>V20) enriching C22:1 in the EFA 

fraction by up to 78% (Figure 9A). On the contrary, CAL-A wt was capable of 

achieving similar C22:1 enrichment values by the hydrolysis of C22:1 to the FFA 

fraction. Higher activity for the hydrolysis of pNP-C22:1, compared to the hydrolysis 

of pNP-C18:1, was previously observed for the wt with an activity ratio of ~2.5 

(Figure 8). However, using the complex FAEE mixture it was not anticipated to have 

such a large impact. As a result of this, it was possible to invert the CAL-A wt 

selectivity completely with the designed mutant variants. When analyzing the 

biocatalysis behavior of the variants towards the hydrolysis of the total FA, maximal 

FFA contents varied after 48 h from 40% to 81%, despite prior estimation of the 

amount of enzyme to obtain similar degrees of hydrolysis. Hence a complete 

enrichment profile was only obtained for a few variants. For example, when following 

the graph of V9 an initial phase where the C22:1 content in the EFA fraction is 

gradually increasing can be observed (Supplemental Figure: ARTICLE II, Figure 7A). 

This leads to a maximal point of enrichment and subsequently the enrichment level 

slowly goes down, being a result of the changed FA composition in the EFA fraction. 

This phenomenon can be observed even if the lipase is capable of discerning 

between different FA, the unfavored FA becomes so abundant that the lipase will 

start converting it as well (crowding effects). The maximal point of enrichment can be 

reached at different times throughout the reaction, depending on the variant and as a 

result leads to different theoretical recovery yields. This value is defined as the 

amount of C22:1 present in the enriched fraction (either FFA or EFA) in comparison 

to the total amount of C22:1 in the sample (in both FFA and EFA). However, the 

maximal point of enrichment was not obtained for V1, even though it displayed a high 

C22:1 enrichment value and the largest determined theoretical recovery with 81% 

(Figure 9A). In comparison, the wt and V9 only reached 62% and 46% respectively. 

The accomplished results are comparable to the results described in previous studies 

[186] and do not rely on commercially available lipase isoenzyme mixtures which can 

vary in their proportions from batch to batch. Further process development and 

optimization can lead to a competitive procedure for the enrichment of C22:1 from 

plant oils, especially since CAL-A wt is a well-studied lipase with favorable properties 

for its application like its high level of expression, stability and possibility of 

immobilization [94,207]. 

Concerning the Camelina FAEE, its difference in composition, containing primarily 

C18:3 (38%) and equivalent amounts of C18:1, C18:2, and C20:1 (16% each), 

reflected in the divergent enrichment behavior of the investigated variants. Best 
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enrichment results were obtained for the single mutant V290W and its derived double 

(V9) and triple mutants (V19 and V20; Figure 9B). Thereby, V290W led to the highest 

enrichment with a more than doubled C20:1 content in the EFA fraction of 34% and a 

theoretical recovery yield of 52%, which was in the maximal range accomplished for 

this substrate. The unique selectivity of V290W was reflected in its ability to enrich 

C20:1 in the Camelina FAEE and its incability for the enrichment of C22:1 in the 

Crambe FAEE. However, the results of the pNP-FA selectivity experiments 

suggested an enrichment towards both, C20:1 and C22:1(Figure 8B). A distinct 

structural reason for this intriguing selectivity could not be identified by molecular 

modeling studies of the variant. Furthermore, the previously obtained activity ratios 

for pNP-C20:1- and pNP-C22:1/pNP-C18:1 were quite similar to those for CAL-A wt, 

but no significant C20:1 enrichment was observed in the FFA fraction. However, this 

pNP-FA selectivity experiment gave a good indication of the distinct chain-length 

selectivity cut-off between C20 and C22 for V1 and its derived triple mutant V16. 

Hence, for these two variants only a slight decrease of C20:1 in the EFA fraction was 

detected.  

 

 
Figure 9: Theoretical recovery of long-chain MUFA, which is defined as the amount of long-chain 

MUFA present in the enriched fraction (either FFA or EFA) in comparison to the total amount of the 
long-chain MUFA in the sample (in both EFA and FFA), over the long-chain MUFA content in the most 
enriched fraction which is converted by selected CAL-A variants acting on FAEE from Crambe oil (A) 
and Camelina oil (B) enriching C22:1 and C20:1 respectively [203]. 
 

The different performance of the variants towards the two substrates can be 

attributed to the "selection pressure" of the mutants in the robotic screening assay 

towards pNP-C22:1, resulting in the identification of more and better evolved variants 

for the discrimination of C22:1 rather than C20:1. Furthermore, although comparable 

types of FA are present in both oils, the concentrations of the target FA are different, 

being 15% for C20:1 in Camelina FAEE and 59% for C22:1 in Crambe FAEE. The 

before mentioned crowding effects would especially influence the selectivity of CAL-A 

wt towards the Camelina substrate negatively. When analyzing the variants for 

structural reasons for their distinct selectivities via molecular modeling and dynamics 

studies, all variants exhibited at least 10 Å shortened tunnels. However, convincing 

structural differences, explaining the chain length selectivity cut-off between C20 and 

C22 displayed by V1 or the selectivity towards C20:1 but not towards C22:1 of 

V290W, could not be identified. After all, the selectivity of CAL-A wt towards C22:1-

over-C18:1 could be attributed to the tunnel’s architecture. As it has been described 

previously, CAL-A displays a main acyl-binding tunnel, which is very long (34 Å), and 
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exhibits near the active site, leaving the main tunnel, a small alternative binding 

pocket [91]. The major binding tunnel exhibits a linear section of 15 Å in the 

beginning and takes several turns until it narrows down. Thereby, the double bonds 

in molecules of C20:1 (Δ11Z) and C22:1 (Δ13Z) are located upon binding to CAL-A 

in the first turn of the tunnel, allowing them to take on a more natural conformation 

(Figure 10). In comparison, the cis double bond of C18:1 (Δ9Z) is located in the linear 

part of the FA binding tunnel and thereby could result in decreased binding affinities. 

 

 
Figure 10: Elucidation of CAL-A FA binding tunnel structure by molecular dynamics studies of C22:1 

binding to CAL-A wt. Highlighted in the red circle is the cisΔ13 double bond of the C22:1 molecule. 
The FA (purple) was previously docked in the CAL-A crystal structure (3guu) displaying the binding 
tunnel (wireframe), the catalytic residues (blue), and the hotspots for protein engineering (green) [203]. 
 

To conclude, the aim was to develop an enzymatic enrichment process for long-chain 

MUFA from Camelina and Crambe seed oils and this task was approached by semi-

rational design of the FA chain length selectivity of CAL-A. For that purpose, a 

simultaneous site-saturation mutagenesis strategy was employed in order to obtain 

more selective variants. The positive effects on the desired selectivity of amino acid 

changes introduced at all residues targeted for mutagenesis, confirmed the suitability 

of the chosen site-directed mutagenesis strategy. In addition, analysis of the single 

and triple mutants derived from the best variants found in the screening emphasized 

the relevance of synergistic effects to generate the desired selectivity. The variants 

displayed next to their improved selectivity high melting temperatures and for most 

variants maintained or even increased their activity towards pNP-FA esters with 

shorter chain length. In experiments on Crambe FAEE it was seen for the first time, 

that the CAL-A wt is capable of enriching C22:1 from this substrate by preferentially 

hydrolyzing the C22:1-ethyl ester to its FFA form up to 78%. Within the best variants 

(V1, V9, and V19) a complete inversion of this selectivity was accomplished by the 

enrichment of C22:1 to the EFA fraction ranging between 74-78%. In that regard, V1 

displayed the highest theoretical recovery yield of 81%. Concerning the enrichment of 

C20:1 from Camelina FAEE, best results were obtained from variants with the 

V290W substitution (V290W, V9, V19, and V20) with the single mutant being the 

most selective candidate. This makes it clear that the selected variants have 

demonstrated their ability to enrich long-chain MUFA from complex FA mixtures. 
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3.2. Application of improved Candida antarctica lipase A variants 

for the enrichment of erucic acid from Crambe abyssinica seed oil 

Until now, lipase-catalyzed enrichment of C22:1 from Crambe oil had only been 

described for other lipases [186,190,193] and was never before reported for CAL-A 

wt or engineered CAL-A variants. In order to provide better insight into the potential 

industrial application of the selective CAL-A variants reported in this study, further 

investigations on the optimal conditions for their application were performed. This 

included (i) enzyme dosing on the FAEE derived from Crambe oil, (ii) hydrolysis and 

ethanolysis of Crambe oil TAG, (iii) temperature optimization on the Crambe oil 

hydrolysis reaction, and (iv) upscaling of the enrichment reaction using a "one step" 

and a "two step" approach. In that regard, the best four variants, which were capable 

of enriching C22:1 up to 78%; including the wt, V1, V9, and V19, were selected for 

these investigations on their full potential in terms of productivity and 

competitiveness. Thereby, reactions had to be investigated towards two kinds of 

selectivities: (i) the enrichment of C22:1 as FFA being preferentially converted by the 

wt and (ii) the enrichment of C22:1 in the EFA fraction (EFA = 

FAEE + MAG + DAG + TAG) by the CAL-A variants created to favor the hydrolysis of 

FA with a chain length shorter than C20 (Figure 11). These selectivities give the 

opportunity to decide for the preferred fraction (FFA or EFA) to be enriched in C22:1 

depending on the later downstream processing requirements just by choosing the 

CAL-A variant used as biocatalyst. 

 

 
Figure 11: Conceptual scheme for selective lipase-catalyzed hydrolysis of the Crambe FAEE and the 

oil, which is composed of TAG. CAL-A wt enriches C22:1 as FFA, while the mutants enrich C22:1 in its 
EFA form as FAEE or MAG and DAG [208].  
 

In the first experiments on the hydrolysis of the Crambe FAEE, full reaction profiles 

could be obtained for the wt and V9 in which they both reached a maximal point of 

enrichment of 78% C22:1. This value represents a parameter for the efficiency of 

enrichment by the individual lipase and helps identify the most productive point to 

stop the reaction concerning the purity and recovery of the desired FA. For that 

reason, different dosing strategies for the hydrolysis of Crambe FAEE with CAL-A V1 
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and V19 were examined to reach that point. In both cases the highest enrichment of 

C22:1 in the EFA fraction was determined by increasing the previously applied 

number of enzyme units by ten-fold. Thereby, the highest enrichment value in all 

previously and now tested variants was obtained for the utilization of a ten-fold 

amount of V1 resulting in an EFA content in C22:1 of 82% and a very good 

theoretical recovery of 74%.  

Next, the selected variants were investigated for their enrichment behavior towards 

Crambe oil. The oil is comprised of TAG, which are sterically more demanding and 

therefore can influence the enrichment behavior of the lipase variants. Yet, the oils 

are the more favorable substrate, since the extra step to synthesize the FAEE from 

the oil can be avoided. In fact, the selectivity observed with the FAEE substrate could 

be also determined for the tested variants with the TAG oil (Figure 12). For the 

enrichment of C22:1 in the EFA fraction, V1 displayed better selectivities than V9 and 

V19 with a maximal content of 76% C22:1 and good theoretical recovery yield of 

72%. The enrichment of C22:1 in the FFA fraction by the wt led to a very early point 

of maximal enrichment. This was due to the fact that the oil was comprised of 4% 

FFA with a high content of C22:1 (88%) in this fraction. Since the theoretical recovery 

yield at the early maximal point of enrichment was very low (13%), it would be more 

reasonable to stop the reaction at a later point to obtain a larger fraction size. For 

instance, stopping the reaction after 48 h would result in a good theoretical recovery 

yield of 67% with a C22:1 content of 78%. These results indicated that C22:1 

enrichment from Crambe oil for both CAL-A wt and V1 is equally efficient. 

 

 
Figure 12: Hydrolysis of Crambe oil with CAL-A variants at 37 °C for 48 h. The accumulation of 

C22:1 over the overall amount of FFA was analyzed for CAL-A wt (0.1 U), V1 (10 U), V9 (1 U), and 
V19 (10 U) in either the EFA fraction (A) or the FFA fraction (B) [208].  
 

To broaden the spectrum of possible products obtained by selective conversion with 

the lipases instead of hydrolysis of the oil the FAEE synthesis were performed. 

Lipases are well known to catalyze esterification reactions under water-free 

conditions (Figure 3) [209]. However, CAL-A also possess acyl-transferase activity in 

the presence of water, preferentially performing esterification when a suitable acyl 

acceptor is available [94,210]. In these transfer reactions a change in FA selectivity 

can occur, resulting in new enrichment behavior of the lipase/acyl-transferase 

[211,212]. For that reason, the selectivity of CAL-A wt and V1 was investigated in 

ethanolysis reactions of Crambe oil. Both enzymes were capable of the enrichment of 

C22:1 above 70% in their corresponding FA fraction, being for the wt the FAEE and 
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for V1 the AG fraction (Figure 13). However, the theoretical recoveries were reduced 

in both cases, which could be a result of the observed side reaction in form of 

hydrolysis. Nonetheless, with further optimization, the ethanolysis seems to be a 

promising alternative to obtain economically valuable FAEE as well as an enrichment 

in C22:1. 

 

 

Figure 13: Ethanolysis of Crambe oil with CAL-A variants at 37 °C for 48 h. The accumulation of 

C22:1 in the main fractions being the FAEE and the AG were analyzed over time for 10 U CAL-A wt 
(A) and 100 U V1 (B). In addition, the total amount of FA in fractions of FAEE, AG, and FFA was 
determined [208].  
 

As described previously, CAL-A wt and V1 display high melting temperatures of 

89 °C. However, this thermal stability does not necessarily mean that CAL-A exhibits 

a long half-life at those temperatures and therefore would be stable for a long time 

under these conditions. Even so, increased reaction temperatures can be beneficial 

for the reaction kinetics and improve the homogeneity in case of the oil and its 

possible intermediate and final products to a liquid state. For that reason, the optimal 

temperature of CAL-A wt and V1 in Crambe hydrolysis was determined and 

subsequently the impact of the reaction temperatures higher than standard 

conditions at 37 °C was investigated in selective C22:1 enrichment biocatalysis for 

48 h. Both CAL-A variants displayed a temperature optimum in the range from 60-

75 °C. Regarding the long-term thermal stability and the selectivity of the two 

variants, biocatalysis was performed at 37, 50, 60, and 70 °C. For both variants, the 

selective C22:1 enrichment behavior observed at 37 °C could be maintained at 50 °C 

with similar theoretical recovery values. However, at higher temperatures the wt 

displayed lower rates of hydrolysis which could be most likely attributed to denaturing 

effects. On the contrary, V1 displayed elevated rates of hydrolysis at 70 °C, 

suggesting higher long-term stability of this variant. Despite that, enhancement of 

reaction temperature in biocatalysis with V1 came with a tradeoff in recovery yield 

which decreased with increasing temperatures for the most enriched C22:1 fractions.  

Taking all these results into account, a scale up strategy was developed to obtain an 

enriched C22:1 fraction from 1 g Crambe oil substrate. Since the CAL-A variants 

were more selective in the hydrolytic reactions and their selectivity was improved at 

lower reaction temperatures, reactions were carried out with V1 under the 

established standard conditions at 37 °C (Figure 14). Thereby, the previous scale of 

250 µL emulsion reactions was increased by 80-fold to 20 mL and the amount of 
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enzyme was increased accordingly. The first trials only resulted in C22:1 

concentrations in the EFA fraction between 70-71%. Therefore, the amount of 

enzyme was further increased four-fold which resulted in higher enrichment (74%). 

This discrepancy in enrichment when compared to the small-scale reaction could be 

explained by the reduced dispersion efficiency of the reaction mixture when working 

with larger volumes or by having stopped the reaction not exactly at the time of 

maximum enrichment. Hence, to harvest the enriched fraction from the reaction 

mixture, the sample was extracted and subsequent fractionation of the FFA and EFA 

by flash chromatography was performed. Unfortunately, a major proportion of the 

lipids was lost already in the extraction step. Consequently, a yield of only 40% C22:1 

was obtained with a content of 74%. Nonetheless, the possibility was investigated to 

further enrich this acquired EFA substrate rich in C22:1 by a second enrichment step. 

Therefore, CAL-A wt was applied according to its previously determined optimal 

reaction conditions for the oil hydrolysis at 37 °C on small scale. These first trials led 

to a minimal enrichment to 75% C22:1 but now in its FFA form which was 

unfortunately reduced to 74% after work up accompanied by a reduction in yield to 

only 11%. These results for the up-scaling experiment show that enrichment of C22:1 

can be achieved on higher scale but this requires further optimization. On the one 

hand, the improvement of dispersion as well as the determination of the amount of 

enzyme and the most feasible time to stop the reaction need to be conducted. On the 

other hand, the loss of products could be avoided, and the recovery yields increased, 

if the separation technologies would be improved or altered.  

 

 
Figure 14: Strategy for the up-scaling process of non-idealized Crambe oil hydrolysis. In the first step 

CAL-A V1 was applied to enrich C22:1 in the EFA fraction. Fractions were separated by flash 
chromatography and further enrichment of C22:1 was performed in a second step of hydrolysis with 
CAL-A wt. 
 

In summary, CAL-A wt and selective variants created by protein engineering were 

investigated for the enrichment of C22:1 from Crambe oil substrates. Enrichment of 

C22:1 in hydrolytic reactions of Crambe substrate showed high reproducibility and 

resemblance for both substrates, FAEE and TAG. Thereby, CAL-A wt and V1 were 

found to be the most selective variants and displayed high thermal stabilities and 

activities. Their high selectivity could be maintained in reactions up to 50 °C but 

decreased in ethanolysis reactions under aqueous conditions of the Crambe oil. 

Although, up-scaling experiments for the C22:1 enrichment in Crambe oil hydrolysis 

with V1 were performed successfully, further enrichment by an additional second 

step utilizing the opposing CAL-A wt selectivity did not lead to further improvement in 

C22:1 enhancement. However, these preliminary results demonstrate that C22:1 

enrichment from Crambe oil with CAL-A wt and V1 was equivalent to other reported 

studies and provides a promising starting point for the development of an industrially 

relevant oleochemical process. In addition, due to the opposing selectivities of the wt 

and V1 it is possible to decide for the form of the enriched C22:1 fraction. 
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4. Modification of shea butter and palm kernel oil for drug 

solubilization (ARTICLE IV)  

In pharmaceutical industry, active pharmaceutical ingredients (API) with lipophilic 

properties make up to 50% of the currently produced compounds but often display 

limited and variable bioavailability [214–216]. To overcome these problems, drug 

delivery strategies can be applied, ensuring that the API is readily accessible and 

completely dissolved. In that regard, lipid and surfactant-based drug delivery systems 

have been successfully applied for oral applications of some water-insoluble drugs 

[217,218]. Lipid-based drug delivery systems represent a broad range of formulations 

that can be built up by for instance AG (MAG, DAG, and TAG), surfactants and 

cosolvents [219]. Their great potential in improving bioavailability of API is often 

limited by (i) the availability of a lipid/surfactant system fitting the physicochemical 

characteristics of the drug; (ii) the usually low drug-solubilizing capacity of pure, 

natural oils and fats; and (iii) the safety concerns when applying (semi-) synthetic 

lipids, surfactants, and cosolvents [220]. To broaden the applicability of such lipid-

based formulations, fats and oils, which have so far not been explored for this 

purpose, should be investigated. In that regard, the edible lipids from Vitellaria 

paradoxa (shea butter; SB) and Elaeis guineensis (palm kernel oil; PKO) are 

ubiquitously produced in Africa and thus are interesting candidates for formulation 

development. These oils are mainly composed of saturated medium-chain FA 

(Table 3), which exhibit higher solvent capacity for drugs than TAG containing 

predominantly long-chain FA [221–224]. In addition, both lipids are being widely 

applied and especially SB has been extensively studied for its nutritional and 

cosmetic potential as well as for its use in pharmaceutical formulations for cutaneous 

application [225,226]. However, these lipids display limited solubilization capacity, 

which might make it necessary to modify them or to add high concentrations of 

surfactants in order to utilize them as excipients in lipid-based formulations for drug 

delivery. Consequently, tailoring these natural TAG into structured derivatives could 

increase their solubilizing capacity without changing their regulatory status. From 

literature it is well know that TAG can be subjected to enzyme-catalyzed lipid 

modification to result in structured TAG with for instance improved nutritional 

properties (Section 2.2.1.3). Therefore, investigations were performed on lipase-

catalyzed modification of SB and PKO with the aim of improving their applicability in 

oral lipid-based drug delivery systems for pharmaceutical use. In that regard, 

Celecoxib, a hydrophobic 1,5-diarylpyrazole derivative, was chosen as model 

substrate which is a selective COX-2 anti-inflammatory drug applied as painkiller and 

in the treatment of different kinds of arthritis disease [227]. 

SB and PKO were subjected to lipase-catalyzed esterification to improve their self-

emulsifying or solubility-enhancing properties. Hence, two strategies for the 

modification of the lipids were employed: (i) transesterification of the TAG with 

glycerol, aiming for the formation of the partial glycerides MAG and DAG; and (ii) 

acidolysis with the short-chain FA hexanoic acid (C6:0) to create TAG containing one 

or two equivalents of this FA (Figure 3). Immobilized lipase from T. lanuginosus 

(Lipozyme TL IM, Novozymes) was preselected as the most suitable catalyst and 

preparative-scale experiments were performed first at 15 g and then 100 g scale to 

provide sufficient starting material for the subsequent drug formulation studies. 

Analysis of the modified lipids showed no significant differences between the two 
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batches but indicated a substantial amount of hydrolysis as side reaction in both 

approaches for modification of both SB and PKO. Nonetheless, in GC analysis the 

main fractions were composed of AG with reduced molecular weights, compared to 

the TAG starting material. Thus, formation of MAG and DAG in the glycerolysis 

reaction and incorporation of C6:0 into the TAG in the acidolysis reaction were 

confirmed. Thereby, values of C6:0 in the EFA fraction reached up to 9% in SB and 

10% in PKO (Figure 15). 

 

 
Figure 15: Fatty acid composition of the EFA fractions of 100 g scale reactions with TL IM and C6:0 

at the start (t0, bright color) and end (t100, light color) of SB (blue) and PKO (orange) [213]. 

 

Investigations on the solubilizing capacity of the unmodified and modified oils towards 

Celecoxib were performed by a saturation screening. By that, the unmodified PKO 

displayed the highest capacity for Celecoxib, closely followed by the C6:0-modified 

fats and oils (Figure 16A). Furthermore, both glycerol-modified lipids resulted in even 

reduced solubilities, which might be attributed to impaired melting properties of MAG 

and DAG when compared to the TAG. Although the modified oil did not improve 

Celecoxib solubility in PKO, it must be emphasized that C6:0-modified SB improved 

its solubilizing capacity by nearly two-fold in comparison to the unmodified SB. The 

lower solubility of Celecoxib in unmodified SB compared to unmodified PKO can be a 

result of its higher melting temperature [225,226]. Therefore, incorporation of C6:0, 

especially when it replaces glycerol-bound palmitic or stearic acid, can result in a 

significant decrease in melting temperature and thereby improve the solubilizing 

properties at ambient temperatures. In addition, it should be noted, that only one 

model drug was tested and the performance of the tested modified SB and PKO can 

be much better in combination with another API. 

Another way to utilize oils and fats for API solubilization is their implementation in 

self-emulsifying drug delivery systems which consist of AG, water-miscible 

surfactants, and cosolvents [219]. Thereby, advantageous features of such 

emulsions include small droplet sizes, high homogeneity of the droplets (low 

polydispersity indices), and the addition of lower amounts of surfactants and 

cosolvents in comparison to the oil (AG) component. A standard system was used for 

these miscibility and droplet size studies composed of generally regarded as safe 

(GRAS) classified surfactants, including two hydrophilic surfactants with a high 

hydrophilic-lipophilic balance: (i) TWEEN® 20 and (ii) Kolliphor® RH40; a hydrophobic 

cosurfactant with low hydrophilic-lipophilic balance: (iii) Capryol™ 90; and the AG 

component which was altered with the different unmodified and modified SB and 

PKO samples [220]. To investigate the impact on reducing the amount of added 

surfactant, oil-surfactant mixtures were prepared with alteration of the ratio to 
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1:2 (v/v); 1:1 (v/v); and 2:1 (v/v). These mixtures displayed different physical 

appearances but resulted after dispersion into water in stable emulsions 

(Figure 16B). Differences of the emulsions were observed when their polydispersity 

index and their droplet size were compared. Hence, when correlated with their 

natural oils, emulsions prepared from modified SB and PKO displayed lower droplet 

sizes and reduced polydispersity indices. Especially when the concentrations of 

surfactants were reduced, these structured lipids displayed significant improvement 

in relation to the emulsions prepared from their base materials. Additionally, it can be 

stated that within the modified fats and oils the ones obtained by glycerolysis led to 

the formation of the smallest droplets. Regarding the SB emulsions, it was observed 

that the long-term emulsion stability of the unmodified fat decreased when the 

content of solvent was lowered in the mixtures. This might be a consequence of the 

higher melting point of SB, which exhibits high content in stearic acid [228]. 

Consequently, stable emulsions with high homogeneity of the droplets could be 

obtained for the modified lipids with improved droplet size when compared to the 

natural ones, especially when the surfactant concentration was decreased in the 

mixture. The better performance in this experiment of the glycerol-modified lipids can 

be attributed to the emulsifying properties MAG and DAG display. 

 

 
Figure 16: Solubility of Celecoxib (A) and aqueous dispersion of 1% (v/v) oil/surfactant mixture (B) of 

fat and oil samples from SB and PKO in the form of the natural or pharmaceutical grade; and the fat or 
oil enzymatically modified with either hexanoic acid (C6:0) or glycerol (Glyc) [213]. 
 

In summary, the synthesis of two kinds of structured lipids from natural SB and PKO 

via transesterification with lipase TL IM was conducted successfully, resulting in 

structured TAG with incorporated C6:0 or the partial glycerides. Their usefulness was 

investigated for their direct utilization as drug solubilization matrices and in self-

emulsifying oil formulations containing GRAS-status surfactants. Especially in the 

second application, modified oils displayed improved properties, making it possible to 

reduce the amount of surfactant added while still exhibiting better droplet size and 

polydispersity values. Therefore, structured lipids represent a novel approach to 

improve the solubilizing properties of natural fats and oils for their implementation as 

lipid-based formulations for lipophilic API. Since only one model drug (Celecoxib) and 

one model system for self-emulsifying oil formulations were investigated, future 

studies should focus on expanding the range of poorly soluble model drugs to be 

screened as well as on the development and screening of more structured lipid 

derivatives from other natural oil origins.  
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5. Conclusions 

Utilization of renewable raw materials as well as the application of green reaction 

technologies is emerging as a flourishing alternative to traditional oleochemical 

processes. Alongside their contribution towards more environmentally friendly 

industrial routes, they have the potential not only to replace already existing, pollutive 

procedures, but furthermore expand the variety of commodities inaccessible by 

classical chemical technologies. In this sense, enzymes are being widely 

implemented in industrial lipid modification to obtain a broad spectrum of products for 

fuel, food, oleochemical, pharmaceutical, and cosmetic industries.  

In ARTICLE I recent advances in the field of enzymatic lipid modification were 

reported. In that regard, the development of protein engineering methods emerged to 

overcome the previous bottlenecks in the biocatalytic approaches by enhancing the 

stability, activity, and selectivity of the enzymes. Advances in new tools for 

computational protein analysis supports making these studies more guided and time-

efficient.  

Moreover, there is an increasing demand of novel lipids and lipid formulations for 

oleochemical and pharmaceutical applications. In that context, plant oils serve as 

suitable and interesting renewable feedstocks to accommodate that demand. In 

ARTICLES II and III an enzymatic process was developed for selective fatty acid 

enrichment from Crambe and Camelina oils, which are rich in valuable long-chain 

mono-unsaturated fatty acids. To accomplish that goal, CAL-A was selected for semi-

rational protein design to enhance its selectivity towards erucic (C22:1) and gondoic 

acid (C20:1). The development of a suitable mutagenesis and screening strategy led 

to the identification and characterization of multiple improved variants. When the 

variants were tested first on the FAEE derivatives of the oil, variants displayed the 

anticipated selectivities for the enrichment of C20:1 and C22:1 in the esterified fatty 

acid fractions. Surprisingly, this meant for the C22:1 enrichment reactions a complete 

inversion of the wild-type's selectivity, which was able to enrich C22:1 in the opposing 

free fatty acid fraction to the same extent. Investigations were performed on the 

behavior of the best variants towards the C22:1 enrichment in different Crambe oil 

substrates (FAEE and oil) in the hydrolysis and ethanolysis reactions, as well as the 

temperature dependence on the variants’ stability and selectivity. The wild-type 

CAL-A and variant 1 have been found to be the most selective candidates being fit in 

up-scaling experiments and giving the opportunity of choosing the most favored form 

of C22:1 for further downstream processing. These results provide a promising 

starting point for the development of a relevant oleochemical process for C22:1 

enrichment from natural Crambe oil. 

To enhance the bioavailability of lipophilic pharmaceutically active substances, drug 

formulations based on lipids can enable a significantly improved delivery system. To 

improve the implementation of natural fats and oils, displaying usually unfavorable 

properties, in ARTICLE IV shea butter and palm kernel oil were subjected to lipase-

catalyzed acidolysis with hexanoic acid or glycerolysis. Solubilizing properties 

towards the model drug Celecoxib were only improved in hexanoic acid-modified 

shea butter, when compared to the starting material. Application of the modified lipids 

in self-emulsifying drug delivery systems improved in all cases the miscibility, droplet 

homogeneity and reduced the droplet size. Consequently, structured lipids with 

improved drug solubilization behavior represent a promising approach for the 

development of novel safe and effective lipid-based drug delivery systems. 
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1. Introduction

Development of sustainable energy and material production pro-
cesses is one of the major challenges faced in the prosecution of a
more eco-friendly chemical industry. In order to overcome these envi-
ronmental concerns, the application of greener reaction technologies,
as well as the use of renewable raw material sources, is needed to
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cover the increasing demand of fuels and chemicals aswell as to provide
compounds for healthy human nutrition. In this sense, the use of vege-
table oils – and to a smaller extent of animal fats – together with the im-
plementation of biotechnological methodologies, is an important
alternative to traditional petrol derived processes.

Lipid biotechnology employs whole (engineered) microorganisms
or isolated enzymes as biocatalysts to obtain a great variety of special-
ties, which are used for the production of healthy fats and oils, cos-
metics, lubricants, coatings, surfactants, biofuels, and many other
useful products [1–3]. Commonly used enzymes for the modification
of lipids, fats and oils, include mostly lipases, but also phospholipases,
P450-monooxygenases and lipoxygenases among others [4]. Enzymes
can offer numerous advantages as catalysts, such as high efficiency,
chemo-, regio- and stereoselectivity, avoid the need for functional
group activation and protection/deprotection steps and are environ-
mentally friendly, since enzymes are biodegradable, use mostly water
as a solvent system and work under mild reaction conditions [5]. De-
spite all these benefits, there are some limitations for the effective im-
plementation of enzymes in industrial processes such as narrow
substrate scope, insufficient stereoselectivity or intrinsic instability to-
wards harsh reaction conditions like high temperature, extreme pH,
presence of organic co-solvents or long-term process stability. To ex-
tend their applicability several strategies can be applied to obtain
biocatalysts displaying the desired characteristics: (i) search for new
strains and enzymatic activities, including classical enrichment cultiva-
tion, the metagenome approach or in silico screening for new enzymes;
(ii) development of alternative reaction media and immobilization
methodologies, and (iii) variation of the enzyme properties by protein
engineering [6–9].

Several publications have extensively covered this subject of enzy-
matic lipid modification in the past few years [2,4,10,11]. Therefore,
the aim of this review is to summarize the most important tools and
strategies for protein engineering and to illustrate the recent achieve-
ments in the field of enzymatic lipid modification.

2. Protein engineering

As pointed out above, protein engineering has emerged as an impor-
tant tool to overcome the limitations of natural enzymes as biocatalysts.
Two main strategies for protein engineering are used to optimize the
enzyme properties towards the desired application: rational design
and directed evolution [11–13]. Rational protein design requires struc-
tural and mechanistic information of the enzyme of interest (or a
good homologymodel). Using this data andmolecularmodeling, usual-
ly a few interesting amino acids can be identified to alter or induce the
desired properties. Then, the chosen variants are created in the labora-
tory and their features are tested experimentally. On the other hand, di-
rected evolution involves either a random mutagenesis of the target
gene encoding the catalyst (e.g. by error-prone PCR) or recombination
of a set of related genes (e.g. by DNA shuffling). By means of these
methods a mutant library of the protein is generated and subsequently
screened to find the best mutants exhibiting the desired property. Var-
iants showing promising results can be subjected to further rounds of
evolution. Although both approaches have shown their usefulness,
some limitations have to be taken into account. For instance, while ra-
tional protein design needs a deep and accurate understanding of the
protein tomake reliable predictions, directed evolution does not require
structural data. Furthermore, the effect of simultaneous mutations is
often extremely difficult to predict by rational methods. Luckily, nowa-
days there is an increasing availability of sequences, structures and bio-
chemical data of proteins, combined with an amazing progress in
computational technologies [14,15]. On the other side, when using di-
rected evolution huge mutant libraries are usually created (N104–107

variants), hence, a high-throughput screening or selection system
must be available. Moreover, bias in the experimental methods and de-
generacy of the genetic code restricts the library design. These issues

have been recently addressed in different articles [12,16,17]. Another al-
ternative to overcome the restraints of eachmethod is to use semi-ratio-
nal design, a combination of these two strategies. This concept merges
mechanistic and structural information, as well as computational pre-
dictive algorithms to preselect promising target sites. The focus on spe-
cific regions of the enzyme translates into dramatically reduced library
sizes with yet higher hit rates, which is especially advantageous if no
high-throughput assay system is available [12,18].

In addition to the aforementioned strategies, de novo protein design
has emerged as a promising tool for generating tailor-madebiocatalysts.
Currently, strong efforts are made to expand the set of reactions cata-
lyzed, including non-biological reactions such as multistep retroaldol
transformation [19], Diels–Alder cycloaddition [20], and Kemp elimina-
tion [21]. Typically these designed enzymes do not reach the activities
displayed by natural enzymes, however they can be significantly im-
proved by directed evolution [22–24].

3. Lipases

Lipases naturally catalyze the hydrolysis of triacylglycerols (TAG)
into glycerol and non-esterified fatty acids (NEFA). Furthermore, lipases
are able to perform synthetic reactions in organic solvents, mostly
transesterification and esterification reactions. Thus, fatty acid alkyl es-
ters can be formed, which are used as biodiesel [2]. Besides this, lipases
can catalyze a range of other reactions. For instance, numerous reactions
have been described for lipase B from Candida antarctica (reclassified as
Pseudozyma antarctica) (CAL-B), such as epoxidation of α,β-unsaturat-
ed fatty acids, amide hydrolysis, and – very slow – aldol addition [25].

There are numerous features that make lipases useful
biocatalysts for industry such as (i) broad substrate spectrum,
(ii) excellent chemo-, regio- and stereoselectivity, (iii) high stabil-
ity towards harsh reaction conditions, (iv) independence of cofac-
tors and, furthermore, (v) a wide variety of lipases is commercially
available [26]. Due to all these advantages lipases are used in in-
dustry for the removal of fats and oils or for the production of
NEFA, monoacylglycerols (MAG), and diacylglycerols (DAG) as
raw material [27]. Large scale applications of lipases in industry
can be found in the dairy, baking, and detergent industry [28–
30], but also for the production of trans-fatty acid free margarines
and biodiesel (fatty acid methyl esters). Each individual applica-
tion of lipases requires certain selectivity or stability towards tem-
perature, pH and/or organic solvents. Processes used to be
designed around the features of the applied lipase. Nowadays, in
order to expand the use of lipases in industry, protein engineering
is applied to adapt them to the process requirements.

During the past decades lipases have been studied extensively and
are well understood [1,4,10,31–33]. In this section we are going to
focus on the most recent progresses in the improvement of lipases by
protein engineering.

3.1. Candida antarctica lipase A like group

The quite new lipase subclass of “Candida antarctica lipase A (CAL-A)
like lipases” is assigned to the group of fungal lipases that contain a Y-
type oxyanion hole [34]. Their similarity relies on a conserved penta-
peptide GESAG in their active site and a unique cap domain.

Structurally, CAL-A possess two differentiated domains that play a
major role in interfacial activation of the enzyme: the cap domain and
the flap domain (Fig. 1) [35].

The CAL-A cap domain involves 92 amino acid residues (amino acids
217–308), which are mainly hydrophobic, and create sixα-helices. This
domain participates in forming the acyl-binding tunnel and contributes
to substrate-specificity and stability. Thus, single amino acid changes
can induce differences in selectivity and specificity of the enzyme [36].
Regarding to the flap domain, it is formed by 10 amino acid residues
that create two N-terminal β-sheets (amino acids 426–436) [35]. This
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structure flap lies on the entrance of the substrate-binding pocket, cov-
ering the active site. Therefore, when the flapmoves, it leaves the active
site pocket accessible for the substrate. Interestingly, by removing the
flap domain,Wikmark et al. could demonstrate a preservation of the se-
lectivity, specificity, and stability of CAL-A wild-type and, on the other
hand, a Michaelis-Menten-like kinetic applicable to the truncated vari-
ant without the interfacial activation phenomenon known for typical li-
pases [37].

For a rational protein design of CAL-A two crystal structures are
available (PDB entries: 2VEO and 3GUU). Both structures only show
the inactive form of CAL-A with the cap domain closed, which makes
it more difficult to perform docking studies with possible substrates.
By a molecular dynamics simulation the closed form of CAL-A was
opened. On the basis of this model, docking studies with (R)- and (S)-
phenylethyl butyratewere performed to identify residues in close prox-
imity to the tetrahedral intermediate [38]. These compounds are the
possible products of enantioselective transacylation of a small sec-alco-
hol with vinyl butyrate, which are usually not converted
enantioselectively by CAL-A. Seven positions were identified and used
for site-directed mutagenesis to change the special scope of the resi-
dues. Variant Y93L/L367I presented improved enantioselectivity to-
wards a couple of tested sec-alcohols and displayed (R)-selectivity.

CAL-A was used in several protein engineering approaches to alter
its selectivity. For instance, CAL-A variants had been generated with
high specificity for medium-chain-length fatty acids (C6–C12) [39]. For
this purpose, rational protein design was used to block the primary
acyl-binding tunnel to force the binding of the acyl chain to the small al-
ternative binding tunnel of CAL-A. As shown previously for Candida
rugosa lipase 1, stepwise shortening of the acyl-binding tunnel by the
introduction of bulky amino acid residues resulted in different specific-
ities towards fatty acids with shorter chain-length [40]. As a hot spot,
the residue G237 in CAL-A – located at the entrance of the acyl-binding
tunnel – was identified. Mutants G237A/V/L/Y (Fig. 2) were generated
and their substrate spectrumwas determinedwith p-nitrophenyl esters

ranging from chain-length C2–C18 and with TAGs varying from C4–C14
fatty acids. It was shown that mutant G237A possessed a reduced activ-
ity against long chain fatty acids, whereas the other threemutants led to
variants unable to hydrolyze fatty acid chains longer than C6, due to the
complete blocking of the primary acyl-binding tunnel with their bulky
residues. For variants G237V and G237Y an up to threefold higher activ-
ity towards pNP-hexanoate compared to CAL-A wt could be observed
[39].

In another project CAL-A has been engineered to convert trans-fatty
acids with higher reaction rates [36]. trans-Fatty acids are an undesired

Fig. 1. Structural characteristics of CAL-A. a) The cap domain is shown in dark red. HelixαD2 –where position G237 is located – is highlighted in light orange. Themovable flap domain is
shown in green and theα/β-hydrolase fold is highlighted in blue/grey. b) Topology diagram of CAL-Awith β-sheets (arrows),α-helices (cylinders) and active site residues (circles).αD1–
D6 represent the cap domain. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. p-Nitrophenyl hexanoate (blue) illustrates the two possible locations in the fatty
acid binding tunnel of CAL-A shown as wireframe. The tunnel is mainly formed by the
six consecutive helices of the cap domain shown in dark red. Position of G237 is shown
as dots in helix αD2 (light orange). The active site residues are highlighted as green
sticks. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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by-product in industrial hydrogenation of vegetable oils containing
polyunsaturated fatty acids [41]. Their content in food is restricted be-
cause they account as health risk factor for coronary heart disease. Nat-
urally, CAL-A exhibits a 2.5 fold higher reaction rate for esterification of
elaidic acid (Δ9-trans C18-fatty acid) with n-butanol in comparisonwith
oleic acid (Δ9-cis C18-fatty acid). This unique feature was also described
for the closely related lipase from Ustilago maydis [42]. By computer
modeling experiments of the CAL-A crystal structure, several amino
acidswere identified as targets for site-directed saturationmutagenesis.
The twelve chosen amino acidswere located in the ~30 Å long fatty acid
binding tunnel coordinating the Δ9 position or flanking the entrance or
end of the tunnel. Libraries ofmutantswere expressed in Escherichia coli
and screened on microtiter plate (MTP) basis. For this purpose the hy-
drolytic activity of 5000 clones was tested in separate wells in the pres-
ence of pNP-elaidic acid and pNP-oleic acid esters. trans- over cis-
selectivity (ToC) was calculated for each clone, identifying five amino
acid positions that showed up to 15-fold higher ToC values than the
CAL-A wt. The six best variants were expressed in Pichia pastoris and
tested towards partially hydrogenated soybean oil containing 18%
trans-fatty acids (Table 1). Variants T221H and I301Hwere themost se-
lective ones only hydrolyzing the trans- and saturated fatty acids of the
glyceride fraction. In thesemutants, the introduced changes to the acyl-
binding tunnel resulted in a linear geometry. Thus, linear saturated or
trans-fatty acids were able to bind and non-linear acyl chains (cis-)
were excluded.

Another unique feature of CAL-A like lipases is their acyltransferase
activity in the presence of water, as recently published by Müller et al.
However, in CAL-A catalyzed transesterification reactions in the pres-
ence of water, still a small amount of NEFA are formed as an unwanted
side product [43]. Using rational protein design four hydrophilic amino
acid residues in close proximity to the active site were identified (T118,
D122, T221, and E370), and changed by site-directed mutagenesis to
more hydrophobic residues. Increased hydrophobicity in the active
site should enhance the preference of binding alcohols over water. The
obtained mutants were tested in the transesterification reaction of
palm kernel oil with ethanol.When comparing the ethyl laurate synthe-
sis of the mutants and the wild type enzyme, three possible improved
variants were identified (T118, D122, and T221). After longer incuba-
tion times these three variants and the CAL-Awt reached an equilibrium
threshold of 80% conversion. Further investigations showed that only
mutant D122L exhibited an increased transesterification rate, together
with a decreased hydrolytic activity. Comparable pH stability, tempera-
ture-dependence, and thermo-stability profiles were also obtained for
all improved variants. Only the temperature optimum was slightly de-
creased for the D122Lmutant in comparison to CAL-Awt. By improving
the reaction conditions, up to 95% ester formation – notably in the pres-
ence of water – after 24 h was achieved [44]. Another structural homo-
log of CAL-A, lipase 2 from Candida parapsilosis (CpLIP2), was
investigated recently [45]. This enzyme can accept a higher percentage
of water in acyltransfer reactions in comparison to CAL-A and preserves
high activity at low temperatures. Although CpLIP2 and CAL-A share a
low sequence identity (31%), a structural model of CpLIP2 on the basis
of the structure of CAL-A was generated [46]. Accuracy of the structural
model was determined by site-directed mutagenesis experiments on

crucial amino acid residues for lipase activity and specificity. After-
wards, experiments of partial proteolysis were performed to distinguish
regionswith higher accessibility, lower stability and/or low interactions
from the rest of the protein. Site-directed mutagenesis was also used to
generate CpLIP2 mutants with changed activity and specificity. It is
noteworthy to mention that the mutant Y197F showed decreased hy-
drolysis and improved transesterification ratio with methanol as acyl-
donor compared to the wt, as previously described for the CAL-A
D122Lmutant [43]. Furthermore, thismutant showed increased specific
activity of 40% towards the acyl-donor ethyl laurate by discriminating
between saturated and unsaturated substrates.

3.2. Improving lipase stability by protein engineering

Protein surface properties, especially the charge distribution, have a
great influence on the stability of the enzyme [28]. Introducing hydro-
gen bonds in flexible regions by site-directed mutagenesis is one ap-
proach to increase the rigidity and/or improve the hydrophobic
packaging of the protein and, therefore, its stability. This has been
shown for lipases such as CAL-B [47] or a lipase from Pseudomonas sp.
[48].

Aldehydes and ketones are compounds, which affect lipase stability
negatively, supposedly by their covalent reaction with nucleophilic
amino acid residues such as lysine, histidine and cysteine. Unfortunate-
ly, these compounds are formed as secondary lipid peroxidation prod-
ucts of oils and fats with a high content of unsaturated fatty acids. In a
protein engineering approach lysine and histidine residues, excluding
the catalytic histidine and disulphide bond forming cysteines, of Rhizo-
pus oryzae lipase were chosen for saturation mutagenesis [49]. Mutants
were tested towards hydrolysis of pNP-butyrate in the presence of a va-
riety of aldehydes. The improved variants H201S and H201S/K168I
showed, respectively, 60% and 100% improved stability towards octanal,
while preserving the specific activity of the wt enzyme.

3.3. Understanding the phenomenon of interfacial activation

As mentioned above for CAL-A, most lipases develop their full cata-
lytic function on a lipid-water interface by interfacial activation [50,
51]. This also applies for the lipase from Thermomyces lanuginosus
(TLL). Its lid region is composed of one α-helix flanked by an anterior
and posterior hinge domain [52]. Supposedly, the opening of the lid is
unfavoured under aqueous conditions, due to the exposure of hydro-
phobic areas to the aqueous solvent while the lid is opened [50]. In con-
trast, lipase activity increased N10-fold upon reaching the critical
micelle concentration of the substrate [53]. This behaviour of the lid is
supported by molecular dynamic studies [54]. To understand this fact,
Skjold-Jørgensen et al. generated TLL variants with changed behaviour
on lipid-water interfaces by altering the lid domain [55]. Owing to the
structural similarity of TLL with a ferulic acid esterase from Aspergillus
niger (ANFAE), this enzyme was used to generate TLL variants contain-
ing the lid region of ANFAE or hybrids of both of them. A study of activity
and spectroscopic measurements was combined for the characteriza-
tion of the variants and their activationmechanism. The results exhibit-
ed that, while most of the new variants displayed a decrease in their
thermal stability, their structure remained intact. Furthermore, it was
shown that some variants, especially the oneswith only and exclusively
the ANFAE lid domain, displayed esterase activity, while losing their li-
pase character. Other variants revealed combined features such as activ-
ity towards water-soluble and -insoluble substrates and fast activation
at the lipid-water interface. It is noteworthy to mention here that the
hybrid with an included PQ-motif in the posterior hinge domain,
which is often found in hydrolases, showed this combined lipase and es-
terase character. Further investigations by site-directed fluorescence la-
belling were performed by modifying the C225, placed at the catalytic
cavity, with bimane. The interaction with the C225-bimane with Tyr
or Trp, present in the lid domain of the TLL variants, was monitored to

Table 1
Hydrolysis of partially hydrogenated soybean oil using different CAL-A variants comparing
the rates for release of trans and cis fatty acids (ToC) [36].

CAL-A variant Conversion [%] ToC

wt 22 1.36
L305N 14 2.50
F149D 11 27.77
F222S 16 7.02
F222C 20 3.53
T221H 5 N100
I301H 12 N100
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show that the lid movement is dependent on the amino acid composi-
tion of the lid and the solvent polarity [56]. In high polarity environment
only the TLL variant with the ANFAE lid domain displayed an open con-
firmation, whereas in low polarity solvents all variants, including the
TLL wt and the variant with the lid hybrid, displayed an open
conformation.

3.4. Application of lipases in biodiesel production

Biodiesel is a sustainable alternative to traditional fossil fuel [57].
However, biofuel production is currently not economically competitive
to petroleum derived fuels. Nowadays the industrial production of
biodiesel relies on a chemical process that uses alkali as catalyst to
convert the TAG from high quality vegetable oils and methanol to
FAME [58]. Lipase catalyzed transesterification could overcome
some of the major drawbacks of the chemical process [59–63]. For
instance, lipases catalyze the transesterification of acylglycerols
and, moreover, they catalyze even faster the esterification of NEFA
contained in lower grade oils. However, the only industrial applica-
tions of lipase-catalyzed biofuel production have been reported in
China and Brazil [28,64].

To increase the economic viability of biodiesel production, recent
research is focusing on process optimization. Among the enzymatic
production of biodiesel, CAL-B is the most frequently applied lipase
[65,66]. Indeed, CAL-B was used in a recent study of Novozymes for
pre-treatment of high-NEFA oils, to make them compatible with
the chemical process [67]. Thus, they investigated immobilized
Novozyme 435 on degummed rapeseed oil, which they spiked
with oleic acid to vary the NEFA content. Different factors were con-
sidered in the optimization process like (i) NEFA content, (ii) meth-
anol content, and (iii) processing time. Best conditions were
determined, being 4% (v/v) methanol and 15% (w/woil) NEFA with
a controlled reaction intensity, which is defined as the product of
the amount of enzyme and time used to convert a given amount of
oil (genz h L−1). Additionally, in a recent publication of Novozymes,
up-scaling of an enzymatic biodiesel production was described [68].
In this case, a liquid formulation of a modified Thermomyces
lanuginosus lipase (NS-40116) was used to convert industrial
waste oils as used cooking oil, with a NEFA content of b15%, and
brown grease, with a NEFA content of N55%, into FAMEs. Further-
more, they were able to develop a continuous operation and a meth-
odology to adapt conditions for fast batch optimization. Thus, they
were able to perform the process in a 40 m3 reactor in an affordable
manner.

4. Phospholipases

Phospholipases are hydrolytic enzymes that act on phosphoglycerides
and split them into a variety of products, like lysophospholipids, NEFA,
DAG or phosphatidates, depending on the site of hydrolysis. Conse-
quently, phospholipases can be classified into five groups (PLA1,
PLA2, PLB, PLC, and PLD) based on their substrate cleavage site.
This class of enzymes is commonly used in industrial applications
such as the food industry and for oil degumming [28,69].

The presence of phospholipids in crude vegetable oils negatively im-
pacts the oil stability, colour, and flavor. Traditional oil refining is per-
formed by the addition of water to crude oil that causes hydration of
the phosphate esters, bringing the phospholipids to the oil-water inter-
face and allowing their separation by centrifugation. The main draw-
back in water degumming is the oil yield loss by oil entrainment. This
fact is due to formation of an emulsion owed to the presence of intact
phospholipids. To overcome this issue, several approaches employing
phospholipases have been developed for oil refining. Early processes
used a mammalian phospholipase from porcine pancreas specific for
the ester bond at sn-2-position (PLA2) (Scheme 1). This enzyme was
firstly extracted from pig pancreas as a side product from insulin pro-
duction and, afterwards, it was expressed in other hosts than the native,
leading to a safer enzyme to ensure enzyme supply, purity and a better
performance in the process. Besides, another advantage of producing a
porcine enzyme in a microorganism is that it can be regarded as kosher
and halal. A later approach involved an enzyme obtained from Fusarium
oxysporum, which exhibits sn-1-selectivity (PLA1) [70] (Scheme 1).
Subsequent combination of the genes encoding the Fusarium oxysporum
phospholipase and a lipase from Thermomyces lanuginosus resulted in
a chimeric enzyme, which kept the stability of the parental lipase and
the PLA1-activity [71]. Both enzymes, PLA1 and PLA2, produce
lysophospholipids that can be easily hydrated, allowing the reduction
of the phospholipid content to below 10 ppm. Amore recent alternative
established by the company DSM (formerly Verenium/Diversa, San
Diego, USA) implies the hydrolysis of the phosphorylated head-group
present in phospholipids by a PLC (Scheme 1). This reaction produces
sn-1,2(2,3)-DAG, which are oil-soluble and the phosphate residue as
water-soluble fragment. Thereby, emulsion formation is reduced lead-
ing to less yield loss due to entrained oil. Furthermore, phosphate re-
moval can be achieved as efficiently as with PLA1 or PLA2 [72]. Also
our group discovered several PLCs after screening of different Bacillus
sp. strains that could be functionally expressed in Bacillus subtilis for
use in degumming [73,74]. Concomitantly, an assay for the reliable de-
termination of their activity was developed in which the phosphoester
residue released by the PLC is cleaved with an alkaline phosphatase.

Scheme 1. Hydrolytic reactions catalyzed by PLA1, PLA2 and PLC for oil degumming. This results in hydratable phospholipids present in the aqueous phase for easy separation from the
lipid phase thus resulting in low phosphate content in the process oil.
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Afterwards, the phosphate formed can be quantified as
phosphomolybdate complex previous extraction with n-butanol [75].

Phospholipase D can be used for industrial phospholipid syntheses,
because of their broad substrate specificity towards alcohol compounds
[28,69]. However, the synthesis of phosphatidylinositol (PI), a phospho-
lipid that is attracting attention because its potential health benefits
[76–78], could only be catalyzed by some PLDs from plant origin. To ad-
dress this problem Iwasaki's group studied the wild-type Streptomyces
antibioticus PLD to establish an efficient enzymatic system for PI produc-
tion from phosphatidylcholine and myo-inositol as an alcohol acceptor.
This goal was achieved by site-directed saturation mutagenesis to gen-
erate PI-synthesizing variants. Firstly, they targeted on positions in-
volved in acceptor accommodation (W187, Y191, and Y385).
Unfortunately, the obtained variants generated PI as a mixture of posi-
tional isomers [79–81]. Further studies faced the improvement of the
positional specificity of the W187N/Y191Y/Y385R (NYR) variant (76/
24 1-PI/3-PI ratio) by subjecting four residues (G186, K188, D189, and
D190) of its acceptor-binding site to saturation mutagenesis. Subse-
quent screening showed that NYR-186T and NYR-186L were the most
improved variants, producing an excellent ratio of 1-PI/3-PI of N93/7
at 20 °C [82].

5. Lipoxygenases

Lipoxygenases (LOXs) are a family of non-heme iron- ormanganese-
containing oxidative enzymes that can be found ubiquitously in plants,

animals, bacteria and fungi. They catalyze the dioxygenation of polyun-
saturated fatty acids with a cis-1,4-pentadiene unit, leading to the for-
mation of a conjugated hydroperoxydienoic acid [83].

Production of hydroperoxides mediated by LOXs can be exploited
in different industrial applications, including bleaching of colored
components in food, paper and textile processes; modification of
lipids from different raw materials and production of oleochemicals
and aroma compounds. Despite this great potential, the develop-
ment of industrial applications involving this class of enzymes is cur-
rently hampered by the poor stability, low catalytic activity and lack
of efficient overexpression systems capable to produce sufficient
amounts of enzymes [84]. So far, the main commercial application
reported is the bleaching of wheat flour where the carotenoid pig-
ments are oxidized by LOX enriched soybean flour [85]. Aiming to
improve their usefulness, over the last years LOXs have been subject-
ed to protein engineering to alter their regio- and stereospecificity
[86], structure–function relationships [87], metal selectivity [88]
and stability [89]. As a result, several critical amino acids have been
identified at the active site of selected LOX isozymes. Regarding the
stereoselectivity, a single conserved amino acid in the active site
seems to be responsible for this feature in LOXs analyzed until now.
This key amino acid residue corresponds to an alanine in (S)-specific
LOXs and a glycine in (R)-LOXs. Mutational studies replacing the gly-
cine to an alanine succeeded in partially switching the position of ox-
ygenation and chirality of the product, thus converting a (S)- into a
(R)-LOX enzyme and vice versa (Scheme 2) [90,91].

Scheme 2. Synthesis of hydroxyeicosatetraenoic acid (HPETE) derivatives from arachidonic acid using two (S)-lipoxygenases (mouse 8S-LOX and human 15-LOX-2) and two (R)-
lipoxygenases (8R-LOX from Plexaura homomalla and human 12R-LOX). The table summarizes the products obtained by the wt LOXs and their Gly or Ala variants.
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Production of hydroperoxides by LOX has been investigated on lab-
oratory scale by Villaverde et al. They have described the synthesis of
13-hydroperoxy-(9Z,11E)-octodecadienoic acid from linoleic acid by
means of two lipooxygenases from Gaeumannomyces graminis [92]
and Pseudomonas aeruginosa [93]. Both biotransformations resulted in
high yield (88% and 75%) and selectivity (74% and 61%) of the desired
product. When comparing both reactions, it could be observed that
maximum conversion with P. aeruginosa LOX required a substrate con-
centration 10 times lower (10 g L−1) and longer reaction times (48 h). A
scale-up attempt of the reactionwas performed usingG. graminis LOX in
the presence of industrially relevant linoleic acid concentrations (100–
300 g L−1). The new conditions caused a yield decrease of 40% leading
to a volumetric productivity of 3.6 g L−1 h−1. The authors of this re-
search suggested that the process could likely be improved by facilitat-
ing the solubility of the fatty acid as well as oxygen supply to the
reaction medium [92].

6. P450 monooxygenases

Cytochrome P450 monooxygenases (CYPs) are a diverse super-
family of heme-containing enzymes that catalyze the regio- and ste-
reospecific oxidation of a wide variety of substrates. Typically, CYPs
require their association with a redox partner system that transfers
electrons from NAD(P)H to the P450 heme center. This class of en-
zymes plays an essential role in xenobiotic metabolism and is in-
volved in the biosynthesis of numerous natural products [94,95].
However, in spite of their great potential in biotechnology, industrial
application of CYPs is still very limited due to some hurdles such as
low stability and poor activity. Often the enzymes are membrane
bound or membrane-associated, they require pyridine cofactors
such as NADPH in stoichiometric amounts and they need an efficient
electron transfer system. To circumvent these problems, several ap-
proaches rely on protein and metabolic engineering and on the

development of electrochemical and enzymatic approaches for the
replacement or regeneration of the cofactor. Recently, different re-
views have addressed this topic [96–100].

Scheme 4. Alkene synthesis catalyzed by OleT. (A) Decarboxylation of fatty acids using
H2O2 via the peroxide shunt. (B) Example of enzymatic redox cascade process for the
decarboxylation of fatty acids using O2 with cofactor recycling (DH = dehydrogenase).
(C) Decarboxylation of fatty acids with photocatalytic in situ generation of H2O2 using
FMN.

Scheme 3. Reactions catalyzed by P450 BM3 and its variants. The table shows product profiles of the P450 BM3 wt and the best variants selected. 1)Sum OPs = sum of all oxidation
products from palmitic acid; 2)KETOPs = keto-palmitic acids.

159K. Zorn et al. / Progress in Lipid Research 63 (2016) 153–164



6.1. Synthesis of hydroxy fatty acids

Long-chain fatty acids can undergo ω-oxidation to produce ω-hy-
droxy fatty acids, which can be subsequently converted to dicarboxylic
acids. Both are multifunctional compounds useful for the production of
polymers and fragrances. In this context, CYPs could be valuable tools to
produce ω-oxyfunctionalized fatty acids.

When using CYPs as biocatalyst, one of the strategies to enhance the
previously described electron transport while avoiding the use of several
enzymes is by using a self-sufficient CYP. This type of CYPs has the advan-
tage that their heme domain is fused with the reductase domain in a sin-
gle polypeptide. As a result, this type of CYP usually exhibits the highest
turnover frequency compared to separated P450monooxygenase/reduc-
tase systems. For instance, one of the best studied self-sufficient P450s is
the fatty acid hydroxylase CYP102A1 from Bacillus megaterium (P450
BM3). This enzyme catalyzes the subterminal hydroxylation of long
chain fatty acids (C12–C22) in a regio- and stereoselective manner. Fur-
thermore, their turnover frequencies towards fatty acids are the highest
among those reported for P450monooxygenases so far (several thousand
per minute) [101]. Many successful efforts have been presented using
protein engineering on this enzyme for the modification of its activity,
stereo-, regio- and chemoselectivity, stability, co-factor reliance and sub-
strate specificity [102]. The resulting data have provided a better under-
standing of the influence that certain amino acid substitutions might
display on P450 BM3 performance. Indeed, position F87 was identified
in several studies to be a hotspot, mediating substrate specificity and re-
gioselectivity [103–105]. A recent example described the application of it-
erative cycles of random and targeted mutagenesis to create variants of
P450 BM3 able to synthesize terminal hydroxy fatty acids. The best vari-
ants identified acquired up to 11 amino acid alterations, being only
three of them (F87, I263, and A328) located relatively close to the sub-
strate binding site. In fact, a mutant containing these three substitutions
alone showed 41% terminal oxidation specificity whereas the yield ob-
served for best variant was 74%. Thus, non-obvious residues showed sur-
prisingly strong contributions to the increased selectivity for the terminal
position (Scheme 3). Unfortunately, in this case the improved regioselec-
tivity came along with a decoupling of the cofactor reduction activity
[106]. In addition to P450 BM3, other self-sufficient CYPs belonging to
the Bacillus and Streptomyces sp. have also been characterized [107–110].

Alternatively, in other studies self-sufficient CYPs were taken as
model for the design of new chimeric proteins containing both,
monooxygenase and reductase domains. In this sense, a fusion between
the monooxygenase CYP153A from Marinobacter aquaeloei and the re-
ductase domain of P450 BM3 from Bacillus megateriumwas constructed
for the production of ω-hydroxy dodecanoic acid from dodecanoic acid
(lauric acid). In vivo studies in recombinant E. coli strains resulted in
1.2 g L−1 from 10 g L−1 C12-FA with high regioselectivity (N95%) for
the terminal position. A second strategy increased the product forma-
tion up to 4 g L−1 by replacing the original substrate with the methyl
ester derivative, utilizing a two phase system to avoid low substrate sol-
ubility and toxicity problems by continuous extraction and
coexpressing amembrane transport system to enhance substrate trans-
fer into the cell [111].

Utilization of a whole cell approach facilitated the application of
separated CYP/reductase systems as this methodology enhanced en-
zyme stability, and cofactor regeneration is typically provided by the
cell's own metabolic machinery. Synthesis of different medium
chain-length ω-hydroxy acids has been achieved by overexpressing
P450 monooxygenases from Sorangium cellulosum [112] and Fusari-
um oxysporum [113] in E. coli and Saccharomyces cerevisiae,
respectively.

6.2. Alkene formation

Terminal alkenes are valuable precursors to commodity chemicals
such as lubricants, pesticides, polymers, and detergents. Their

desirability relies on the many potential derivatizations that their al-
kene group can allow such as olefinemetathesis to make valuable com-
pounds from renewable resources. Furthermore, they are of particular
interest as “drop-in” compatible hydrocarbon fuels due to their high en-
ergy content and their compatibility with the already existing engine
platform and fuel distribution systems. Saturated fatty acids can be
used as starting materials for the synthesis of 1-alkenes. Several chem-
ical methods have been developed to achieve this transformation. Nev-
ertheless, thesemethods require precious transitionmetal catalysts and
high temperatures. Besides, the final yield of the reaction can be re-
duced due to the formation of internal olefins [114]. Enzymes could be
an alternative to avoid these limitations in the olefin synthesis. Unfortu-
nately, the great importance from an industrial point of view of terminal
alkenes is not correlated with the insignificant role that they play in
metabolic pathways. Interestingly, a few enzymes able to perform the
synthesis of these compounds have been described recently.

Rude et al. reported in 2011 a new P450 fatty acid decarboxylase
(OleT) from Jeotgalicoccus sp. (ATCC 8456). This enzyme belongs to
the CYP152 peroxygenase family and is able to catalyze the decarboxyl-
ation of fatty acids (C16:0, C18:0, C20:0) into long-chain terminal al-
kenes with uneven chain length (such as 1-pentadecene, 1-
heptadecene or 1-nonadecene) by using H2O2 as electron and oxygen
donor [115] (Scheme4A). Thereafter, Belcher et al. presented the crystal
structure and a biochemical and kinetic characterization of OleT, broad-
ening the substrate scope to C14:0 and C12:0 and obtaining 1-tridecene
and 1-undecene [116]. A possible drawback for large-scale alkene pro-
duction using OleT could be the necessity of H2O2, since the utilization
of large amounts of peroxide is expensive and a high concentration in
the reaction medium can affect the activity of the enzyme [117]. In
order to avoid this issue two different approaches have been made: (i)
the use of O2 as oxidant by coupling the OleT with a biosynthetic
redox cascade and (ii) H2O2 in situ generation. Liu et al. fused OleT to
the P450 reductase domain RhFRED from Rhodococcus sp. Thus, the
resulting fusion protein can transfer electrons from NADPH to the
heme iron reactive center using O2 as the oxidant. The same approach
using non-fused E. coliflavodoxin reductase andflavodoxinwas capable
of supporting OleT activity as well [118]. An alternative system also in-
volving OleT, O2 as the oxidant, andNAD(P)H as the electron donor, was
the construction of an efficient electron-transfer chain employing
putidaredoxin CamAB in combination with NAD(P)H dehydrogenase-
recycling at the expense of glucose, formate, or phosphite (Scheme
4B). Interestingly, in this study the FA chain length was varied from
C4:0 to C22:0 demonstrating that short-chain FAs (bC9) could be
decarboxylated [119]. With respect to H2O2 in situ generation, Zachos
et al. described the combination of OleT with a light-driven peroxide-
generation. In this system the flavin mononucleotide (FMN) serves as
a photocatalyst, which in its excited state oxidizes a sacrificial electron
donor (EDTA). Subsequently, the resulting reduced FMN is reoxidized
by O2 yielding H2O2 that is used by OleT for the oxidative decarboxyl-
ation of fatty acids to the corresponding terminal alkenes (Scheme 4C)
[120].

Another option for the biocatalytic synthesis of alkenes has been re-
ported by Zhang's group. They discovered a non-heme iron oxidase
(UndA) able to convert medium-chain fatty acids (C10–C14) into their
corresponding terminal olefins using an oxygen-activating, non-heme
iron-dependent mechanism. To find the responsible gene in Pseudomo-
nas strains both, an in silico as well as a synthetic approach were per-
formed. Unfortunately, no homologues of the known enzymatic
systems for alkene formation were revealed in the Pseudomonas ge-
nome search, and comparative genomics analysis yielded thousands of
gene candidates. Alternatively, a genome library of the 1-undecene-pro-
ducing Pseudomonas fluorescens Pf-5 was created in E. coli followed by
heterologous expression and phenotype screening of the alkene pro-
ducing clones. Preliminary studies showed that in vitro experiments
with purified UndA resulted in single-turnover reactions and, conse-
quently, productivities remained low. This fact suggests that the
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conversion leaves the enzyme with an inactive oxidized iron species.
Furthermore, this is supported by the partial recovery of the activity
by the addition of Fe2+ or reducing agents such as ascorbic acid. The
best total turnover number was achieved under continuous in situ gen-
eration of oxygen combined with the addition of reducing agents [121,
122].

7. Fatty acid double bond hydratases

Fatty acid double bond hydratases (EC 4.2.1.53) catalyze the stereo-
and regio-selective hydration of isolated cis double bonds in NEFA to
form hydroxy fatty acids by the addition of water. These distinct FAD-
containing enzymes, which only share the FAD binding motif with
other proteins, act predominantly on the Δ9cis and Δ12cis double
bonds of mono- and poly-unsaturated fatty acids with a chain length
varying from C14 to C22, but C18 prevailing to form mainly the 10-hy-
droxy- and to a minor extent the 13-hydroxy derivatives of these fatty
acids. Since no uniform designation of these enzymes exists in litera-
ture, most fatty acid double bond hydratases are also described as oleate
hydratases, Δ9-hydratases or 10-hydroxy hydratases.

Despite the fact that the first description of a microbial hydration of
oleate to form 10-hydroxystearic acid by Pseudomonas sp. dated back to
1962 [123] and was succeeded by the description of several other mi-
crobial fatty acid hydrations by bacteria and fungi of various genera,
the corresponding hydratase was first cloned and characterized by
Bevers et al. in 2009 [124]. Next, Volkov and others were able to reattri-
bute MCRAs (myosin-cross-reactive-antigens) from Streptococcus
pyogenes, Bifidobacterium breve and Lactobacilli as Δ9-hydratases
[125–127]. The first crystallization of a Δ9-hydratase from Lactobacillus
acidophilus (LAH) in apo form with (pdb: 4IA6) and without a ligand
(pdb: 4IA5) followed promptly [128]. LAH is a structural homodimer
and possesses a long substrate binding channel for fatty acids with an
N-terminal lid domain in each protomer. In 2015, Engleder et al., were
able to resolve the holo structure of the oleate hydratase from
Elizabethkingia meningosepticawith its FAD cofactor (pdb: 4UIR) [129].
Together with a structure-based mutagenesis study, new insights
were gained on the reaction mechanism of Δ9 hydratases, especially
on the activation of water, the protonation of the double bond and the
reductive state of the FAD cofactor.

Meanwhile several other Δ9-hydratases have been recombinantly
expressed as for instance the oleate hydratases from Lysinibacillus
fusiformis [130], Stenotrophomonas maltophilia [131] or from
Macrococcus caseolyticus [132]. These oleate hydratases have in

common, that they do not at all or only to a minor extent hydrate Δ12
double bonds in linoleic acid. Oh and coworkes, however, have identi-
fied a new Δ12-hydratase from Lactobacillus acidophilus, which pre-
dominantly forms the 13-hydroxy derivative of linoleic acid [133,134].
In addition, Hirata and coworkers showed that the Δ12-hydratase
from Lactobacillus not only converts C18 cis PUFAs, but also arachidonic
acid (C20) and DHA (C22) into the corresponding 15-hydroxy fatty acid
and the 14-hydroxy fatty acids, respectively [135].

Moreover, recent reports on Δ9 hydratases processes with recombi-
nant enzymes underline their potential applicability for the large-scale
production of 10-hydroxy fatty acids derivatives. For a process
employing the recombinant Δ9 hydratase from Lactobacillus plantarum
in E. coli to produce different 10-hydroxy fatty acids substrate concen-
trations of 1 M were reported [136]. Jeon et al. describe an industrially
relevant E. coli whole-cell biotransformation utilizing a Δ9 hydratase
from Stenotrophomonas maltophilia with a final product concentration
of approximately 46 g L−1 and a product yield of 91% and a productivity
of 8.2 g L−1·h in a 1 L-bioreactor scale [137].

What is more, the importance of regiospecific biocatalytic hydration
as key step for the production of high-value-added products likeflavors,
resins, waxes, nylons, plastics, lubricants, and polymers from fatty acids
can well be exemplified bymultienzyme cascade reactions as described
in three recent articles by Park and coworkers [134,138,139]. In these
sequential enzymatic reactions, the hydration step of either oleic acid
by a Δ9-hydratase [139] or linoleic acid by a novel Δ12-hydratase
[138] forms the starting point for multi branched enzymatic cascades.
The Δ9- and Δ12-hydratase cascade published 2013 and 2015 have
the following sequence in common: first the formed hydroxy-group is
oxidized by an alcohol dehydrogenase (ADH) to give the corresponding
oxo-fatty acid. Next the sequence is split in an oxidation catalyzed by
two different Baeyer-Villiger monooxygenase (BVMO) to access differ-
ent regioisomeric esters: the BVMO from Pseudomonas putida provides
access to ω-hydroxy fatty acids whereas the BVMO from P. fluorescens
leads to the formation of an α,ω-dicarboxylic acid ester after an ester-
ase-catalyzed hydrolysis (Scheme 5). In a subsequent work, this se-
quence was extended further by employing both an alcohol
hydrogenase to yield α,ω-dicarboxylic acids and a (S)-transaminase to
gain access to ω-aminocarboxylic acids, which are industrially relevant
building blocks [134]. When using linoleic acid instead of oleic acid as
starting material, Oh et al. [138] were also able to form lactones by
adding whole-cell biotransformations with yeast to the sequence. In
sum, these new enhancements made the multi-cascade reactions with
hydratases as starting point more versatile for new value-added

Scheme 5. Enzyme cascade reaction to convert unsaturated fatty acids such as oleic acid into ω-hydroxycarboxylic acids or dicarboxylic acids. Cofactors are not shown for clarity [139].
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products from fatty acids of vegetable oils. However, the applicability of
these approaches have to be proven to be also relevant for large scale
applications.

8. Conclusion

Utilization of renewable raw materials as well as the application of
green reaction technologies is emerging as a thriving alternative to tra-
ditional oleochemistry processes. This fact is due to the wide variety of
specialties that these biotechnological strategies have the potential to
achieve, while contributing to a more environmentally friendly indus-
trial manufacturing. In this sense, this contribution demonstrates that
the use of enzymes as catalyst may play a major role in industrial lipid
modification for the obtaining of all kind of products, including healthy
fats and oils, cosmetics, lubricants, coatings, surfactants, andmany other
useful products. Furthermore, the development of protein engineering
is contributing to solve the previous drawbacks of the biocatalytical ap-
proaches, enhancing the stability, activity, selectivity and specificity of
the enzymes, or allowing the design of newmetabolic pathways in mi-
croorganisms, to yield a high level production of lipid‐related products
starting from simple compounds. To accomplish this goal, the design
of new tools for computational protein analysis continues tomake fasci-
nating advances that allow the gaining of interesting structural data and
the creation of smaller and smarter mutant libraries. The expansion of
all these techniques will go along with the replacement of the already
existing processes as well as with the discovery of biocatalytic ap-
proaches to new products, resulting in a “greener” chemical future.
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Abstract: Biotechnological strategies using renewable materials as starting substrates are a promising alternative
to traditional oleochemical processes for the isolation of different fatty acids. Among them, long chain mono-
unsaturated fatty acids are especially interesting in industrial lipid modification, since they are precursors of
several economically relevant products, including detergents, plastics and lubricants. Therefore, the aim of this
study was to develop an enzymatic method in order to increase the percentage of long chain mono-unsaturated
fatty acids from Camelina and Crambe oil ethyl ester derivatives, by using selective lipases. Specifically, the focus
was on the enrichment of gondoic (C20:1 cisD11) and erucic acid (C22:1 cisD13) from Camelina and Crambe oil
derivatives, respectively. The pursuit of this goal entailed several steps, including: (i) the choice of a suitable lipase
scaffold to serve as a protein engineering template (Candida antarctica lipase A); (ii) the identification of potential
amino acid targets to disrupt the binding tunnel at the adequate location; (iii) the design, creation and high-
throughput screening of lipase mutant libraries; (iv) the study of the selectivity towards different chain length p-
nitrophenyl fatty acid esters of the best hits found, as well as the analysis of the contribution of each amino acid
change and the outcome of combining several of the aforementioned residue alterations and, finally, (v) the
selection and application of the most promising candidates for the fatty acid enrichment biocatalysis. As a result,
enrichment of C22:1 from Crambe ethyl esters was achieved either, in the free fatty acid fraction (wt, 78%) or in
the esterified fraction (variants V1, 77%; V9, 78% and V19, 74%). Concerning the enrichment of C20:1 when
Camelina oil ethyl esters were used as substrate, the best variant was the single mutant V290W, which doubled its
content in the esterified fraction from approximately 15% to 34%. A moderately lower increase was achieved by
V9 and its two derived triple mutant variants V19 and V20 (27%).

Keywords: Biocatalysis; Candida antarctica lipase A; lipid modification; long chain mono-unsaturated fatty
acid enrichment; semi-rational protein design

Introduction

Fatty acids (FA) and their alkyl-derivatives are
interesting building blocks for their application in
oleochemistry.[1] Particularly, long-chain FA have been

used in industry for the production of surfactants,
erucamide as polymer building block, and lubricants.[2]

In order to obtain these valuable compounds, natural
occurring oils can be utilized as an environmentally
friendly alternative to fossil raw materials. In this
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context, plant oils are of great interest not only
because they come from renewable resources, but also
due to the possibility of modifying the oil composition
to fit the desired necessities by new plant breeding
and gene modification technologies.[3] Regardless of
the aforementioned strategies, enrichment of a desir-
able FA from oil can be further pursued by classical
separation technologies, like distillation or crystalliza-
tion. However, such classical techniques work with the
implementation of harsh conditions like high pressure,
high temperature and the usage of polluting agents
like organic solvents.[4] Moreover, the isolation in high
yields and purities of a desired compound employing
these classical separation technologies is often not
sufficient for direct downstream processing. An attrac-
tive alternative is the application of enzymes for the
enrichment of certain FA, as this represents an eco-
friendly and often more efficient alternative.[5] In this
sense some of the features that biocatalysts offer
involve the possibility of working under mild reaction
conditions or their high chemo-, stereo- and regiose-
lectivity when using both, natural as well as unnatural
substrates.

Unsurprisingly, the most employed enzymes in
lipid modification are lipases (EC 3.1.1.3). These
proteins belong to the a/b-hydrolase fold family and
naturally catalyze the hydrolysis of triacylglycerides
(TAG) into glycerol and free FA (FFA), displaying
particular chemo-, regio- and stereoselectivity.[6] For
that reason the use of lipases has been widely
described for the enrichment of, for instance, long-
chain poly-unsaturated FA from fish oil,[7] erucic acid
from Cruciferae plant oils,[4,8] and trans-FA from frying
oils.[9] Additionally, protein engineering has revealed
itself as an important tool to overcome the limitations
displayed by these enzymes, such as reduced enzy-
matic efficiency and stability under challenging indus-
trial conditions, or to enhance the enzyme selectivity
towards different substrates. In this sense, several
examples of its implementation in the improvement of
selectivity were reported for lipases from Rhizopus
oryzae,[10] Candida rugosa,[11] Moesziomyces antarcti-
cus (formerly: Pseudozyma/Candida antarctica).[9b,12]

Although both, directed evolution and rational design
methodologies can be applied, some lipases display an
a priori favorable feature from the (semi)rational
design point of view: the unique architecture of their
substrate binding site, which forms a tunnel-like cavity
that fits the acyl chain of the FA.[13] Thus, amino acids
surrounding this region are interesting targets for
rational design approaches, since altering these resi-
dues could modify the tunnel’s shape and, therefore,
vary the lipase FA selectivity. This concept has been
proven for lipase 1 from C. rugosa[11] and lipase A
from M. antarcticus[9b,12a,14] for enhancing selectivity
towards medium chain or trans fatty acids.

Consequently, the aim of the present study is the
enrichment of mono-unsaturated long chain fatty acids
from plant oils by an improved lipase. More specifi-
cally, we focused on gondoic and erucic acids, which
are present in high contents in Camelina sativa and
Crambe abyssinica seed oils, respectively. Separation
of these FA from the other FA present in the oil is
challenging, due to the high content of C18-FA of
different saturation levels, which are highly similar in
their physical properties to the mentioned mono-
unsaturated fatty acids (MUFAs). Within a screening
of commercially available lipases and the knowledge
about already described lipases in the literature, CAL-
A was chosen as best option to accomplish this task by
engineering its tunnel-type binding site,[15] even though
the wild type enzyme does not display hydrolytic
preference for the targeted FA.[16]

Results and Discussion
In order to achieve the isolation of erucic and gondoic
acids, a variant capable of efficiently discern and
selectively remove FA depending on their chain length
was required. This goal could be reached following
two strategies: (i) by preferentially hydrolyzing FA
longer than C18 and therefore causing their accumu-
lation as FFA; or to the contrary, (ii) by hampering
the ester bond cleavage of those FA, thus increasing
their concentration in the ester-bound fraction as the
shorter FA are released (Scheme 1). Given the charac-
teristics of both, the substrates and the structure of the
enzyme, the second approach was chosen as it was
deemed the most straightforward strategy.

Semi-rational Design

Selecting the Target Residues

The CAL-A structure exhibits a classic a/b hydrolase
fold, containing the catalytic triad (S184, D334 and
H366), as well as a well-defined lid domain, which
takes part in forming a long (~30 Å) substrate binding
pocket.[15] Both, the binding pocket and the catalytic

Scheme 1. Possible approaches for enrichment of long chain
FA either as FFA (A) or esters (B) catalyzed by a selective
lipase. In this example fatty acid ethyl esters derived from
the plant oils were used as substrates.
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site, are deeply buried in the enzyme and covered by a
motile flap[17] (Figure 1). Hence, to adopt the active
state, CAL-A has to undergo a conformational
change, in which the flap domain moves away, giving
the substrate access to the catalytic centre and the
binding site.

In order to create CAL-A variants able to discrim-
inate FA longer than C18, the structural conformation
of the acyl-binding tunnel was analyzed. The aim was
the identification of potential amino acid targets
located at a position where the blocking of the binding
tunnel would allow the hydrolysis of fatty acids with
18 carbon atoms or shorter, while preventing the
hydrolysis of longer acyl groups.

Consequently, the crystal structure of CAL-A
(PDB: 3GUU) was used for docking studies with oleic
acid (C18:1 cisD9), gondoic acid (C20:1 cisD11), and
erucic acid (C22:1 cisD13). The following residues
facing the tunnel in the surroundings of the oleic
acid‘s terminal carbon (Cw) were identified as
possible hotspots: V238, V286, and V290 (Figure 1).
When in silico substitution of these residues by bulkier
amino acids was performed, it did not result in a full
blockage of the tunnel. Nonetheless, synergistic effects
(which are hard to predict) at these positions appeared
promising to accomplish this goal.

Mutagenesis Strategy and Library Generation

In order to test this hypothesis experimentally, satu-
ration mutagenesis of each chosen position with all
possible amino acids should be performed. Further-
more, to study the potential synergistic effects when
altering different amino acids, more than one position
must be saturated simultaneously in the created
library. However, saturation mutagenesis at all three
positions at the same time by using NNN degenerate
primers would lead to a huge library of ~800,000
clones to cover 95% of all possible amino acid
combinations.[18] A more reasonable alternative would
be to reduce the number of generated clones by
decreasing the number of codons introduced, thus
creating a “small, but smart” mutagenesis library.
However, even when choosing this approach the
number of clones to be screened would be 24,000 or
32,000, depending on the strategy used (Table S1).[19]

Therefore, to reach a compromise between a library
size experimentally feasible to be screened and
exploring all possible amino acid combinations, the
22c-trick[19b] was chosen to obtain three mutant
libraries where only two positions were saturated at
the same time. Hence, the created libraries were:
library I (V238X and V286X), library II (V238X and
V290X) and library III (V286X and V290X). This
resulted in a drastic reduction of the necessary screen-
ing effort to 1,450 clones per library. Moreover,
further combinations of the best amino acid substitu-
tions observed could be subsequently explored for a
better blockage of the binding pocket.

High-Throughput Screening

The three pET22-plasmid based mutant libraries
created were transformed into E. coli BL21 (DE3)
C41 and screened on the robotic platform LARA
(laboratory automation robotic assistant).[20] The proc-
ess started by inoculating each well of a 96-well
microtiter plate with a single colony obtained after
transforming the E. coli cells with the corresponding
mutant library. Subsequently, protein variants were
overexpressed in the microtiter plate wells, harvested
and the selectivity assay was performed. Fortunately,
when CAL-A variants were overexpressed, their
accumulation in the periplasm caused a self-lysis of
the cells resulting in the release of the lipase variant to
the supernatant as it was previously described.[9b,16]

This fact allowed us to use this culture fraction instead
of the cell free extract for the hydrolytic activity
measurements. Consequently, the supernatant was
used in three separate p-nitrophenol (pNP) assays
towards pNP-myristate (pNP�C14:0) as control sub-
strate, pNP-oleate (pNP�C18:1) and pNP-erucate
(pNP�C22:1) to determine the chain length selectivity
of each mutant. Activity of the different clones

Figure 1. CAL-A crystal structure (PDB: 3GUU) showing
the lipase in its inactive state. The docked C18:1 fatty acid
(purple) is used to illustrate its probable location in the
CAL-A wt binding tunnel (wireframe). The tunnel is mainly
formed by the six consecutive helices of the cap domain
(shown in dark red). Amino acid residues V238, V286 and
V290 (green) are facing the tunnel and placed nearby the
terminal carbon (Cw) of the FA. The active site residues are
highlighted in blue.
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towards these substrates was calculated. The hydro-
lytic activity towards pNP�C18:1 and pNP�C22:1 was
compared to the activity towards pNP�C14:0. Surpris-
ingly, the results of the CAL-A wt showed a two-fold
higher (~80%) activity towards pNP�C22:1 while the
average activity towards pNP�C18:1 was around 30–
40% of the activity determined towards pNP�C14:0.

Taking these results into account, in a first step to
define a variant as a positive hit, those whose activity
towards pNP�C22:1 was equal or inferior to their
activity towards pNP�C18:1 were chosen. Then, the
pNP�C22:1/pNP�C18:1 activity ratio was calculated
for all of them, resulting in a CAL-A wt pNP�C22:1/
pNP�C18:1 ratio of approximately 2.6. To narrow
down the number of positive clones, only those
displaying a ratio lower than 0.8 were considered
selective. The outcome was a pre-selection of 107
clones from library I, 257 from library II and 173 from
library III. Confirmation of their selectivity was
achieved by repeating the screening experiment only
with the pre-selected clones by quadruplicate meas-
urements. This re-screening allowed restricting the
number of chosen clones further and only those
mutants displaying pNP�C22:1/pNP�C18:1 activity
ratio lower than 0.5 (28 from Lib I, 59 from Lib II and
33 from Lib III) were sequenced. Non-surprisingly,
mutations on these clones encoded mostly for large,
uncharged amino acids that could block the tunnel.

CAL-AVariants Chain Length Selectivity Towards
pNP Derivatives

Selectivity of the Variants Chosen from the Mutant
Libraries

From the sequenced clones, the 15 most selective
variants were chosen for further characterization
(Table S2). Therefore, the variants were overexpressed
in a small-scale culture (50 ml) and purified based on
the His-tag present using immobilized metal ion
affinity chromatography (IMAC). The activity of the
purified variants was determined spectrophotometri-
cally towards a range of different chain length pNP-
FA esters, including pNP�C14:0, �C18:1, �C18:2
(�linoleate), �C18:3 (�linolenoate), �C20:1, and
�C22:1 (Figure 2).

The chain length profile of CAL-A wt showed that
this lipase does not possess a pronounced chain length
specificity, i. e., CAL-A wt did not sharply differentiate
between pNP-FA esters with chain length ranging
from C14 to C22 (Figure 2). These results match those
previously published by our group.[12a] Interestingly,
when compared to the wild type enzyme, almost all
CAL-A variants maintained or increased their activity
towards the pNP-FA esters shorter than C18. In
particular, CAL-A variants V2, V3 and V14 presented
up to six times increased activity for the hydrolysis of

pNP�C14:0 when compared to CAL-A wt. The
exceptions to this observation were CAL-A variants
V6 and V8 that – although they exhibited a similar
hydrolytic activity towards pNP�C14:0� had notably
decreased activity towards longer chain pNP-FA
derivatives (Figure 2).

Regarding to the effect of the amino acid sub-
stitutions, the selectivity of the variants towards the
hydrolysis of pNP-FA esters shorter than C20 was
increased in all cases. This shift in the substrate
preference was reflected in both activity ratios calcu-
lated: pNP�C20:1/pNP�C18:1 and pNP�C22:1/
pNP�C18:1 (Figure 3). The values obtained were
especially promising for the erucic acid derivative,
where the most reduced hydrolytic activities were
determined. It is noteworthy that variants belonging

Figure 2. Chain length selectivity profile displayed by each
CAL-A variant towards pNP�C14:0 (&),�C18:1(&),�C18:2
(&),�C18:3 (&),�C20:1 (&) and�C22:1 (&).

Figure 3. Activity ratios calculated for CAL-A variants:
pNP�C20:1/pNP�C18:1 (&), pNP�C22:1/pNP�C18:1 (&).
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to each one of the three created libraries were present
among the 15 most selective clones. Moreover, as it is
subsequently described, when the number of variants
was further narrowed, this fact continued being true,
indicating the impact of all three chosen positions on
the FA selectivity.

As the outcome of this selectivity investigation,
four variants were identified with a C22:1-over-C18:1
value lower than 0.1 (more than twenty-fold lower
than CAL-A wt: ~2.5): V1 (CAL-A V238L, V290L),
V2 (CAL-A V238Y, V290N), V3 (CAL-A V238I,
V290M), and V9 (CAL-A V286Q, V290W).

Regarding to the variants discriminating between
C20:1�over�C18:1, as mentioned above also all of
them had a better selectivity than CAL-A wt
(pNP�C20:1/pNP�C18:1 ratio 1.52). In this case, the
ratios achieved ranged between 1.15 and 0.26, standing
out CAL-A V2 (CAL-A V238Y, V290N), V3 (CAL-A
V238I, V290M), V6 (CAL-A V238L, V286H, V290M)
and V12 (CAL-A V238L, V290N) with pNP�C20:1/
pNP�C18:1 ratio below 0.6. Taking into account these
results, variants V1, V2, V3, V9 and V12 were selected
to further study their behavior towards Crambe and
Camelina oil derivatives. CAL-A V6 was discarded as
a candidate due to its low activity compared to the
other variants and its low overexpression levels.

Prior to perform the oil enrichment biocatalysis, a
better expression system was required. The successful
expression of CAL-A in Pichia pastoris was described
in previous studies.[9b] Hence, mutations present in the
variants’ corresponding gene were transferred to a
methanol inducible P. pastoris overexpression vector,
thus creating the matching pPICZa-CALA-His mu-
tant plasmids. The resulting constructs were used to
transform P. pastoris GS115 cells. Up to 10 colonies
from each transformation were then seeded in three
different plates: YPDS containing either, 100 mg/ml or
500 mg/ml of Zeocin, and YPMS-tributyrin containing
100 mg/ml of Zeocin. Among them, from each trans-
formation the colony displaying the bigger halo and
better growth was selected, meaning higher protein
overexpression level and Zeocin resistance, in the
tributyrin and YPDS-Zeocin (500 mg/ml) plates (which
are usually indicators of multiple gene insertions),
respectively. CAL-A expression experiments were
performed on a small scale in shake flasks (50 ml).
The variants were secreted to the supernatant due to
the a-factor signal peptide. Subsequently, supernatants
were desalted and used to confirm their hydrolytic
activities towards different chain length pNP-FA
esters (Figure S1). As expected, the variants obtained
displayed similar ratios for pNP�C20:1/pNP�C18:1 or
pNP�C22:1/pNP�C18:1 as their E. coli overexpressed
counterparts. Additionally, after desalting an aliquot
from each supernatant, protein concentration was
measured, ranging between 1.6 and 2.1 mg/ml, (Ta-

ble S3) and secreted proteins were analyzed via SDS-
PAGE (Figure S2).

Moreover, modelling of variants V1, V2, V3, V9
and V12 containing an oleic acid molecule inside the
binding pocket was performed. The analysis of the
structures indicated the possible changes that the
binding site could undergo in each variant due to the
corresponding amino acid substitutions (Figure 4). As
it was intended, in all five resulting models, the tunnel
was either cut or narrowed, explaining the newly
achieved selectivity.

Analysis of Single Mutations in the Most Selective
Variants

To investigate the contribution of each amino acid
change present in the double mutants variants created
in the combinatorial approach, the corresponding
single mutants were generated and overexpressed in
P. pastoris in a similar manner as described before.
Dialyzed supernatants containing the corresponding
overexpressed variant were used to study their pNP-
FA chain length profile (Figure 5A). All single
mutants, with the exception of V238Y, showed
decreased activity ratios of pNP�C20:1/pNP�C18:1
and pNP�C22:1/pNP�C18:1 in comparison to the

Figure 4. Binding pockets of CAL-A wt (A) and CAL-A
variants V1 (B), V2 (C), V3 (D), V9 (E) and V12 (F). The
docked C18:1 (purple) is used to illustrate the probable
location of the FA in CAL-A binding tunnel (wireframe).
The tunnel is mainly formed by the six consecutive helices of
the cap domain shown in red. Amino acid residues V238,
V286 and V290 (green) are facing the tunnel and placed
nearby to the Cw. The active site residues are highlighted in
blue. Note: Helix aD1 is removed for a better view onto the
binding tunnel.
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wildtype ranging between 0.6–2.0 and 0.1–0.8, respec-
tively (Figure 5B). However, these decreased ratios of
the single mutants did not reach to the level of their
corresponding double mutants, with the exception of
single mutant V290W. From this fact it can be
assumed that the distinct selectivity of the remaining
four double mutant variants (V1, V2, V3, and V12)
resulted from the synergistic effects derived from the
simultaneous change of both amino acids. It is note-
worthy that only mutant V290W reached activity
ratios comparable to the ones of its related double
mutant V9, suggesting its major contribution for the
selectivity created in this variant. While the
pNP�C22:1/pNP�C18:1 ratios of both, V9 and
V290W, have been reported as 0.1, the pNP�C20:1/
pNP�C18:1 ratio of V290W was with 0.4 slightly worse
in comparison to V9 with 0.3. As a consequence, a
priori synergistic effects of mutation V286Q with
V290 W could improve the selectivity towards C20:1
further.

Surprisingly, the single mutation of V238Y showed
an increased activity ratio of pNP�C22:1/pNP�C18:1
of 3.9, being nearly two-fold higher than the wildtype.
This opposite effect in selectivity was reversed again
by the synergistic effects in the double mutant V2
(V238Y, V290N) to a ratio of 0.4.

Creation of Triple Mutants

As aforementioned, the main aim behind the creation
of three different libraries bearing two saturated
positions each was to explore the possible synergistic
effects of substituting more than one amino acid
simultaneously. The study of the selectivity of the
single mutant and double mutant variants confirmed
the significance of the influence of these effects for
the reshaping of the tunnel architecture appropriately.

In the previous experiments it was clearly observed
how, with the exception of CAL-A V290W, the
discrimination between FA esters of a chain length
longer than C18 was increased when a pair of residues
was altered, compared to the single residue modifica-
tions. Therefore, several combinations of the amino
acid substitutions from the best double variants were
investigated (Table 1). Ideally, these new variants
would lead to a better blockage of the binding pocket,
resulting in a sharper FA discrimination. Overexpres-
sion of lipase variants V16–V20 was confirmed by
SDS-PAGE (Figure S2) and protein concentration was
determined (Table S3), prior to the analysis of the
hydrolytic activity of the supernatants (Figure 6).

Comparing the generated triple mutants to the
already investigated variants, their tendency to hydro-
lyze the longer FA was further decreased. Unfortu-
nately, with the exception of V16, also the activity
towards C18 FA was partially affected, leading to
lower specific activities towards these substrates.

Especially acute was the aftermath in V20, which
displayed a sharp decrease in activity with substrates
longer than pNP�C14:0. These results indicate that an
accumulation of bulky residues at those positions in
the binding tunnel may cause a larger steric hindrance,
hence hampering as well the hydrolysis of FA shorter
than C20. Despite this fact, the pNP�C22:1/
pNP�C18:1 activity ratio calculated for the triple
mutant variants was further diminished when com-
pared to their parental double mutant variants. In this
case the obtained values ranged from 0.25 to 0.04,
while those obtained for the variants with two altered
amino acids varied between 0.4 and 0.06. Similarly, the

Figure 5. (A) Chain length profile displayed by the selected
CAL-A variants (wt, V238L, V238I, V238Y, V286Q, V290L,
V290M, V290N and V290W) overexpressed in P. pastoris
towards pNP�C14:0 (&),�C16:0 (&), �C18:1 (&), �C18:2
(&), �C18:3 (&), �C20:1 (&) and �C22:1 (&). (B) Activity
ratios calculated for the aforementioned CAL-A variants:
pNP�C20:1/pNP�C18:1 (&), pNP�C22:1/pNP�C18:1 (&).
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values of the pNP�C20:1/pNP�C18:1 activity ratio of
the new variants were lowered (0.5–0.25) regarding to
their precursors (1.0–0.5), excluding V16 that re-
mained alike (~1.4). Consequently, these variants
were selected as good candidates for further applica-
tion in gondoic and erucic FA enrichment. Only V17
was excluded due to both, low overexpression yields
and low specific activity.

High Cell Density Expression of CAL-AVariants

One of the main advantages of using P. pastoris as
host is that it can grow to very high cell densities, thus,
expressing and secreting recombinant proteins accord-
ingly, while only very few proteins from the host cell
are present in the fermentation broth.[21] Taking
advantage of this fact, large-scale production of CAL-
A wt and the most promising variants, i. e. V290W, V1,
V2, V3, V9, V16, V18, V19 and V20, was performed
to obtain sufficient amounts of protein for the
biocatalysis experiments.

Fermentation of the clones was a fed-batch process
where cells were inoculated and grown on glycerol,
followed by a fed-batch with glycerol (50%) step and
the subsequent induction phase involving fed-batch
with methanol. After 162 h the culture’s supernatant
was used for FA enrichment. During this process the
cultures growth and protein overexpression was moni-
tored by measuring the absorbance at 600 nm, the wet
cell weight, and the lipase activity towards
pNP�C14:0. Additionally, final protein concentration
in the supernatant was determined. Absorbance at
600 nm increased along time from 1.2–2.7 (t0) to 270–
370 (t162), depending on the variant overexpressed. In
a similar way, the final wet cell weight achieved was
approximately 0.2 g/ml of culture for all clones. In
contrast, both, lipase concentration and hydrolytic
activity strongly depended on the variant studied. In
this sense, enzyme concentration in the dialyzed
supernatant ranged between 1.1 and 2.5 mg/ml, while
the activity towards pNP�C14:0 varied more than ten-
fold (120.1 U/mg from V20 to 1,672.4 U/mg from V1)
(Table S4).

In addition, to verify that the amino acid changes
introduced did not affect the fermented variants
stability, their melting temperatures were analyzed
and compared to the wt (Table 2). As a result it could
be confirmed that, although the melting temperature
decreased up to 6.5 8C for V2 and V19, in all cases it
remained above 82 8C, indicating a high stability
towards thermal unfolding.

Lipase Specificity on Transesterified Oil Substrates

Besides discriminating towards different FA chain
lengths, lipases can display several types of selectiv-
ities when acting on TAG. For instance, lipase

Table 1. Amino acid changes present in the triple mutant
CAL-A variants.

Triple Mutants
Amino acid

V238 V286 V290

V16
L Q L

(V1+V286Q)
V17

Y Q N
(V2+V286Q)
V18

I Q M
(V3+V286Q)
V19

L Q W
(V9+V238L)
V20

I Q W(V9+V238I)

Figure 6. (A) Chain length profiles displayed by the selected
CAL-A variants (wt, V16, V17, V18, V19 and V20) overex-
pressed in P. pastoris towards pNP�C14:0 (&),�C16:0 (&),
�C18:1 (&), �C18:2 (&), �C18:3 (&), �C20:1 (&) and
�C22:1 (&). (B) Activity ratios calculated for the aforemen-
tioned CAL-A variants: pNP�C20:1/pNP�C18:1 (&),
pNP�C22:1/pNP�C18:1 (&).

FULL PAPER asc.wiley-vch.de

Adv. Synth. Catal. 2018, 360, 4115 – 4131 4121 � 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA

http://asc.wiley-vch.de


1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

regioselectivity, i. e. the ability to distinguish between
primary (sn-1,3) and secondary (sn-2) ester function-
alities in a triacylglycerol molecule, may affect the
hydrolysis pattern of these enzymes when acting on
determined oil.[22] Formerly, CAL-A was described as
a sn-2 selective lipase,[23] this information was proven
to be an artifact due to acyl migration in the products
of this regio-unspecific lipase.[24] Nonetheless, lipase
regioselectivity is an important factor to take into
account when performing FA selective enrichment on
an oil substrate. For instance, C22:1 in Crambe oil is
mostly located at the sn-1,3 positions of the glycerol
and the remaining FA in this oil are prone to be
located at the sn-2 position.[25] Interestingly, although
some studies showed that C22:1 enrichment could be
achieved utilizing sn-1,3 specific lipases, this strategy
was less successful than using lipases with natural
selectivity towards long-chain fatty acids like C.
rugosa or G. candidum lipase.[4,8b] In order to analyze
the enrichment capacity of the newly created CAL-A
variants depending exclusively on the different chain
length of the FA present in the oils, FA ethyl ester
(EE) derivatives obtained from Crambe and Camelina
oils were used as substrates. Regarding their composi-
tion, Crambe oil and, thus, its EE derivatives are
mainly composed of C22:1 (58.7%) and unsaturated
FA of C18 (31.2%) (Figure S3). On the other hand,
Camelina oil and its derived EE contain primarily
C18:3 (38.0%) and similar amounts of C18:1, C18:2,
and C20:1 (15.5% of each) (Figure S4).

Biocatalysis Using Crambe Ethyl Esters as Substrate

When performing the enrichment biocatalysis with the
selected variants on the Crambe esterified FA (EFA)
fraction, CAL-A wt was also included as control to
verify the created selectivities. Depending on their
behavior the used biocatalysts could be differentiated
in two groups: (i) those which enriched the desired
C22:1 in EFA fraction as it was planned; and (ii) those

which caused an accumulation of the FA in the FFA
(Figure 7).

The first group included almost all newly generated
variants: V1, V3, V9, V16, V18, V19 and V20 (Fig-
ure 7A). These lipases showed their preference for the
hydrolysis of FA shorter C20, thus achieving enrich-
ments of C22:1 in the EFA fraction ranging from 67.7
to 78.3%. Especially high enrichment levels were
achieved by V1 (77.2%), V9 (78.3%), V19 (73.7%),
and V20 (72.4%). On the other hand, an increase of
the C22:1 concentration in the FFA fraction was
possible by using CAL-A wt. This result was surprising
since, although a higher activity for the hydrolysis of
C22:1 when compared to the hydrolysis of C18:1 was
previously observed while testing the pNP-derivatives,
leading to a pNP�C22:1/pNP�C18:1 ratio of ~2.5, it
was not anticipated to have such a large impact when
using the complex FAEE mixture (Figures 3, 5, 6 and
S1). Nevertheless, an enrichment of C22:1 in the FFA
fraction could be observed accomplished by the wt
enzyme up to a concentration of 78.1% (Figure 7B). It
is noteworthy to mention that these results demon-
strate that it was possible to engineer the complete
inversion of the CAL-A wt selectivity.

Additionally, even though variants V290W and V2
displayed pNP�C22:1/pNP�C18:1 ratios quite low (0.1
and 0.4, respectively), these lipases also showed some
enrichment of C22:1 in the FFA fraction, but only up
to a concentration of 62.3%.

Regarding to the hydrolysis yields accomplished,
even though the amount of enzyme present to reach a
sufficient degree of substrate hydrolysis (10–40%) was
estimated (Figure S5), maximal FFA contents ob-
tained significantly varied after 48 h, ranging from
40.4% for V1 to 81.4% for V290W. Especially, when
examining V9 and its corresponding triple mutants
V19 and V20, a similar slope can be observed leading
to the assumption that similar maximal values of
enriching C22:1 can be attained by reaching a higher
degree of hydrolysis. However, the steepest slope was
observed for V1 as well as the highest theoretical
recovery of 81.3% (Figure 7C). This value is defined
as the amount of C22:1 present in the enriched
fraction (either FFA or EFA) in comparison to the
total amount of C22:1 in the sample (in both FFA and
EFA). In comparison, the theoretical recovery for the
wt only reached 62.3% and for V9 as far as 45.7%.

The results achieved in this work are comparable
to those described in previous studies using C. rugosa
and G. candidum lipases as biocatalysts.[4] However, it
must be taken into account that, to the best of our
knowledge, the proteins used in the aforementioned
examples were commercial samples composed of a
mixture of several isoenzymes in different proportions.
Since modifications of the fermentation conditions
lead to different lipase amounts and (iso)enzymatic
profiles, reproducibility of the results could hence be

Table 2. Melting temperatures obtained for the CAL-A wt
and fermented variants.

CAL-A variant Melting temperature (8C)

wt 89.0
V290W 87.9
V1 89.0
V2 82.5
V3 87.8
V9 83.6
V16 83.1
V18 83.5
V19 82.5
V20 84.2
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challenging.[26] On the other hand, CAL-A wt is a
well-studied lipase with great potential in biocatalysis
due to its high level of overexpression, stability and
the possibility of immobilization.[21,27] Therefore, the
described CAL-A variants represent a very attractive
alternative for C22:1 enrichment from plant oils.

Biocatalysis Using Camelina Ethyl Esters as
Substrate

Interestingly, when analyzing the results for the
reactions with Camelina EFA, the same long chain FA
enrichment behavior for the enzyme variants could
not be observed. In this case, the best results for the
enrichment of C20:1 in the EFA fraction were
obtained with the variants derived from CAL-A
V290W. The double, V9, and triple mutants, V19 and
V20, enriched C20:1 from a concentration of 15.4% to
approx. 27% (Figure 8A). Interestingly, the highest
enrichment, 34.1%, was obtained with the single
mutant V290W. However, the theoretical recovery
determined for the best four variants was moderate
reaching 52–59% (Figure 8B). It is certainly intriguing
that variant V290W was not able to enrich C22:1 in
the Crambe EFA, but it enriched C20:1 in the Camel-
ina EFA. As it is explained below, a concrete
structural reason for this reduced activity towards
C20:1 but not towards C22:1 could not be identified
by molecular modeling studies (Figure S6). Regarding
V1 and its derivative V16 the data analysis detected a
similar behavior in enrichment, producing a slight
decrease of gondoic acid in the EFA fraction. This fact
indicated that for these two variants the chain length
selectivity cut-off was generated between C20 and
C22. These results are endorsed by the results
obtained in the pNP-FA selectivity experiment where
both variants showed pNP�C20:1/pNP�C18:1 ratios
decreased in comparison to CAL-A wt but were close
to 1, which means similar rates in hydrolysis for both
substrates (Figure 3 and 6). Concerning V2, V3 and
V18, only a minor enrichment was produced in the
EFA, not representing more than 5% on any of these
cases. Finally, despite the pNP�C22:1- and
pNP�C20:1/pNP�C18:1 ratios obtained for CAL-A wt
were quite similar (2.2 and 2.4, respectively), no
significant C20:1 enrichment was observed for CAL-A
wt in the FFA fraction.

The different performance of the variants can be
explained due to two non-exclusive reasons: (i)
although Camelina and Crambe samples are compara-
ble concerning the FA types present, there is a great
difference in their concentrations. Thus, while in both
oils FA chain lengths range between C14 to C24, the
concentration of the desired FA is dissimilar, repre-
senting 15.4% (C20:1) and 58.7% (C22:1), respec-
tively. This may be especially significant for CAL-A
wt, as crowding effects could play a role in the

Figure 7. Content of C22:1 in the Crambe EFA (A) or FFA
(B) fraction over content of FFA as mean averages of
triplicates displayed with their errors, as well as their
theoretical recovery of C22:1 (C), which is defined as the
amount of C22:1 present in the enriched fraction (either FFA
or EFA) in comparison to the total amount of C22:1 in the
sample (in both FFA and EFA), over the C22:1 content in
the most enriched fraction.
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conversion of the long-chain EFA by this enzyme.
Hence, in the Crambe EFA it is more likely that the
enzyme meets a molecule of C22:1-EE in comparison
to contacting a molecule of C20:1-EE using Camelina
EFA as substrate. Secondly, (ii) in the robotic screen-
ing the assay was directed towards the identification
of clones with lower pNP�C22:1/pNP�C18:1 ratio. As
a consequence, variants discerning shorter FA than
erucic and not gondoic acid were favored (“You get
what you screen for”).[28] Consequently, V1 was
identified with a ratio of 0.4 and V16 was derived
from it with an improved ratio of 0.3, while they are
not able to discriminate towards C20:1.

Bioinformatic Analysis of Changes in the Tunnel
Structure

When analyzing the main FA binding tunnel of CAL-
A there are striking features to mention. The tunnel is
located in the cap domain of the enzyme[15] and can
reach a length of up to 36.1 Å (Figure 9). The
beginning of the tunnel is buried inside the protein
scaffold at the active site, which is connected to
smaller tunnels important as solvent or small ion
channels (Figure 9A). The main part of the tunnel
(33.7 Å) has a radius �1.5 Å, being large enough to fit
the cross section of a FA molecule, i. e. a carboxylic
acid with a long aliphatic chain containing as cross
section units C2H4 with a radius of approx. 1.44 Å. In
close proximity of the active site a minor appendix
leaves the main acyl-binding tunnel. This groove was
investigated by Brundiek et al. as an alternative bind-
ing pocket able to bind medium chain FA.[12a] The
major binding tunnel displays a linear section of 15 Å
in the beginning and takes then several turns until it

Figure 8. Content of C20:1-EE in the Camelina EFA (A)
fraction over content of FFA as mean averages of triplicates
displayed with their errors, as well as their theoretical
recovery of C20:1 (B), which is defined as the amount of
C20:1 present in the enriched fraction (either FFA or EFA)
in comparison to the total amount of C20:1 in the sample (in
both FFA and EFA), over the C20:1 content in the most
enriched fraction.

Figure 9. Elucidation of the CAL-A FA binding tunnel
structure with (A) CAVER tunnel computation and (B–E)
the results of the molecular dynamics studies of C22:1
binding to CAL-A wt. The main tunnel is shown from
different angles. Highlighted in the red circle is the cisD13
double bond of the C22:1 molecule. The FA (purple) was
previously docked in the CAL-A crystal structure (3GUU)
displaying the binding tunnel (wireframe), the cap domain
(red), the catalytic residues (blue) and the hotspots for
protein engineering (green).
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narrows down and is exposed to the surface in the lid
region.

In the previous molecular modeling experiments it
was observed that the conformation of the tunnel
underlies a certain degree of freedom as well as the
binding of the FA molecule. However, the FA
selectivity towards different chain length of MUFAs
of the wt enzyme was striking. CAL-A wt preferred
the hydrolysis of C20:1 and C22:1 over C18:1. An
explanation for this was found in the tunnel architec-
ture, which allows the cis double bond to adopt an
angle closer to its natural conformation (1108). While
the cis double bond of C18:1 (cisD9) is located in the
linear part of the FA binding tunnel (Table S5), the cis
double bonds of C20:1 (cisD11) and C22:1 (cisD13)
suit with the first turn of the tunnel (Figure 9B–E).

When analyzing changes introduced to the FA
binding tunnel of CAL-A by its mutants, it can be said
that each variant displayed an at least by 10 Å
shortened tunnel (Table 3; Figure S6). However, con-
vincing structural reasons for the distinct selectivities
were not found neither for the distinct chain-length
selectivity of V1 and V16 between C20 and C22 FA,
nor the decreased activity of V290 W towards C20:1,
but not C22:1.

Conclusions
The work presented herein describes the semi-rational
protein design of CAL-A selectivity to enhance the
enrichment of mono-unsaturated long chain FA from
Camelina and Crambe seed oil ethyl ester derivatives.

Initially, molecular modelling on the CAL-A
structure allowed the identification of three possible
hotspots for site-directed saturation mutagenesis:
V238, V286, and V290. This led to the creation of
three different “small, but smart” libraries bearing
two saturated positions simultaneously: library I
(V238X and V286X), library II (V238X and V290X)
and library III (V286X and V290X). High-throughput

screening in LARA, and the subsequent character-
ization of the pNP-FA ester hydrolysis preference,
allowed the identification of five CAL-A variants, i. e.
V1 (V238L, V290L), V2 (V238Y, V290N), V3 (V238I,
V290M), V9 (V286Q, V290W) and V12 (V238L,
V290N), displaying significantly lower pNP�C20:1/
pNP�C18:1, pNP�C22:1/pNP�C18:1 ratios (between
0.6–1.3 and 0.4–0.06, respectively), in comparison to
CAL-A wt (2.4 and 2.2, respectively). Consequently,
the capability of these variants of accepting FA longer
than C18 was dramatically decreased. The fact that
amino acid changes present in all three positions
influenced the catalytic specificity confirmed the
suitability of the chosen site-directed mutagenesis
targets. Furthermore, analysis of single and triple
mutants derived from the aforementioned variants
highlighted the relevance of the synergistic effects
achieved by altering more than one residue at the
same time. In general, when compared to their
parental double mutant variants, single mutant var-
iants displayed higher pNP�C20:1/pNP�C18:1,
pNP�C22:1/pNP�C18:1 activity ratios (between 0.4–
2.5 and 0.1–3.9, respectively), while in the triple
mutants these values were decreased (between 0.25–
1.4 and 0.04–0.25, respectively).

Regarding to the FA enrichment process with
Crambe ethyl ester derivatives, it is noteworthy that
when the biocatalysis was mediated by CAL-A wt, up
to 78% enrichment of C22:1 was observed in the FFA
fraction. On the other hand, a complete inversion of
this selectivity was achieved when the best variants of
the above were tested in the same procedure. Hence,
C22:1 was enriched in the EFA fraction to 77% with
V1, 78% with V9, and 74% with V19. Within these
variants the best theoretical yield of C22:1 was
determined for V1 with 81%. In the case of using
Camelina oil ethyl esters as substrate, the lipases
behaved differently. CAL-A wt could not enrich C20:1
in neither, the EFA nor in the FFA fraction, while the
best variant was the single mutant V290 W, which
more than doubled the content of C20:1 in the EFA
fraction to 34%. The next best catalysts comprised V9
and its two derived triple mutant variants V19 and
V20, which were able to increase the percentage of
C20:1 up to 27%.

Therefore, the generated variants have demon-
strated their capability to enrich long chain mono-
unsaturated FA, utilizing as starting substrate complex
mixtures of FA ester derivatives obtained from renew-
able sources. In addition, different lipase variants
could be chosen in a practical situation to best fit the
process requirements, depending on the substrates
used, the required purity and the desired recovery of
FA. Moreover, further optimization of the biocatalysis
reaction conditions would probably lead to both,
better recovery yields and higher level of enrichment.
Thus, they represent promising candidates for their

Table 3. Summary of the distance from the catalytic active
site to the first bottleneck determined for CAL-A wt, the
single mutant V290W, the double mutants V1–3, 9, and 12,
and the triple mutants V16–20. More specifically, the tunnel
graphs are displayed for the FA binding tunnel calculated
from the catalytic Ser185 with a minimal probe radius of 0.6–
0.7. Path lengths were calculated with a probe radius of
1.50 Å using Caver Analyst 1.0.

Variant Length
[Å]

Variant Length
[Å]

Variant Length
[Å]

Wt 33.65 V1 20.85 V16 22.24
V290W 19.33 V2 21.65 V17 22.23
– – V3 19.09 V18 20.42
– – V9 22.26 V19 20.31
– – V12 22.26 V20 21.91
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application in industrial lipid modification as a more
environmentally friendly alternative to traditional
oleochemical processes.

Experimental Section
Materials

Unless stated otherwise all chemicals were purchased from
Fluka (Buchs, Switzerland), Sigma (Steinheim, Germany),
Merck (Darmstadt, Germany), VWR (Hannover, Germany),
or Carl Roth (Karlsruhe, Germany). Primers were synthe-
sized by Sigma (Steinheim, Germany) and Thermo Fisher
Scientific (Waltham, MA, USA). Sequencing was performed
by Eurofins MWG Operon (Luxembourg, Luxembourg). E.
coli TOP10 strain was obtained from Invitrogen (Carlsbad,
CA, USA) and E. coli BL21 (DE3) C41 strain was purchased
from Lucigen (Middelton, USA). Plasmids pGAPZ and
pPICZa were purchased from Invitrogen (Carlsbad, USA).

CAL-A Cloning and Overexpression in E. coli

The plasmid pET22b bearing the gene encoding CAL-A
from Moesziomyces antarcticus (Candida antarctica) was
previously cloned in our group.[12a] E. coli C41(DE3) cells
were transformed with pET22b(+)_ppro_CALA_His or the
corresponding derivatives by electroporation (MicroPulser�
electroporator). Similarly, in order to preserve them, E. coli
Top10 cells were transformed with pPICZa or pGAPZa
vector bearing the desired CAL-A wt/mutant gene.

Overexpression of CAL-A wt and the different variants in E.
coli C41 was achieved by growing a colony bearing the
plasmid in a 5 ml LB O/N culture containing ampicillin
(0.1 mg/ml) at 37 8C and 180 rpm. Depending on the
experimental setup, 50 ml of ZYM-5052 medium[29] was
inoculated with 1–2% volume of the E. coli O/N culture.
After inoculation, cultures were incubated at 37 8C and
180 rpm for 6 h and, then, cultivated at 30 8C for 22 h. The
cultures were harvested at 3900 g for 60 min at 4 8C. The
supernatant (SN) was discarded and the cell pellet was
resuspended in 10 ml sodium phosphate buffer (50 mM;
pH 7.5) containing sodium chloride (1 mM). Cell lysis was
performed by ultrasonication (Sonoplus HD2070 UW2070
KE76, Bandelin electronic, Berlin, Germany) at 30% power
and 50 cycles for 5 to 20 min on ice. The suspension was
centrifuged at 3900 g for 30 min at 4 8C. Subsequently, the
supernatant, containing the cell free extract (CFE), was
separated from the cell pellet and snap frozen with liquid N2.
The frozen samples were stored at �80 8C until further
usage.

CAL-A Cloning and Overexpression in P. pastoris

Prior to the electroporation of P. pastoris GS115 competent
cells, the pPICZa (wt, V290W, double mutants and triple
mutants) or pGAPZa (wt and single mutants) vector bearing
the desired CAL-A wt/mutant gene was purified from a
20 ml (LB-low salt containing 25 mg/ml Zeocin) O/N culture
of the corresponding E. coli Top10 strain and digested using
PmeI or AvrII restriction enzyme to obtain the pure

linearized plasmid. After electroporation of the GS115
competent cells with the linear plasmid (5–10 mg), 1 ml of ice
cold sorbitol (1 M) was added. The mixture was incubated at
30 8C during 1 h without shaking. Subsequently, 250 ml were
seeded in YPDS plates containing 1% yeast extract, 2%
peptone, 2% dextrose, 1 M sorbitol, 2% agar and 100 mg/ml
Zeocin. After 72 h incubation at 30 8C the transformed
colonies grew.

Selection of the best P. pastoris clones: once obtained the
transformants, screening of the best clones was performed by
plating 10 ml from a 0.5 ml YPD (1% yeast extract, 2%
peptone, 2% dextrose and 100 mg/ml Zeocin) O/N culture in
three different plates:(i) an indicator plate supplemented
with tributyrin[30] and YPDS plates containing either (ii) 100
or (iii) 500 mg/ml of Zeocin. These plates were incubated
during 96 h at 30 8C. One clone from each transformation
was chosen based on the size of the halo and the resistance
towards Zeocin. The selected clones were then used for
lipase overexpression, as well as stored at �80 8C in YPD
medium containing 30% of glycerol for conservation and
further use.

P. pastoris overexpression of CAL-A variants in small scale:
a freshly plated P. pastoris GS115 colony transformed with
the desired CAL-A gene was used to inoculate 5 ml BMGY
medium (1% yeast extract, 2% peptone, 100 mM potassium
phosphate (pH 6.0), 1.34% YNB, 4 3 10�5% biotin and 1%
glycerol) with Zeocin (0.1 mg/ml) in a 250 ml Erlenmeyer
baffled flask. The culture was shaken overnight at 30 8C and
180 rpm. Using 5 ml of overnight culture 45 ml of BMGY
media were inoculated and kept at 30 8C and 180 rpm.

When P. pastoris clones were overexpressing the desired
protein under the control of the inducible promoter (double
and triple mutants), after 24 h the BMGY cultures were
centrifuged at 4500 g for 15 min and washed with 5 ml
sterilized 50 mM sodium phosphate buffer with 1 mM NaCl
at pH 7.5. The washed cells were centrifuged again and the
cell pellet was resuspended with 50 ml BMMY (1% yeast
extract, 2% peptone, 100 mM potassium phosphate (pH 6.0),
1.34% YNB, 4 3 10�5% biotin and 0.5% methanol) contain-
ing Zeocin (0.1 mg/ml). Subsequently, the culture mixture
was incubated at 30 8C and 180 rpm for 96 h in a 250 ml
Erlenmeyer baffled flask. Every 24 h 250 ml of sterilized
methanol (0.5% final culture volume) was added to maintain
the protein overexpression. After 96 h of induction the
culture was harvested by centrifugation (20 min, 4500 rpm,
4 8C). The supernatant (~50 ml) was collected, its hydrolytic
activity towards pNP�C14:0 measured and a SDS-PAGE run
as described below. Then, the corresponding supernatant was
divided into aliquots and frozen at �80 8C.

When overexpressing variants under the control of the
constitutive promoter a similar protocol was followed.
However, since the constitutive promoter needs no addi-
tional feeding with methanol for induction, it was used YPD
media instead of the BMGY and BMMY media.

Fed-batch P. pastoris fermentation for the overexpression of
CAL-A variants V290W, V1, V2, V3, V9, V16, V18, V19
andV20: a 250 ml Erlenmeyer baffled flask with 50 ml of
BMGY medium was inoculated with a freshly plated P.
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pastoris colony per variant. The flask was incubated for
~48 h at 30 8C on an orbital shaker at 180 rpm. Once the cell
density reached OD600 ~50, 0.6 l of Basal Salts Medium
(BSM was made as described by Invitrogen in Pichia
Fermentation Process Guidelines) were seeded with 30 ml of
the shake flask culture in a 1 l fermenter. In the glycerol
batch phase the culture was grown until the glycerol was
completely consumed (~24 h). Then, the glycerol fed-batch
phase was initiated by adding glycerol 50% containing 1.2%
PTM1 salts at 5 ml/min/l during 4 h to increase the cell
biomass. After that time, the feeding was stopped and the
MeOH induction was not started until all the remaining
glycerol was consumed (~3 h). During the MeOH fed-batch
phase the methanol was introduced slowly to avoid cell
death. Therefore, MeOH flow started on 1.5 ml/min/l and
was increased up to 3 ml/min/l when the culture was fully
adapted to methanol utilization and methanol limitation
occurred. The induction phase continued during 96 h. The
temperature was kept constant at 30 8C and the pH was
maintained between 5.0–6.0 using NH4OH (30%) and H3PO4

(50%). The airflow and the stirrer speed were adjusted to
maintain the dissolved oxygen (DO) above 20%. When the
fermentation finished the culture was centrifuged at
4500 rpm during 1 h and the supernatant was collected and
frozen at �80 8C for later lyophilization. The fermentation
process was followed by taking 10 ml samples at least once a
day. Samples were analyzed for cell growth (OD600 and wet
cell weight) and hydrolytic activity of the SN towards
pNP�C14:0.

CAL-A Purification

The presence of the C-terminal His-tag enabled a one-step
purification procedure of CAL-A by IMAC. The fraction
containing the soluble protein (25 ml) was applied to 5 ml of
Co+2�IDA agarose column (Roti�garose-His/Co Beads;
Roth, Karlsruhe, Germany) pre-equilibrated with 50 mM
sodium phosphate buffer containing 300 mM NaCl and
30 mM imidazole, pH 7.0. The column was washed with
equilibrating buffer (50 ml) in order to remove the unbound
material. The desired protein was eluted with 10 ml of the
same buffer containing 300 mM imidazole. Subsequently, in
order to desalt and concentrated the resulting protein
solution two methods could be used: (i) concentration of the
eluted fraction by centrifugal filter units, Vivaspin 20
(10 kDa cut off, Satorius AG, Göttingen, Germany), to 1 ml.
This volume was subsequently washed five times with
washing buffer (5 mM sodium phosphate buffer, pH 7.5).
Alternatively, (ii) dialysis with ZelluTrans dialysis mem-
branes (10 kDa cut off, Roth, Karlsruhe, Germany) was
performed, followed by lyophilisation.

Determination of Protein Concentration

Protein concentration was determined by the bicinchoninic
acid (BCA) assay (Pierce� BCA Protein Assay Kit,
ThermoFisher Scientific, Waltham, USA) with bovine serum
albumin as a standard. Absorbance of all samples was
measured in triplicates (l=562 nm) (Tecan Infinite M2000
Pro, Tecan Group Ltd., Männedorf, Switzerland).

SDS-PAGE

Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) was performed using a 12.5% and 5%
acrylamide in the resolving and stacking gels, respectively.
Gels were run on a Mini-PROTEAN� Tetra System
apparatus (Bio-Rad) at 200 V for 40 min. Molecular weight
marker was purchased from either Carl-Roth (Roti�-Mark
Standard) or from Thermofisher (Unstained Protein MW
Marker). Proteins were stained with Coomassie Brilliant
Blue G-250 (Bradford).

Determination of Protein Melting Temperature

Measurement of the melting temperature for the CAL-A
variants overexpressed in high cell density cultures were
performed using a Prometheus NT.48 equipment (Nano-
Temper Inc., Germany). Approximately 4 ml of each sample
containing 1 mgprot/ml was aspirated into standard-treated
glass capillaries (NanoTemper Inc., Germany). Capillaries
were loaded into a 48-capillary sample holder and thermo-
stated inside the instrument at 20 8C for ~5 min before
measurements. Excitation power was set at 10%. Intrinsic
fluorescence was measured at 330 and 350 nm in presence of
a heat gradient ranging from 20 to 95 8C (DT=0.1 8C/min).

Hydrolysis of pNP-Esters of Different Chain Length

CAL-A hydrolytic activity was determined by following the
initial hydrolysis rate of pNP-esters spectrophotometrically
during 5 min (TECAN Infinite M2000 Pro) at l=410 nm
(e=10,998 M�1 cm�1) in a 96-well microtiter plate. The assays
were performed in sodium phosphate buffer (50 mM; pH=
7.5) containing NaCl (1 mM), isopropanol (10% v/v), Triton
X-100 (0.5% v/v), the fatty acid derivative (1 mM) and the
enzyme. Reactions were initiated by the addition of the
substrate and the Triton X-100 dissolved in isopropanol. As
the standard substrate for measuring enzyme activity
pNP�C14:0 was chosen. One unit of lipase activity was
defined as the amount of enzyme releasing 1 mmol pNP per
minute. All measurements were performed at least in
triplicates.

Chain length selectivity was investigated by measuring the
hydrolytic activity towards several p-nitrophenyl esters,
including pNP-myristate (C14:0), -palmitate (C16:0), -oleate
(C18:1), -linoleate (C18:2), -linolenate (C18:3), -gondoate
(C20:1), and -erucate (C22:1).

Chemical Synthesis of pNP-Fatty Acid Esters

pNP�C14:0 and pNP�C16:0 were purchased from Fluka,
while the FA esters derived from C18:1 (cisD9), C18:2
(cisD9, cis-D12), C18:3 (cisD9, cisD12, cisD15), C20:1
(cisD11) and C22:1 (cisD13) acids were synthesized in one-
gram scale using the corresponding acid choride derivatives
(NuCheck, USA) as described by Brundiek et al. (2012).[31]

To a 250 ml round-bottom flask, with magnetic stirring,
under an inert atmosphere (N2), anhydrous ZnCl2 (0.54 g,
3.96 mmol), anhydrous dichloromethane (30 ml), and pNP
(1.0 g) were added. The corresponding acid chloride (1.0 g)

FULL PAPER asc.wiley-vch.de

Adv. Synth. Catal. 2018, 360, 4115 – 4131 4127 � 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA

http://asc.wiley-vch.de


1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

was added dropwise by a syringe, and the reaction mixture
was refluxed until complete conversion was observed by thin
layer chromatography (~1 h). The reaction mixture was then
cooled to room temperature in an ice bath. Afterwards,
30 ml of water were added to the reaction mixture to,
subsequently, decant the organic layer. The aqueous phase
was extracted with diethyl ether (Et2O, 2 3 30 ml). The
combined organic layers were further washed with NaHCO3

(2 3 30 ml) and, then, dried with anhydrous Na2SO4. After
filtration and evaporation in vacuo this yielded a dark brown
product. Purification was performed by flash chromatogra-
phy (hexane/Et2O, 10:1) to afford the pure pNP-FA deriva-
tive as a clear, beige oil. The identity of all compounds
synthesized was confirmed by 1H NMR spectroscopy
(300 MHz; dilute solution in CDCl3) (Figure S7).

pNP�C18:1 (0.83 g, 62% yield): 1H-NMR (300 MHz; dilute
solution in CDCl3): d=8.27 (2H, d, J=9.25 Hz, 2 3 Ar�H),
7.27 (2H, d, J=9.25 Hz, 2 3 Ar�H), 5.43–5.30 (2H, m,�HC=
CH�), 2.60 (2H, t, J=7.55 Hz, a-CH2), 2.11–1.91 (4H, m,
H2C�HC=CH�CH2), 1.83–1.69 (2H, m, b-CH2), 1.49–1.19
(20H, m), and 0.88 (t, J=6.61 Hz, CH3).

pNP�C18:2 (1.14 g, 85% yield): 1H-NMR (300 MHz; dilute
solution in CDCl3): d=8.26 (dd, J=9.25 Hz, 2H, 2 3 Ar�H),
7.27 (dd, J=9.25 Hz, 2H, 2 3 Ar�H), 5.45–5.27 (m, 4H, 2 3

�HC=CH�), 2.78 (t, J=6.0 Hz, 2H =CH�CH2�HC=), 2.59
(t, J=7.45 Hz, 2H, a-CH2), 2.11–1.99 (m, 4H, H2C�HC=
CH�CH2), 1.82–1.70 (m, 2H, b-CH2), 1.40–1.24 (m, 14H),
and 0.89 (t, J=6.61 Hz, 3H, CH3).

pNP�C18:3 (0.98 g, 74% yield): 1H-NMR (300 MHz; dilute
solution in CDCl3): d=8.26 (dd, J=9.25 Hz, 2H, 2 3 Ar�H),
7.27 (dd, J=9.25 Hz, 2H, 2 3 Ar�H), 5.54–5.19 (m, 6H, 3 3

�HC=CH�), 2.81 (t, J=5.71 Hz, 2H =CH�CH2�HC=), 2.60
(t, J=7.42 Hz, 2H, a-CH2), 2.14–1.97 (m, 4H, H2C�HC=
CH�CH2), 1.82–1.68 (m, 2H, b-CH2), 1.41–1.24 (m, 13H),
and 0.98 (t, J=7.4 Hz, 3H, CH3).

pNP�C20:1 (1.17 g, 89% yield): 1H-NMR (300 MHz; dilute
solution in CDCl3): d=8.27 (dd, J=9.20 Hz, 2H, 2 3 Ar�H),
7.27 (dd, J=9.20 Hz, 2H, 2 3 Ar�H), 5.37–5.32 (m, 2H,
�HCOCH�), 2.60 (t, J=7.45 Hz, 2H, a-CH2), 2.06–1.96 (m,
4H, H2C�HC=CH�CH2), 1.80–1.65 (m, 2H, b-CH2), 1.37–
1.25 (m, 24H), and 0.88 (t, J=6.60 Hz, 3H, CH3).

pNP-C22:1 (1.04 g, 81% yield): 1H-NMR (300 MHz; dilute
solution in CDCl3): d=8.25 (dd, J=9.30 Hz, 2H, 2 3 Ar�H),
7.27 (dd, J=9.30 Hz, 2H, 2 3 Ar�H), 5.37–5.32 (m, 2H,
�HC=CH�), 2.60 (t, J=7.45 Hz, 2H, a-CH2), 2.06–1.96 (m,
4H, H2C�HC=CH�CH2), 1.81–1.70 (m, 2H, b-CH2), 1.45–
1.21 (m, 28H), and 0.88 (t, J=6.60 Hz, 3H, CH3).

Bioinformatic Tools

Molecular modelling was performed using YASARA
(www.yasara.org) based on the 2.1 Å-resolution X-ray struc-
ture of molecule A of CAL-A (PDB: 3GUU). Structural
refinement was carried out by a molecular dynamics
simulation in water. Docking experiments with the refined
structure were performed using oleic, gondoic, and erucic
acids as ligands. The simulation cell was arranged including
the catalytic residues and the whole binding tunnel of CAL-

A. For the docking experiment the dockrunensemble macro
from YASARA was used. The binding of the docked FA was
further investigated for CAL-A wt and V290W by molecular
dynamic simulations with an Amber14 forcefield utilizing the
mdrun macro of YASARA under physiological conditions
and a frame rate of 250 ps. Snapshots were evaluated
concerning the FA binding of the tunnel and the tunnel
architecture.

Further characterization of the tunnel was performed with
the software CAVER Analyst 1.0[32] (www.caver.cz). Tunnels
were computed starting from the catalytic Ser184 with a
maximal distance of 5 Å and a solvent radius of 0.7 Å.

Generating CAL-A Mutant Libraries

Three different CAL-A mutant libraries were generated to
perform saturation mutagenesis simultaneously at two posi-
tions with a “small, but smart” focused library.[19b] Saturation
positions for each library were: V238X and V286X for library
I; V238X and V290X for library II; and V286X and V290X
for library III. CAL-A libraries I and II were generated via
MegaWhop with specific primers for each variant to produce
megaprimers (MP1 and MP2)[33] (Table S6). The plasmid
containing the CAL-A gene (100 ng) was mixed with 10 3

Buffer B (5 ml), dNTPs (2 ml), 25 mM MgSO4 (1 ml), 0.5 ml
OptiTaq, forward primer 16.21 (1 ml, Lib I+ II), the corre-
sponding reverse primer 16.19 (Lib I) or 16.22 (Lib II) (1 ml),
and distilled water (38.5 ml). The PCR program included the
following temperature steps: 95 8C for 2 min; subsequently 30
cycles of the following: 95 8C for 15 s, 55 8C for 30 s, 72 8C for
42 s; and finally a holding step at 72 8C for 10 min. The PCR
product was purified (Nucleo Spin� Gel and PCR Clean-up,
Macherey & Nagel, Düren, Germany) and used in the
optimized protocol for the MegaWhop as megaprimer. The
plasmid containing the CAL-A gene (100 ng) was mixed
with 10 3 Pfu buffer (5 ml), dNTPs (1 ml), purified mega-
primer (5 ml), undiluted PfuPlus polymerase (0.25 ml), and
distilled water (37.75 ml). The following program was used:
hold 94 8C for 2 min, 25 cycles of the following three steps:
94 8C for 30 s, 55 8C for 30 s, and 72 8C for 437 s. Finally hold
at 72 8C for 10 min. The template DNA was digested with
1 ml of DpnI (10 U/ml solution) for 3 h at 37 8C and 20 min at
80 8C.

The CAL-A library III was generated via QuikChange�
with specific primers[34] (Table S6). The plasmid containing
the CAL-A gene (100 ng) was mixed with 10 3 Buffer B
(5 ml), dNTPs (2 ml), 25 mM MgSO4 (1 ml), 0.5 ml OptiTaq,
forward primer 16.20 (1 ml), reverse primer 16.19 (1 ml), and
distilled water (38.5 ml). The PCR program included the
following temperature steps: hold at 95 8C for 2 min, after-
wards 10 cycles of the following: hold at 95 8C for 15 s, 55 8C
for 30 s, 72 8C for 437 s. Subsequent cycles (25) are prolonged
by their elongation time by 20 s per cycle. Finally hold at
72 8C for 10 min. The template DNA was digested with 1 ml
of DpnI (10 U/ml solution) for 3 h at 37 8C and 20 min at
80 8C.

The PCR-products were first transformed into electrocompe-
tent E. coli TOP10 cells and, after plasmid purification,

FULL PAPER asc.wiley-vch.de

Adv. Synth. Catal. 2018, 360, 4115 – 4131 4128 � 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA

http://asc.wiley-vch.de


1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57

transformed into electrocompetent E. coli C41 (DE3) cells,
following the protocol previously described.

Screening of CAL-AVariants using the Robotic
Platform LARA

High-throughput screening of the CAL-A variant libraries
was performed in the “laboratory automation robotic
assisant” (LARA).[20] For this purpose, ~5,000 colonies
transformed with each of the mutant libraries previously
obtained were used to inoculate master MTP (M-MTP)
containing 220 ml per well of LB with ampicillin (0.1 mg/ml).
Utilizing the QPix 420 Colony Picking System (Molecular
Devices, USA) each well was inoculated with only one
colony. The so prepared M-MTPs were incubated at 37 8C
and 700 rpm during 5 h and, subsequently, stored at 4 8C O/N
until later usage. These plates served as a backup for the
different libraries.

Overexpression of the CAL-A library variants was achieved
in microtiter plates (OE-MTP) containing 230 ml/well of
auto-induction ZYM-5052 medium[29] per well and inocu-
lated using the corresponding grown master MTP. Before
inoculation M-MTPs were revitalized by incubation for 2 h
at 37 8C. After inoculation they were incubated at 37 8C and
700 rpm for 6 h. For better folding at the protein expression
stage, the temperature was the temperature was changed to
30 8C for another 22 h. OD600nm was monitored during the
process to verify the growth of the cells. The supernatants
were transferred to a fresh plate and stored at 4 8C until
performing the hydrolytic activity measurements after cen-
trifugation of the OE-MTPs at 4 8C and 4500 rpm.

Hydrolytic activity reaction conditions in LARA were
similar to the conditions usually employed for hydrolytic
activity measurements outside the robot. Initial hydrolysis
rate of p-nitrophenyl esters was followed spectrophotometri-
cally for 5 min at l=410 nm (e=10.84 mM�1 cm�1) at 37 8C
in a 96-well microtiter plate. The assay was performed in
sodium phosphate buffer (50 mM; pH=7.5) containing NaCl
(1 mM), isopropanol (10% v/v), Triton X-100 (0.5% v/v), the
fatty acid derivative (1 mM, pNP�C14:0, pNP�C18:1 or
pNP�C22:1) and 45 ml of SN sample for each reaction.
Reactions were initiated by the addition of the substrate and
the Triton X-100 dissolved in isopropanol. The final reaction
volume was 200 ml. One unit of lipase activity was defined as
the amount of enzyme releasing 1 mmol p-nitrophenol per
minute.

Creation of pPICZa-CALA-His Vectors Containing
the Desired Mutations

In order to overexpress in P. pastoris the enzyme CAL-A wt
and its most interesting variants, QuikChange reactions were
performed using as template pPICZa-CALA-His/pGAPZa-
CALA-His vector or the corresponding derivative. For this
purpose, specific primers were designed to insert the desired
mutation (Table S7 and S8). The reaction mixtures included
the CAL-A plasmid template (100 ng, ~1 ml), 10 3 Buffer B
(5 ml), dNTPs (2 ml), 25 mM MgSO4 (1 ml), 0.5 ml OptiTaq,
forward primer (1 ml), reverse primer (1 ml), and distilled

water (q.s. 50 ml). The PCR program included the following
temperature steps: a denaturation step at 95 8C during 2 min;
then 20 cycles of amplification including denaturation at
95 8C for 1 min, annealing at 50 8C for 1.5 min, and
elongation at 72 8C for 2 min, and, finally, temperature was
hold at 72 8C for 10 min. The template DNA was then
digested with 1 ml of DpnI (10 U/ml solution) for 3 h at 37 8C
and 20 min at 80 8C. The PCR-products were first trans-
formed into electrocompetent E. coli TOP10 cells as
described above. When the presence of the desired mutation
in the CAL-A gene was confirmed by sequencing, a 30%
glycerol stock of the strain was frozen at �80 8C and 20 ml of
LB-ls containing 25 mg/ml Zeocin were inoculated for
plasmid purification and subsequent P. pastoris transforma-
tion (see Transformation of P. pastoris section).

Fatty Acid Enrichment Reactions

First, the right amount of lipase for the EFA enrichment
reactions was tested by checking the rate of hydrolysis with
1, 5, 10, or 50 U of enzyme after 4 h reaction. The reaction
solution contained 5 g Crambe ethyl esters or Camelina ethyl
esters (Solutex, Zaragoza, Spain), 2 g gum arabic, and 100 ml
buffer 50 mM sodium phosphate with 1 mM NaCl at pH 7.5.
The emulsification was achieved by shearmixing at
24,000 rpm for 2 min (Ultra Turrax T25 basic, IKA Labor-
technik, Staufen, Germany). Subsequently, 250 ml of the
emulsion were dispensed in 1.5 ml polypropylene tubes for
each time sample. The reaction was started by adding either
buffer, or the corresponding Us of enzyme per reaction
vessel.

Enzyme solutions were prepared using the lyophilised super-
natants of the fermentation of P. pastoris GS115 strains
overexpressing CAL-A wild type and variants V290W, 1, 2,
3, 9, 16, 18, 19 and 20. Prior their use, enzyme solutions were
dialyzed towards distilled, deionized water and their activity
was determined towards pNP-myristate as previously de-
scribed. Reaction vessels were shaken at 1400 rpm and 37 8C.
Reactions were stopped by adding 25 ml 4 N HCl. Samples
were then vortexed and stored at �20 8C until extraction.
After extraction of the samples, as described underneath,
and subsequent evaporation of the solvent, samples were
dissolved in 500 ml n-hexane and 2 ml were loaded in TLC, as
described later, to check for a sufficient rate of hydrolysis
(10–40%).

Long chain fatty acid enrichment biocatalysis reactions were
prepared in the same way as described above. Reactions
were started by adding the corresponding amount of enzyme
(5 or 10 U) and taking time samples after 0; 0.5; 1; 2; 4; 8; 24;
and 48 h. All reactions were carried out in triplicates.

Thin-Layer Chromatography

Thin-layer chromatography (TLC) was used to preliminarily
check the rate of hydrolysis of the EFA. For this purpose, 4 h
time samples were extracted twice with 500 ml diethylether
by vortexing for 1 min and centrifuging at 16200 g during
1 min. The upper organic layer was collected. The joined
organic phases were dried with anhydrous Na2SO4 by
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vortexing for 1 min and centrifuging at 16200 g for 5 min.
The organic solvent was then evaporated under a stream of
nitrogen. Subsequently, the sample was dissolved in 500 ml n-
hexane and 2 ml of this mixture was spotted on a silica TLC
plate (Silica gel on TLC Al plate, Sigma-Aldrich). This plate
was developed with a solvent composed of n-hexane:diethyl
ether:glacial acetic acid (79:20:1 v/v/v).[35] For visualization,
the TLC plate was stained with potassium permanganate
solution (0.1 g/L KMnO4, 0.2 g/L CH3COOH, 0.5 g/L NaH-
CO3).

Fatty Acid Quantification of Different Oil Fractions

Reaction samples were extracted with 250 ml diethylether
containing 2 mM tridecanoate ethyl ester and 2 mM tripenta-
decanoate (serving as internal standards), by vortexing for
1 min and centrifuging at 16200 g during 1 min. The upper
organic layer was collected. Each sample was extracted two
more times with 500 ml pure diethylether. The joined organic
phases were dried with anhydrous Na2SO4 by vortexing for
1 min and centrifuging at 16200 g for 5 min. The organic
solvent was then evaporated under a stream of nitrogen.

The residual oil was resuspended in 1 ml anhydrous n-hexane
and split in two aliquots for direct analysis of the FAEE and
treatment with the methanolic hydrogensulfate method for
esterification of the total FA.[36] For the methanolic hydro-
gensulfate method, the 500 ml samples were treated with
50 ml 2,2-dimethoxypropane and freshly prepared anhydrous
500 ml 2% methanolic hydrogen sulfate. The samples were
shaken at 14000 rpm in a glass vial at 60 8C for 4 h. After the
reaction, samples were extracted twice with 300 ml n-hexane
and the collected organic phases were dried over anhydrous
Na2SO4. The organic layer was analyzed via GC (GC-2010,
Shimadzu, Duisburg, Germany).

For GC-analysis of fatty acid methyl and ethyl esters (FAME
and FAEE) a BPX-70 column (SGE 0.25 mm diameter,
0.25 mm film thickness, 60 m length; SGE Analytical Science,
Victoria, Australia) was used. Analysis of 1 ml of sample was
carried out with a flow rate of 0.52 ml/min and a temperature
program starting at (i) 180 8C for 33 min, followed by heating
step (ii) to 230 8C at 10 8C/min and a final holding step for
5 min. Injector and detector temperatures were set at 240 8C
and 290 8C, respectively.

Firstly, the samples were analyzed by peak identification of
the different FAME’s to a standard FAME-Mix (Sigma
CRM47885, Steinheim, Germany) or to single FAEE stand-
ards, respectively (Figures S3 and S4). The peaks were
normalized to their standards ethyl-tridecanoate (FAEE) or
methyl-tridecanoate (H2SO4/MeOH method) and only the
FAME peaks were treated with their theoretical response
correction factors (Eq. 1) (RCF, Table 4).[37]

cPeak ¼
APeak

AStandard

* cStandard
* RCFPeak

RCFStandard

ð1Þ

The EFA or FFA amount of the samples was calculated by
comparing the EFA amount determined by the EFA analysis
towards the whole FA amount determined by the H2SO4/
MeOH method (Eq. 2).

pFFA ¼ 1� cFAEE

cH2 SO4

� �
*100% ð2Þ

The theoretical yield of enriched FA was determined by
comparing the total amount of this FA in the sample to its
amount present in its enriched fraction (Either FFA or EFA)
(Eq. 3).

Y FA ¼
nFA in EFA or FFA

nFA H2 SO4ð Þ
*100% ð3Þ
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Supplementary information 

Table S1. Comparison of different methods to generate site-directed saturation mutagenesis libraries, 
including the number of primers used, the number of codons contained, the number of amino acids and 
stop codons encoded, and the screening effort required for the simultaneous saturation of 1, 2 or 
3 positions to achieve a 95 % library coverage.  

Degenerate 
primers 

Number of 
primers 

Number of 
codons 

Number of aa 
(Stop codon) 

1 Pos. 2 Pos. 3 Pos. 

NNN 1 64 20 (3) 192 12 288 786 432 

NNK 1 32 20 (1) 96 3 072 98 304 

22c-trick[19a] 3 22 20 (0) 66 1 450 31 899 

20c-trick[19b] 4 20 20 (0) 60 1 200 24 000 

NDT 1 9 9 (0) 36 432 5 184 

 

Table S2. Amino acid changes present in the CAL-A variants chosen from the high-throughput 
screening for further analysis. 

Variant V238 V286 V290 
Additional 
mutation 

V1 L - L  

V2 Y - N  

V3 I - M  

V4 M H -  

V5 L H -  

V6 L H M  

V7 I - -  

V8 S - T  

V9 - Q W  

V10 L Q -  

V11 L - T P399Q 

V12 L - N  

V13 - R E E335K 

V14 L - H  

V15 I - L N285D 



 

Figure S1. (A) Chain length profile displayed by the selected CAL-A variants (wt, V1, V2, V3, V9 
and V12) overexpressed in P. pastoris towards pNP-C14:0 (■), -C16:0 (■), -C18:1 (■), -C18:2 (■), -
C18:3 (■), -C20:1 (■) and –C22:1 (■). (B) Activity ratios calculated for the aforementioned CAL-A 
variants: pNP-C20:1/pNP-C18:1 (■), pNP-C22:1/pNP-C18:1 (■). 

Table S3. Protein concentration present in the supernatant obtained during the small scale P. pastoris 
overexpression of the different CAL-A variants. All the samples were previously desalted before 
quantification. 1Mut: single mutant. 2Mut: double mutant. 3Mut: triple mutant. 

CAL-A 1Mut 
variants 

V238L V238I V238Y V286Q V290L V290M V290N V290W 

Protein conc. 
(mg/ml) 

1.7 1.6 1.6 2.1 1.6 1.7 1.6 1.7 

         
CAL-A 2Mut 

variants 
V1 V2 V3 V9 V12    

Protein conc. 
(mg/ml) 

1.7 1.6 2.0 1.7 2.1 
   

         
CAL-A 3Mut 

variants 
V16 V17 V18 V19 V20 

   

Protein conc. 
(mg/ml) 

1.7 1.7 2.0 1.7 2.1 
   

         

CAL A wt        

Protein conc. 
(mg/ml) 

1.8 
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Table S4. Summary of the protein concentration and the hydrolytic activity towards pNP-C14:0 
quantified for the fermented CAL-A variants. Hydrolytic activity was determined twice, firstly for the 
supernatant collected at the end of the fermentation (t=162 h; U/mlSN), and subsequently for the same 
sample after a desalting step (U/mldSN). Protein concentration was determined for the latter aliquot. 

CAL-A 
variant 

Concentration 
(mgprot/mldSN) 

Activity) 
(U/mlSN) 

Activity) 
(U/mldSN) 

Activity 
(U/mgprot) 

wt 1.7 1028.1 634.35 368.9 

V290W 2.2 1667.8 1234.58 558.1 

V1 1.1 2377.5 1857.84 1,672.4 

V2 2.3 544.6 422.03 183.7 

V3 1.8 1552.9 1016.85 576.6 

V9 1.6 536.6 435.90 271.9 

V16 2.3 496.0 358.90 153.3 

V18 1.1 793.8 438.47 389.9 

V19 1.6 1673.4 1248.25 762.3 

V20 1.9 318.4 231.65 120.1 

 

Figure S2. SDS–PAGE gel of the CAL-A variants 
overexpressed in P. pastoris: (A) single mutant 
variants, (B) double mutant variants and (C) triple 
mutant variants. Lane L contains a molecular 
weight marker (212-14 kDa). The red arrow points 
the protein band height belonging to CAL-A and 
its variants. 



 

 

Figure S3. Chromatograms of the FAEE derived from Crambe oil: (A) unmodified FAEE Crambe derivatives and (B) the total FA as FAME. Both samples 
contained ethyl tridecanoate (1) and tripentadecanoin (3) as external standards. In the table the mole fraction (xi) of the FA in the Crambe FAEE is displayed. 

0.0E+00

5.0E+04

1.0E+05

1.5E+05

2.0E+05

2.5E+05

3.0E+05

3.5E+05

4.0E+05

0 5 10 15 20 25 30 35 40 45

I 
[u

V
]

t [min]

2

41

5 6

7

8

9

10
11

12 13

14

15 16
17

A

0.0E+00

5.0E+04

1.0E+05

1.5E+05

2.0E+05

2.5E+05

0 5 10 15 20 25 30 35 40 45

I 
[u

V
]

t [min]

B

1 2

3

4

5
6

7

8

9

10
11

12
13

14

15 1617

Peak FAEE 
FAEE 
xi [%] 

FAME 
xi [%] 

1 C13:0 2 mM 2 mM 

2 C14:0 0.05 0.05 

 
C15:0 

 
6 mM 

4 C16:0 1.77 1.81 

5 C16:1 0.10 0.09 

6 C18:0 0.62 0.64 

7 C18:1 16.85 16.13 

8 C18:2 8.65 7.66 

9 C18:3 5.69 4.69 
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15 C22:2 0.45 0.41 

16 C24:0 0.52 0.49 

17 C24:1 1.14 1.08 



 

 

Figure S4. Chromatograms of the FAEE derived from Camelina oil: (A) unmodified FAEE Camelina derivatives and (B) the total FA as FAME. Both samples 
contained ethyl tridecanoate (1) and tripentadecanoin (3) as external standards. In the table the mole fraction (xi) of the FA in the Camelina FAEE is displayed.  
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1 C13:0 2 mM 2 mM 
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C15:0 - 6 mM 

4 C16:0 5.46 5.68 

5 C16:1 0.07 0.09 

6 C18:0 2.18 2.33 

7 C18:1 15.31 15.98 

8 C18:2 15.81 15.56 

9 C18:3 37.95 35.37 

10 C20:0 1.20 1.31 

11 C20:1 15.38 16.26 

12 C20:2 1.45 1.47 

13 C22:0 1.24 1.16 

14 C22:1 3.06 3.15 

15 C22:2 0.09 0.10 

16 C24:0 0.18 0.17 

17 C24:1 0.60 0.64 



 

Figure S5. Exemplary thin-layer chromatography showing the reactions of 0, 1, 5, 10, and 50 U 
CAL-A V1 with Crambe and Camelina FAEE on aluminum silica foils dyed with potassium 
permanganate solution.  

 

Figure S6. Tunnel calculations with Caver Analyst 1.0 for CAL-A Wt, the single mutant V290W, the 
double mutants V1, 2, 3, 9, and 12, and the triple mutants V16-20. The tunnel graphs are displayed for 
the fatty acid binding tunnel calculated from the catalytic Ser185 with a min. probe radius of 0.6-0.7. 
 

 

0

0.5

1

1.5

2

2.5

0 5 10 15 20 25 30 35 40

T
u

n
n

el
 r

a
d

iu
s

 [
Å

]

Tunnel length [Å]

Wt W290 V1 V2 V3 V9
V12 V16 V17 V18 V19 V20



Table S5. Estimated dimensions of the fatty acid molecules. 

Fatty acid Length [Å] Distance double bond [Å] 

Oleic acid 19.0 - 21.3 9.5 - 11.2 

Gondoic acid 20.4 - 23.8 10.4 - 13.6 

Erucic acid 21.8 - 26.3 13.2 - 16.1 

 

Table S6. Primers used to generate CAL-A libraries I to III 

Primer name Primer Sequence 

15.15 pET-RP rv CTAGTTATTGCTCAGCGG 

16.19 QC/MW1 CAL-A V286X rv CAGGCTAAACACGTTCAGAAACGGATAG 

  
CAGGCTAAANDTGTTCAGAAACGGATAG 

  
CAGGCTAAAVHGGTTCAGAAACGGATAG 

  
CAGGCTAAATGGGTTCAGAAACGGATAG 

16.20 QC V290X fw TTTAGCCTGGTGAACGATACCAACCTG 

  
TTTAGCCTGNDTAACGATACCAACCTG 

  
TTTAGCCTGVHGAACGATACCAACCTG 

  
TTTAGCCTGTGGAACGATACCAACCTG 

16.21 MW1/MW2 V238X fw CCGGTGTGAGCGGTCTGAGC 

  
CCGGTNDTAGCGGTCTGAGC 

  
CCGGTVHGAGCGGTCTGAGC 

  
CCGGTTGGAGCGGTCTGAGC 

16.22 MW2 V290X rv GTATCGTTCACCAGGCTAAACACGTTC 

  
GTATCGTTNDTCAGGCTAAACACGTTC 

  
GTATCGTTVHGCAGGCTAAACACGTTC 

  
GTATCGTTTGGCAGGCTAAACACGTTC 

 

 

 



 

 

 



 

 

Figure S7. Observed 1H NMR spectra of (A) pNP-oleate, (B) pNP-linoleate, (C) pNP-linolenoate, (D) 
pNP-gondoate, (E) pNP-erucate. 

 

 



Table S7. Primers and plasmids used to create the single, double and triple mutant vectors for P. pastoris overexpression. 

CAL-A variant Resulting plasmid Plasmid template Primer fw name Primer rv name 

V238L 
pGAPZα-CALA-His V238L pGAPZα-CALA-His 

CALA V238L QC fw CALA V238L QC rv 
pPICZα-CALA-His V238L pPICZα-CALA-His 

V238I 
pGAPZα-CALA-His V238I pGAPZα-CALA-His 

CALA V238I QC fw CALA V238I QC rv 
pPICZα-CALA-His V238I pPICZα-CALA-His 

V238Y 
pGAPZα-CALA-His V238Y pGAPZα-CALA-His 

CALA V238Y QC fw CALA V238Y QC rv 
pPICZα-CALA-His V238Y pPICZα-CALA-His 

V286Q 
pGAPZα-CALA-His V286Q pGAPZα-CALA-His 

CALA V286Q QC fw CALA V286Q QC rv 
pPICZα-CALA-His V286Q pPICZα-CALA-His 

V290L pGAPZα-CALA-His V290L pGAPZα-CALA-His CALA V290L QC fw CALA V290L QC rv 

V290M pGAPZα-CALA-His V290M pGAPZα-CALA-His CALA V290M QC fw CALA V290M QC rv 

V290N pGAPZα-CALA-His V290N pGAPZα-CALA-His CALA V290N QC fw CALA V290N QC rv 

V290W 
pGAPZα-CALA-His V290W pGAPZα-CALA-His 

CALA V290W QC fw CALA V290W QC rv 
pPICZα-CALA-His V290W pPICZα-CALA-His 

V1 pPICZα-CALA-His V238L V290L pPICZαB-CALA-His V238L CALA V290L QC fw CALA V290L QC rv 

V2 pPICZα-CALA-His V238Y V290N pPICZαB-CALA-His V238Y CALA V290N QC fw CALA V290N QC rv 

V3 pPICZα-CALA-His V238I V290M pPICZαB-CALA-His V238I CALA V290M QC fw CALA V290M QC rv 

V9 pPICZα-CALA-His V286Q V290W pPICZαB-CALA-His V286Q CALA (V286Q) V290W QC fw CALA (V286Q) V290W QC rv 

V12 pPICZα-CALA-His V238L V290N pPICZαB-CALA-His V238L CALA V290N QC fw CALA V290N QC rv 

V16 pPICZα-CALA-His V238L V286Q V290L pPICZα-CALA-His V238L, V290L CALA V286Q (V290L) QC fw CALA V286Q (V290L) QC rv 

V17 pPICZα-CALA-His V238Y V286Q V290N pPICZα-CALA-His V238Y, V290N CALA V286Q (V290N) QC fw CALA V286Q (V290N) QC rv 

V18 pPICZα-CALA-His V238I V286Q V290M pPICZα-CALA-His V238I, V290M CALA V286Q (V290M) QC fw CALA V286Q (V290M) QC rv 

V19 pPICZα-CALA-His V238L V286Q V290W pPICZα-CALA-His V286Q, V290W CALA V238L QC fw CALA V238L QC rv 

V20 pPICZα-CALA-His V238I V286Q V290W pPICZα-CALA-His V286Q, V290W CALA V238I QC fw CALA V238I QC rv 



Table S8. Sequences of the primers used to create the single, double and triple mutant vectors for P. pastoris overexpression. 

Primer name Sequence fw Sequence rv 

CALA V238L QC 5'-GCCCTGGCGGGTCTTTCGGGTCTCT-3' 5'-AGAGACCCGAAAGACCCGCCAGGGC-3' 

CALA V238I QC 5'-TGCCCTGGCGGGTATTTCGGGTCTCTC-3' 5'-GAGAGACCCGAAATACCCGCCAGGGCA-3' 

CALA V238Y QC 5'-TTGCCCTGGCGGGTTATTCGGGTCTCTCGC-3' 5'-GCGAGAGACCCGAATAACCCGCCAGGGCAA-3' 

CALA V286Q QC 5'-CCTACCCCTTCCTCAACCAGTTCTCGCTGGTCAACGA-3' 5'-TCGTTGACCAGCGAGAACTGGTTGAGGAAGGGGTAGG-3' 

CALA V290L QC 5'-AACGTCTTCTCGCTGCTCAACGACACGAACC-3' 5'-GGTTCGTGTCGTTGAGCAGCGAGAAGACGTT-3' 

CALA V290M QC 5'-CAACGTCTTCTCGCTGATGAACGACACGAACCTGC-3' 5'-GCAGGTTCGTGTCGTTCATCAGCGAGAAGACGTTG-3' 

CALA V290N QC 5'-TCAACGTCTTCTCGCTGAACAACGACACGAACCTGC-3' 5'-GCAGGTTCGTGTCGTTGTTCAGCGAGAAGACGTTGA-3' 

CALA V290W QC 5'-CTCAACGTCTTCTCGCTGTGGAACGACACGAACCTGCTC-3' 5'-GAGCAGGTTCGTGTCGTTCCACAGCGAGAAGACGTTGAG-3' 

CALA (V286Q) V290W QC 5'-CTCAACCAGTTCTCGCTGTGGAACGACACGAACCTGCTC-3' 5'-GAGCAGGTTCGTGTCGTTCCACAGCGAGAACTGGTTGAG-3' 

CALA (V290L) V286Q QC 5'-CCTACCCCTTCCTCAACCAGTTCTCGCTGCTCAACGA-3' 5'-TCGTTGAGCAGCGAGAACTGGTTGAGGAAGGGGTAGG-3' 

CALA (V290N) V286Q QC 5'-CCTACCCCTTCCTCAACCAGTTCTCGCTGAACAACGA-3' 5'-TCGTTGTTCAGCGAGAACTGGTTGAGGAAGGGGTAGG-3' 

CALA (V290M) V286Q QC 5'-CCTACCCCTTCCTCAACCAGTTCTCGCTGATGAACGA-3' 5'-TCGTTCATCAGCGAGAACTGGTTGAGGAAGGGGTAGG-3' 
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A B S T R A C T

Erucic acid (C22:1, Δ13Z) is an interesting building block for the oleochemical industry and is abundantly
present in Crambe abyssinica seed oil (∼59% of C22:1). For the enrichment of fatty acids (FA), lipases can be
employed and we have found in a previous protein engineering study suitable variants of lipase A from
Moesziomyces antarcticus (CAL-A) for the enrichment of C22:1 from Crambe oil derived ethyl esters (FAEE). To
continue with this task a thorough investigation of the best four variants behaviour when using the natural
Crambe oil (TAG) as substrate was performed. CAL-A variants showed to be able to enrich C22:1 up to 80% using
both substrates, FAEE and TAG. In particular, CAL-A wild type and the double mutant V238 L/V290 L (V1)
proved to be the most suitable biocatalysts, because they displayed the best theoretical recovery yields for C22:1
enriched fractions (60–74%). Further characterization of these lipases concerning their temperature profile
showed an optimum at high temperatures (60–75 °C) preserving their selectivity in reactions up to 50 °C. Finally,
upscaling of the Crambe oil hydrolysis (from 0.01 g to 1 g) with V1 resulted in an enriched esterified C22:1
fraction of 74%.

1. Introduction

In oleochemistry fatty acids (FA) are important building blocks for
the production of different kinds of compounds, e.g. biopolymers or
emulsifiers [1–3]. Among the great variety of natural FA, the long chain
mono-unsaturated FA erucic acid (C22:1, Δ13Z) represents an im-
portant starting material for industrial application. For instance, its
amide derivative, erucamide, is applied as slip agent for manufacturing
polyolefin films like polyethylene [4–6]. In addition to its role in the
production of biodegradable plastics, C22:1 containing oils can be also
used either for the production of lubricants, or can be subjected to
oxidative cleavage or hydrogenation. In the latter case new starting
materials are produced for the synthesis of polyesters or emulsifiers
such as brassylic acid (tridecanedioic acid) [7] and behenyl alcohol
(docosanol) [8].

Oils from members of the genera Cruciferae are natural sources of
C22:1. Currently, the utilization of oil produced by Crambe abyssinica is
favoured over high erucic acid rapeseed (HEAR) oil, due to its higher
natural content of C22:1 (52–59%) and its inability to cause a genetic
cross-over with edible oil crops [4,9]. Moreover, new plant breeding
and gene modification techniques make it possible to create C. abyssi-
nica strains with further increased C22:1 content [10,11]. However,
despite the improved performance of these genetically modified

organisms (GMO), nowadays their socio-economic acceptance is very
low and their implementation is strictly regulated in Europe by the
European Commission. For that reason, currently only natural C.
abyssinica strains are being utilized for the production of C22:1. Hence,
to meet the purity degree required by the industry, isolation of this
useful FA is mandatory. Nevertheless, although it has been described by
using classical separation techniques as high-temperature splitting and
distillation or cold-crystallization [3,12,13], separation of C22:1 from
natural oils is still challenging. The major drawbacks of these tech-
nologies are the utilization of harsh conditions and their moderate ef-
ficiency. In contrast, biocatalytic isolation of FA would provide an en-
vironmentally friendly alternative. To achieve this goal in such a
manner, the most obvious answer in the biotransformations toolbox is
the use of lipases as biocatalysts. Not only oils are the natural substrates
for these enzymes, but also they display unique selectivities, accept
different kinds of FA esters besides the acylglycerides (AG), and are able
to catalyze the reverse reaction to hydrolysis, i.e. the esterification
(Fig. 1) [14,15]. Interestingly, depending on whether the enzyme cat-
alyzes the reaction in the synthesis or cleavage direction, its FA se-
lectivity profile may be different [16]. Furthermore, lipase’s FA se-
lectivity can be additionally improved by altering their binding pocket
through protein engineering [17–22]. Especially, lipases exhibiting a
tunnel like-structure to coordinate the acyl chain of the FA, are
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promising targets for rational protein design [19–21,23,24]. Conse-
quently, different natural and engineered lipases with distinctive FA
specificities discriminating the conversion of erucic acid were studied
to enrich this FA from plant oils [25–27]. In this context, in a previous
study, our group was able to create variants of Moesziomyces antarcticus
(formerly named Pseudozyma/Candida antarctica) lipase A (CAL-A) in a
semi-rational design approach to discriminate FA longer than C18 [28].
The first C22:1 enrichment results were shown for several variants
using FA ethyl esters (FAEE) derived from Crambe oil. The best variants
displayed complete inversion of the wild type (Wt) selectivity, which
surprisingly preferentially accepted C22:1 as substrate. Until now, li-
pase catalyzed enrichment of C22:1 from Crambe oil was only described
for other commercial lipases [25–27,29] and was never reported before
for CAL-A nor had been lipase variants being engineered for C22:1
enrichment. In this article we continued with our ongoing project to
improve the C22:1 biocatalytic enrichment. Therefore, in order to
provide a better insight of their potential use in an industrial process,
further investigation of the best conditions for the application of the
previously described CAL-A variants was performed, including: (i) the
influence of the enzyme dosing on the selectivity when using FAEE
derived from Crambe oil; (ii) the enrichment of C22:1 when using
Crambe oil triacylglycerides (TAG) as starting material in both, hydro-
lysis and ethanolysis processes; (iii) the effect of the reaction tem-
perature on the oil hydrolysis profile; and (iv) the upscaling of the
enrichment reaction using a “one step” and a “two steps” strategies.

2. Materials and methods

2.1. Materials

Unless stated otherwise all chemicals were purchased from Fluka
(Buchs, Switzerland), Sigma (Steinheim, Germany), Merck (Darmstadt,

Germany), VWR (Hannover, Germany), or Carl Roth (Karlsruhe,
Germany).

2.2. Determination of protein concentration

Protein concentration was determined by the bicinchoninic acid
(BCA) assay (Pierce™ BCA Protein Assay Kit, ThermoFisher Scientific,
Waltham, USA) as described previously [28] (Supporting Information).

2.3. Hydrolysis of pNP-esters

The hydrolytic activity of the CAL-A variants was determined by
following the initial rate of hydrolysis of the corresponding pNP-esters
spectrophotometrically as previously described [28]. The assay was
performed in sodium phosphate buffer (50mM; pH 7.5) containing
NaCl (1mM), isopropanol (10% v/v), Triton X-100 (0.5% v/v), pNP-
ester (1mM) and the enzyme. The reactions were started by the addi-
tion of the substrate solution composed of the pNP-ester, isopropanol
and Triton X-100. The release of pNP was quantified at λ=410 nm
(ε=10,998 M−1 cm−1) for 5min, defining one unit of lipase activity as
the amount of enzyme releasing 1 μmol pNP per minute. All measure-
ments were performed at least in triplicates. Investigated substrates
included pNP-oleate (C18:1), pNP-myristate (C14:0) and pNP-erucate
(C22:1). The pNP-derivatives of oleic acid and erucic acid were pre-
viously synthesised in our laboratory [19,28].

2.4. Hydrolysis of Crambe oil

The hydrolytic activity of CAL-A Wt and the double mutant V238 L/
V290 L (V1) towards Crambe oil emulsion was investigated in a pH-stat
(Titrino Plus 877, Metrohm GmbH & Co. KG, Filderstadt, Germany)
[30]. The emulsion was prepared as subsequently described (Section

Fig. 1. Schemes of lipase catalyzed reactions in this study. For reasons of clarity incomplete reactions with intermediate products like partial glycerides (MAG and
DAG) have not been shown. Displayed are the lipase-catalyzed hydrolysis of (A) fatty acid ethyl esters (FAEE) derived from Crambe oil into free fatty acid (FFA) and
ethanol, (B) triacylglycerides (TAG) from Crambe oil into FFA and glycerol, and the alcoholysis of (C) TAG from Crambe oil with ethanol into FAEE and glycerol. R
represents various fatty acids.
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2.5) with only minor changes: instead of buffer a 50mM NaCl solution
was used as reaction medium. Reactions were carried out in triplicates
with 10mL emulsion at temperatures ranging from 30 to 80 °C for 5min
by titration with 0.01M sodium hydroxide solution to pH 7.5. The re-
actions were started by the addition of the enzyme. One Unit of lipase
activity was defined as the release of 1 μmol FA per minute.

2.5. Fatty acid enrichment reactions

Two different types of FA enrichment approaches were tested: hy-
drolysis and ethanolysis reactions. In the first case, FA enrichment re-
actions were conducted as previously described [28] (Supporting In-
formation). Thus, the reaction solution was composed of 5 g Crambe oil
or ethyl esters (Solutex, Zaragoza, Spain), 2 g gum arabic, and 100mL
sodium phosphate buffer (50mM) with NaCl (1mM) at pH 7.5. The
emulsification was achieved by shear-mixing at 24,000 rpm for 2min
(Ultra Turrax T25 basic, IKA Labortechnik, Staufen, Germany). Subse-
quently, 250 μL of the emulsion were dispensed in 1.5mL poly-
propylene tubes for each time sample. Concerning the alcoholysis re-
actions, 375 μL of the oil emulsion (corresponding to 0.05mmol FA)
were used and mixed with 75 μL pure ethanol (corresponding to
1.27mmol). In both cases, prior to the enrichment experiments the
amount of each enzyme required to carry out the desired reaction was
determined in a similar way as previously described elsewhere [28].
Consequently, all reactions were started by the addition of the afore-
mentioned defined Units of enzyme ranging between 0.1 and 150. The
studied enzymes included CAL-A Wt and variants V1 (V238 L/V290 L),
V9 (V286Q/V290W), and V19 (V238 L/V286Q/V290W). Time sam-
ples were taken in triplicates up to 48 h and reactions were stopped by
the addition of 10% (v/v) HCl (4 N).

2.6. Thin-layer chromatography

A preliminarily check of the rate of conversion of Crambe substrates
was performed by TLC as previously described [28] (Supporting In-
formation). For this purpose, 4 h time samples were extracted twice
with 2 reaction volumes (RV) diethyl ether by vortexing for 1min and
centrifuging at 16,200 x g for 1min [28,31]. The upper organic layers
were collected and dried with anhydrous Na2SO4 by vortexing for 1min
and centrifuging at 16,200 x g for 5min. The organic solvent was then
evaporated under a stream of nitrogen. Subsequently, the sample was
dissolved in 2 RV n-hexane and 2 μL of this mixture was spotted on a
silica TLC plate (Silica gel on TLC Al plate, Sigma-Aldrich). This plate
was developed with a solvent composed of n-hexane:diethyl ether:gla-
cial acetic acid (79:20:1 v/v/v) [32]. For visualization, TLC plates were
stained with potassium permanganate solution (0.1 g/L KMnO4, 0.2 g/L
CH3COOH, 0.5 g/L NaHCO3).

2.7. Fatty acid quantification of different oil fractions

Reaction samples were treated as previously described [28] (Sup-
porting Information). Different internal standards were used depending
on the reaction performed: to analyze reactions where FAEE were hy-
drolyzed or synthesized tridecanoate ethyl ester (2mM) and tripenta-
decanoate (2mM) were used, while in the case of the oil hydrolysis
reactions the internal standards added were tridecanoic acid (2mM)
and tripentadecanoate (2mM).

Regarding to the sample composition, two different lipid fractions
were present after the biocatalysis was performed: (i) the free FA (FFA)
fraction and (ii) the esterified FA (EFA), which is defined as the sum of
all esterified FA, i.e. FA in FAEE, triacylglycerides (TAG), diacylgly-
cerides (DAG), and monoacylglycerides (MAG). To analyze the FA
present in each fraction, it was required to have them as methyl or ethyl
ester derivatives. Thus, this allowed to analyze directly the FAEE in
those reactions where they were involved, while two different methy-
lation methods were carried out to determine the EFA and FFA

composition. Selective methylation of the EFA was performed by the
sodium methoxide method [31] in reactions where the oil was used as
substrate. On the other hand, unselective methylation of all FA present
in the sample (EFA+ FFA) was achieved with the methanolic hydro-
gensulfate method to determine the total FA composition. By that it was
possible to evaluate the FA composition of the FFA, FAEE, and acyl-
glycerides (AG=MAG+DAG+TAG) fractions concerning the per-
centage of each FA and the theoretical recovery (R), which is defined as
the amount of (in this case) erucic acid (C22:1) present in the enriched
fraction in comparison to the total amount of C22:1 in the sample.

2.8. Upscaling of fatty acid enrichment reactions for Crambe oil hydrolysis

Crambe oil emulsion (20mL), prepared as described above, was
hydrolysed with 416 kU CAL-A V1 during 24–28 h at 37 °C and mixed
with magnetic stirring. Reactions were stopped with concentrated HCl
(700 μL) and stored at −20 °C until extraction. The sample was ex-
tracted twice with 50mL of diethyl ether and the collected organic
phases were dried with anhydrous Na2SO4. Subsequently, the organic
phase was filtered and the solvent was removed by using a rotary
evaporator (Laborota 4000, Heidolph, Schwabach, Germany). A sample
(5 μL) of the product was analyzed as previously described for the
250 μL-scale biocatalysis reaction of Crambe oil hydrolysis (Section 2.7).

To continue with the second hydrolysis step, the EFA and FFA from
the previously produced reaction mixture were separated by flash
chromatography. For that purpose, the resulting reaction crude was
dissolved in 5mL of n-hexane and loaded into a silica column of
∼70mL. Fractions of TAG and FFA were separated and fully eluted first
with approx. 2 column volumes of solvent A, composed of n-hexane,
diethyl ether, and acetic acid (95:5:0.125 v/v/v). Afterwards, the re-
maining DAG and MAG were eluted with 1–1.5 column volumes of
solvent B, composed of n-hexane and isopropanol (75:25 v/v). Elution
fractions containing TAG, DAG, and MAG were collected as EFA frac-
tion and the fractions containing the isolated FFA were as well gath-
ered. The solvent of both EFA and FFA was removed in vacuo and the
two samples were analyzed as described before. The obtained EFA
product contained 54% of the total FA present in the starting material
and therefore an emulsion was prepared of 305mg EFA product with
228mg gum arabic and 11.4mL buffer. The reaction was performed as
described before and started by the addition of 45 U CAL-A Wt. The
reaction was stopped after 6 h and treated as described for the first step
of Crambe oil hydrolysis. All samples collected were analyzed towards
their FA composition of the EFA and FFA fraction. From the data ob-
tained the average molecular weight (M) of the AG (Eq. 1) and the yield
(Y) of erucic acid (Eq. 2) were calculated.

M M p M p M p3* ( * ) * 3* *AG FA FA C H EFA H O FFA¯ 2 5 2= + + (1)

with M – molecular weight, p – percentage

Y
m M p

M
M

m M p
100 *

3 * * *
*

3 * * *C x
x C x C x

AG x

AG

C C
22:1 ( 0)

( ) 22:1( ) 22:1( )

¯ ( )

¯ (0)

(0) 22:1(0) 22:1(0)
=

(2)

with Y - yield, m - mass, M - molecular weight, p – percentage

3. Results and discussion

As mentioned in the introduction, in our previous work we created
CAL-A variants which selectively enriched C22:1 from FAEE substrates
derived from Crambe oil [28]. This process entailed the careful design of
mutant libraries of CAL-A, the screening of ∼4500 variants, followed
by detailed biochemical characterization of the best 15 mutants. As
starting material Crambe FAEE containing 59% C22:1 (Table S2) was
used. This value was increased up to 78% by the best variants obtained,
including the Wt, V1 (V238 L/V290 L), V9 (V286Q/V290W), and V19
(V238 L/V286Q/V290W) (Fig. S1). In that enrichment study different
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types of FA selectivity were observed using the different enzymes. On
the one hand, the design of CAL-A variants created discrimination to-
wards conversion of FA longer C18, thus enriching C22:1 in the ester-
ified FA (EFA= FAEE+MAG+DAG+TAG) fraction (Fig. 2A). On
the other hand, unexpectedly CAL-A Wt preferentially hydrolysed
C22:1, resulting in its enrichment in the free FA (FFA) fraction
(Fig. 2A). As a consequence, this gives the opportunity to select the
preferred fraction (FFA or EFA) to be enriched with C22:1 depending on
the later downstream processing requirements just by choosing the
CAL-A variant biocatalyst.

Due to the promising first results obtained, further investigations on
how to achieve the full potential of these CAL-A variants in terms of
productivity and competitiveness were performed. Several relevant
points with room for improvement were identified and targeted.
Especially interesting was the study of the selectivity behaviour of the
CAL-A Wt and its variants when using Crambe oil, and not FAEE, as
substrate. This starting material would avoid the extra step necessary to
synthesize the ethyl ester derivatives, concomitantly saving time and
resources. However, TAGs are sterically more demanding and lipase
selectivity can be affected during the enrichment process. Another
consideration that must be taken into account is that the fatty acid
composition in the esterified fraction is not constant during the reaction
time. This fact may strongly affect the lipase selectivity due to the fact
that even if the lipase can discern between different fatty acids, the
unfavoured fatty acid becomes so abundant in the substrate that the
lipase will start converting it as well. This can be observed in the course
of reaction by an initial phase where the C22:1 concentration gradually
increased in the desired fraction to a maximal point of enrichment.
Subsequently, the enrichment level slowly goes down again as the li-
pase starts to act on the unwanted fatty acid. This performance was
detected in the previous study for C22:1 with CAL-A Wt and V9 (Fig.
S1). It is noteworthy that the maximal enrichment point can be reached
at different times throughout the reaction depending on the variant.
This leads to diverse efficiencies of enrichment by the lipases and makes
it important to stop the reaction at the most productive point con-
cerning the purity and the recovery of the desired FA. In addition,
several factors like pH, temperature, amount of substrate or enzyme,
can influence the outcome of the reaction and therefore can be opti-
mized. Hence, to pursue our goals, firstly the maximum point of

enrichment for V1 and V19 was identified by performing enzyme
dosing experiments. Subsequently, selectivity towards the natural
Crambe oil substrate was studied, as well as the impact of the reaction
temperature. Moreover, the influence on the selectivity of ethanolysis
of the oil with the best variants was examined. Finally, the most pro-
mising reaction was performed in a 1 g substrate scale (Fig. 2B); the
resulting FA fractions were isolated by flash chromatography and
analyzed; and a strategy was developed to obtain further enrichment by
combining the accumulation of C22:1 in the EFA fraction with CAL-A
V1 with subsequent utilization of CAL-A Wt.

3.1. Influence of enzyme dosing in Crambe fatty acid ethyl ester hydrolysis

Different dosing strategies for the hydrolysis of Crambe FAEE with
CAL-A V1 and V19 were examined. This included three approaches (i)
applying the standard amount of enzyme previously used (V1 corresp.
5 U; V19 corresp. 1.5 U) [28], (ii) addition of a ten-fold amount of
enzyme, and (iii) addition of the standard amount of V1 and V19 to the
reaction every 60min for 6 or 4 h, respectively (Fig. 3).

Reaction kinetics of the enrichment of C22:1 over the amount of
FFA was comparable in all three approaches when utilizing CAL-A V1
(Fig. 3A). As expected, the reaction rate was increased with higher
amounts of enzyme as well as the step-wise addition of enzyme. Fur-
thermore, the amount of enzyme necessary for the reaction can be re-
duced by choosing a step-wise addition of enzyme. Even though, the
maximum point of enrichment could not be conclusively identified in
this experiment, V1 showed the highest enrichment achieved in the EFA
fraction when using the CAL-A variants [28]. This enrichment was
obtained with the addition of a ten-fold amount of V1 after 48 h reac-
tion time resulting in 82% C22:1 in the EFA fraction and really good
theoretical recovery of C22:1 (74%).

For V19 dosing experiments, likewise to V1 an increasing amount of
enzyme resulted in an increased reaction rate (Fig. 3B). In contrast, it
was possible to obtain the maximal point of enrichment in the ap-
proaches with higher enzyme dosing as it can be observed by the de-
crease of C22:1 content in the EFA fraction at oil hydrolysis values
higher than ∼60%. When using a tenfold amount of V19 already after
24 h reaction time maximal enrichment of C22:1 (80%) was achieved.
However, these results showed a lower recovery in comparison to V1 of

Fig. 2. (A) Idealised scheme for selective lipase catalyzed hydrolysis of the Crambe fatty acid ethyl ester (FAEE) and the oil, which is composed of triacylglycerides
(TAG). CAL-A Wt enriches erucic acid (C22:1) as free fatty acid (FFA), while the mutants enrich C22:1 in its esterified form (EFA) as FAEE or mono- and dia-
cylglycerides (MAG and DAG). (B) Strategy for the up-scaling process of realistic Crambe oil hydrolysis. In the first step CAL-A V1 was applied to enrich C22:1 in the
EFA fraction. Fractions were separated by flash chromatography and further enrichment of C22:1 was performed in a second step of hydrolysis with CAL-A Wt.

K. Zorn et al. Process Biochemistry 79 (2019) 65–73

68



only 48%. When V19 is compared to the previously reported results for
V9 (corresp. 1 U) [28], which was also performing promising and re-
sulted in a maximal enrichment of 78% (Fig. S1), the enrichment
behaviour is similar. However, more Units of enzyme are needed when
applying V19, whereas V19 (48%) displayed slightly better recovery
yields then V9 (46%).

3.2. Hydrolysis of Crambe oil

To prove the feasibility of directly using Crambe oil instead of its
ethyl ester derivatives, the CAL-A variants that demonstrated higher
C22:1 enrichment from Crambe FAEE were studied, i.e. Wt, V1, V9 and
V19. The same reaction set up, as the one previously described for the
biocatalysis reaction with FAEE substrate [28], was adapted for the
biocatalytic conversion of Crambe oil.

The enrichment of C22:1 from Crambe oil in the EFA fraction could
be observed for the selected CAL-A variants (V1, V9, and V19; Fig. 4A).
In this first experiment, the most enriched samples contained more than
70% C22:1, being the highest enrichment obtained with V1 (76%).
Additionally, the highest theoretical recovery was also corresponding to
V1 (72%) as it was observed for the FAEE substrate. These results
support the fact that CAL-A belongs to the class of non-regioselective
lipases, since FA enrichment was similar for both FAEE and TAG.

Concerning the Wt, a decrease in the content of C22:1 in the EFA
fraction was observed over time. When analyzing the FFA fraction, it
could be seen that the oil is in general partially hydrolysed (4% FFA;
Table S2) and that this fraction is rich in C22:1 (88%; Fig. 4B). None-
theless, an early point of C22:1 enrichment can be detected in the hy-
drolysis reaction with the Wt at 91%. Due to the small fraction size a

theoretical recovery of only 13% was obtained, making it not feasible to
stop the reaction at that point. Even though the content of C22:1 was
decreasing from that point on, stopping the reaction after 48 h would
result in a FFA fraction with 78% C22:1 and a good theoretical recovery
of 67%.

These results indicated, that C22:1 enrichment from Crambe oil for
both CAL-A Wt and V1 is equally efficient. Therefore, this allowed to
decide in which form (FFA or EFA) C22:1 is enriched for further pro-
cessing by the selection of equally efficient CAL-A variants.
Consequently, the following experiments focussed on further in-
vestigation of C22:1 enrichment utilizing the Wt and V1.

3.3. Ethanolysis of Crambe oil

One of the many outstanding features of CAL-A is its acyl-trans-
ferase activity [33,34]. Lipases are well known to catalyse esterification
reactions under water-free reaction conditions [35], whereas acyl-
transferases are capable to perform preferentially esterifications in the
presence of water with a suitable acyl acceptor available. Even though,
studies have shown that this transfer reaction usually occurs slower
than the hydrolytic reaction [16,36], the FA selectivity values can be
different in such esterification reactions resulting in new enrichment
behaviour. For that reason, CAL-A Wt and V1 were studied for their
performance in C22:1 enrichment by ethanolysis of Crambe oil.

If the selectivity behaviour of CAL-A Wt and V1 in ethanolysis is
likewise or even improved to the one obtained in hydrolysis experi-
ments, a new range of products could be obtained with this catalysts
broadening the range of applications for industry. This means that
C22:1 enrichment is occurring in reactions with the Wt in the produced

Fig. 3. Hydrolysis of fatty acid ethyl ester (FAEE) derived from Crambe oil altering the dosing strategy of CAL-A variant V1 (A) and V19 (B). Enrichment of erucic acid
(C22:1) in the esterified fatty acid (EFA) fraction was analyzed over the total amount of free fatty acid (FFA). In hydrolysis reactions with CAL-A V1 (1x U=5 U)
addition of either 1x U, 10x U, or every 1 h addition of 1x U in the first 6 h was carried out. In reactions with CAL-A V19 (1x U=1.5 U) enzyme dosing with either
1x U, 10x U, or every 1 h addition of 1x U in the first 4 h was performed.

Fig. 4. Hydrolysis of Crambe oil with CAL-A variants at 37 °C for 48 h. The accumulation of erucic acid (C22:1) over the overall amount of FFA was analyzed for CAL-
A Wt (0.1 U), V1 (10 U), V9 (1 U), and V19 (10 U) in either esterified fatty acid (EFA) fraction (A) or free fatty acids (FFA) fraction (B).
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FAEE fraction while with V1 enrichment should be observed in the
depleting AG fraction. Indeed, C22:1 was enriched with the Wt to a
maximum of 77% in the FAEE fraction albeit theoretical recovery was
very low (25%; Fig. 5A). Likewise, the theoretical recovery was reduced
for V1 (40%) which exhibited 71% C22:1 in the most enriched AG
fraction(Fig. 5B). This reduced efficiency could be a consequence of the
observed side reaction in the form of hydrolysis. The FFA concentration
reached a value up to 14% in this reaction. However, an interesting
observation was made concerning the performance of the two variants.
For ethanolysis amounts of CAL-A Wt needed to be increased by ∼70-
fold in comparison to hydrolysis reactions of the oil. In contrast,
amounts of V1 have been in both reactions similar and only 1.3-fold
more enzyme was employed in ethanolysis. This indicated a higher
tolerance of V1 towards ethanol in comparison to the Wt.

This first results are promising that development of a method for
ethanolysis with CAL-A Wt and V1 for the enrichment of C22:1 from
Crambe oil is possible to obtain economical valuable FAEE. Although
the recovery yields are low, by optimizing this reactions further, a re-
duction of the level of hydrolysis should be possible and therefore an
enhancement of ethanolysis should be achieved.

3.4. Temperature optimization of the reaction conditions of Crambe oil
hydrolysis

One of the main reasons to perform the biocatalysis reactions in an
endpoint fashion (i.e. having a reaction vessel per reaction time point,
which will be extracted completely) was to ensure the homogeneity of
the samples being analyzed. Inhomogeneities can occur if the emulsion
does not remain stable during the whole reaction time or if the inter-
mediates or (by-)products separate. One of the reasons why this can
happen is if the melting temperatures of intermediates and desired final
products are higher than the reaction temperature (37 °C). The melting
temperature of Crambe oil is 6 °C [37] and most of the possible inter-
mediates and products of the oil hydrolysis display melting tempera-
tures below 37 °C. However, FFA products involving saturated FA and
long-chain MUFA (C22:1, C24:1), which are present in the oil, have
melting temperatures close to or higher than 37 °C [4]. Furthermore,
the major products of hydrolysis with V1 are mainly dierucin and partly
monoerucin (Fig. 2A), which have melting points at 47 °C [38] and
52 °C, respectively. The resulting inhomogeneities can have negative
effects on sample dispersion and substrate accessibility by the lipase.
Therefore, experiments were performed to investigate the activity of
CAL-A Wt and V1 at temperatures higher 37 °C to assess the possibility
of applying a higher reaction temperature.

Thus, the optimum temperature of CAL-A Wt and V1 was de-
termined by analyzing the initial activity at temperatures between 30 °C
and 79 °C towards a Crambe oil emulsion. Both CAL-A variants dis-
played an optimum temperature in the range from 60 to 75 °C (Fig. S2).

Additionally, CAL-A Wt exhibited an approx. 4-fold increased specific
activity at 37 °C towards the oil than V1. In contrast, when the activity
was measured towards the benchmark FA C18:1 it was maintained or
even improved in selective CAL-A variants in comparison to the Wt
[28]. Also similar results were obtained when investigating the specific
activity towards pNP-derivatives of C14:0, C18:1, and C22:1 at 37 °C
(Table S3). Therefore, the difference in specific activity towards the oil
substrate can be explained by the abundance of C22:1 (60%) and FA
with a chain length≥C20 (67%) in Crambe oil since CAL-A V1 was
designed to discriminate the conversion of such FA.

As the optimum temperature for both, CAL-A Wt and V1, was above
60 °C, the influence of such reaction temperatures on long-time 48 h
biocatalysis was investigated. It has to be taken into consideration that,
although a previous study of the melting temperature of both variants
showed values of 89 °C [28], long-term stability of the catalyst at high
temperatures is a major factor to influence the reactions. Additionally,
another relevant issue for the biocatalysis could be the possible tem-
perature dependence of the lipase selectivity. Therefore, hydrolysis of
Crambe oil at 37, 50, 60, and 70 °C with the Wt or V1 was investigated
(Fig. 6). A blank reaction was also carried out where no autohydrolysis
of the oil was detected at any of tested temperatures.

As it can be seen for the Wt, the rate of hydrolysis was increased at
50 °C in comparison to 37 °C (Fig. 6A). On the contrary, the rate of
hydrolysis decreased for the reaction at 60 °C and 70 °C, which can be
explained due to heat denaturation of the enzyme over time. The
content of C22:1 in the FFA fraction declined after an early point of
maximal enrichment as previously described (Section 3.2; Fig. 6C). It
can be seen that the rate at which the C22:1 content is decreasing is
becoming faster with increasing temperatures. As a consequence, it
could be expected to result as well in reduced theoretical recoveries
with increased temperature. This was true for reactions at 60 °C and
70 °C (Table S4), but reactions at 37 °C and 50 °C resulted in similar
C22:1 enrichment (76–77%) and recovery (58–61%) values. Due to the
increased reaction rate of the Wt at 50 °C, this point was already ac-
complished after 4 h while it took 8 h at 37 °C. Accordingly, selective
hydrolysis of Crambe oil with CAL-A Wt to enrich C22:1 in the FFA
fraction was possible until temperatures of 50 °C.

In the reactions of V1 slightly increased rates of hydrolysis were
observed for reactions at 50 °C and 60 °C in comparison to the one at
37 °C (Fig. 6B). Only reactions at 70 °C showed a significant elevation in
the rate of hydrolysis, which indicated a higher long term thermo-
stability of V1 at temperatures above 50 °C in comparison to the Wt.
Concerning the rate of enrichment of C22:1 in the EFA fraction
(Fig. 6D), maximum points of enrichment were challenging to identify
due to the rigid sampling method. Nevertheless, maximal values of
C22:1 were determined between 76–79%, being reached at longer times
as the reaction temperature was increased. As a consequence, the the-
oretical recoveries of C22:1 in the EFA fraction dropped (Table S4) with

Fig. 5. Ethanolysis of Crambe oil with CAL-A variants at 37 °C for 48 h. The accumulation of erucic acid (C22:1) in the main fractions being the fatty acid ethyl ester
(FAEE) and the acylglycerides (AG) were analyzed over time for 10 U CAL-A Wt (A) and 100 U V1 (B). In addition, the total amount of fatty acids in fractions of FAEE,
AG, and free fatty acids (FFA) was determined.
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increasing temperatures.

3.5. Upscaling of Crambe oil hydrolysis reactions for the production of an
enriched erucic acid fraction

After investigation of the features that CAL-A Wt and V1 displayed
under different reaction conditions, a scale up strategy was developed
to obtain an enriched C22:1 fraction from 1 g Crambe oil substrate.
Thereby, the previous scale of 250 μL emulsion reactions was increased
by 80-fold to 20mL. Taking into account that the CAL-A variants were
more selective in the hydrolytic reactions and that their selectivity was
improved at lower reaction temperatures, reactions were carried out
with V1 under the established standard conditions at 37 °C.

In the previous enrichment experiments with Crambe oil it was
observed that for 75 U CAL-A V1 the point of maximal enrichment was
obtained after 24 h (Fig. 6D). Hence, when going to the 1 g (20mL
volume) scale, a proportional amount of enzyme (6 kU of V1) was
added and reactions were stopped after the same time. This resulted in
a C22:1 concentration in the EFA fraction between 70–71% (Table 1).
Elongation of the reaction time by 4 h did not lead to a significant in-
crease in the amount of C22:1 in EFA. However, when increasing the
amount of enzyme added to 16 kU it was possible to enrich C22:1 in
EFA to 74%. This C22:1 enrichment was slightly reduced in comparison
to the one obtained in the smaller scale experiments (Sections 3.2 and
3.4). In those experiments, C22:1 was enriched further to 76–79% with
less enzyme used per sample volume. This discrepancy could be ex-
plained by the reduced dispersion of the reaction mixture when
working with larger volumes or by having stopped the reaction not
exactly at the time of maximum enrichment.

In order to determine if a further enrichment was possible, a two
steps strategy was tested. Therefore, subsequently to the first enrich-
ment step performed with V1, the produced EFA fraction was separated
by flash chromatography from the FFA fraction and used in a second
enrichment step with CAL-A Wt resulting in a FFA fraction enriched in
C22:1. Prior the separation of the EFA and FFA fraction the product was
extracted. Unfortunately, in this step already 37% of the lipids were lost
(Table 2; Fig. S4). Nonetheless, the separated EFA fraction showed a

C22:1 yield of 40% with a content of 73.7%. Subsequently, this purified
fraction was the starting material in the reaction with CAL-A Wt. En-
zyme amounts were extrapolated from the ones used at standard re-
actions of 250 μL scale. Consequently, 45 U Wt were added to the
emulsion and the reaction was incubated for 6 h at 37 °C to achieve a
sufficient rate of hydrolysis (Fig. 6C). The partially hydrolysed AG
sample exhibited 43% FFA and the content of C22:1 in the FFA fraction
reached a value of 75.3%. This C22:1 enrichment was minimal and
adjustment of employed enzyme amounts and reaction times needs to
be performed in the future. Furthermore, after separation of the FFA
fraction this enrichment was reduced to 73.8% and a yield of only 11%
was achieved.

Previous studies on lipase catalyzed C22:1 enrichment from Crambe
oil also confirm how important optimization of the reaction is. Volkova
et al utilized commercial Candida rugosa lipases to enrich C22:1 in the
EFA fraction in a 300mg oil scale without full scale product purification
[26]. They were able to achieve accumulation of C22:1 (82%) from the
natural oil in a comparable range as CAL-A variants in this study.
However, they only achieved a theoretical recovery of 10%. It was
possible to improve the performance of the process by utilization of an
oil as starting material originating from genetically optimized C. abys-
sinica with increased content in C22:1. Another study from Nu et al
utilized the regio-selectivity of CAL-B in combination with reactor de-
velopment to perform ethanolysis of Crambe oil [27]. They were also
able to enrich C22:1 (77%) in a similar range, but in the FAEE fraction.

Fig. 6. Influence of temperature (37 °C, 50 °C, 60 °C, and 70 °C) on the hydrolysis of Crambe oil by CAL-A variants. Hydrolysis with CAL-A Wt (1 U) was analyzed over
time towards the accumulation of free fatty acids (FFA; A) and erucic acid (C22:1) in the FFA fraction (C). For reactions with V1 (75 U) time resolved percentages
were investigated for the amount of FFA (B) and C22:1 in the EFA fraction (D).

Table 1
Optimization of the first step in the up-scaling experiment of Crambe oil hy-
drolysis. Hydrolysis of 1 g Crambe oil with CAL-A V1 was conducted with var-
iation of the amount of enzyme (4–16 kU) and reaction time (24 h or 28 h).
Accumulation of erucic acid (C22:1) in the esterified fatty acid (EFA) fraction
was evaluated.

Crambe oil hydrolysis with CAL-A V1

CAL-A V1 [kU] – 4 6 6 6 8 12 16
Reaction time [h] – 24 24 28 24 24 24 24
C22:1 in EFA [%] 57.6 66.9 71.1 71.4 69.6 70.4 72.1 73.8
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By optimization of the process parameters they were able to obtain such
a fraction after only 90min with a yield of 74%. In this study, we could
firstly demonstrate that C22:1 enrichment from Crambe oil with CAL-A
Wt and V1 was equivalent to other reported studies. Furthermore, due
to the opposing selectivities of the Wt and V1 it is possible to decide for
the form of the enriched C22:1 fraction. Regarding to the obtained
results in the upscaling experiment, they show that enrichment of C22:1
can be achieved at higher scales, but needs further optimization.
Especially, concerning the separation technologies used to isolate the
different lipid fractions, by improving them the loss of products could
be avoided and the recovery yields increased. Another point which
could have a beneficial effect on the reaction performance is the im-
mobilization of the enzyme as shown before by use of CAL-A expressed
in P. pastoris [34]. Immobilized CAL-A has been proven to be effectively
utilized for several applications and this could be investigated in future
studies for the enrichment of C22:1 to reduce process costs if required.

4. Conclusion

Lipase selectivity is a powerful tool to replace conventional se-
paration technologies for purification of distinct FA from natural oils by
a more environmentally friendly process. In this sense, the exceptional
robustness and its unique features make CAL-A a suitable candidate for
industrial applications. Therefore, CAL-A Wt and the selective variants
created by protein engineering have been investigated in this study for
the enrichment of C22:1 from Crambe oil substrates. The high thermal
stability and activity was confirmed for the Wt and its most selective
variant (V1), while their high selectivity observed under standard re-
action conditions could be maintained until up to 50 °C. Enrichment of
C22:1 in hydrolytic reactions of Crambe substrate showed high re-
producibility and equality for both substrates, FAEE and AG. In addi-
tion, CAL-A is one of the few lipases displaying acyltransferase activity
under aqueous conditions. However, the selectivity of CAL-A Wt and V1
decreased in the ethanolysis of the Crambe oil. Within this study, CAL-A
Wt and V1 were found to be the most selective variants, which gives the
opportunity of choosing the most favoured form of C22:1 for further
downstream processing. In this context, CAL-A Wt itself was found to be
capable for selective hydrolysis of C22:1 from Crambe substrates –
yielding the FFA product – while the mutant variants have been gen-
erated with complete inversion in selectivity, discriminating the con-
version of C22:1 – leading to an enriched EFA fraction. This also offered
the opportunity to design a two step process to yield a highly enriched
C22:1 fraction combining both CAL-A variants, which could be suc-
cessfully transferred to the gram scale. Our results thus provide a pro-
mising starting point for the development of an industrial relevant

oleochemical process for C22:1 enrichment from natural Crambe oil.
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Analysis of (intermediate) products obtained (Fig. 2B) in the up-scaling ex-
periment of Crambe oil hydrolysis. Crambe oil (1) was hydrolysed in the first
step with CAL-A V1 (2) resulting into an EFA fraction (3) and FFA fraction (4).
Both fractions were separated by flash chromatography. In the second step the
purified EFA fraction was hydrolysed with CAL-A Wt (5) and the produced EFA
(6) and FFA (7) fractions were also separated. (Intermediate) products were
analyzed towards their weight (m), content in FFA, content of erucic acid
(C22:1) in the FFA and EFA fractions, and the yield of C22:1.

Product m FFA C22:1
[%]

Yield C22:1

No. [mg] [%] FFA EFA [%]

1 935 3.8 59.4 100
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3 310 11.5 61.0 73.7 40.0
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Supporting information 

Materials and Methods: 

Fatty acid enrichment reactions 

First, the appropriate amount of lipase for the C22:1 enrichment reactions was 

identified by measuring the rate of conversion with different amounts of enzyme 

ranging from 0.1 to 100 U after 4 h reaction time[1]. The reaction solution contained 

5 g Crambe ethyl esters or oil (Solutex, Zaragoza, Spain), 2 g gum arabic, and 

100 mL sodium phosphate buffer (50 mM) with NaCl (1 mM) at pH 7.5. The 

emulsification was achieved by shear-mixing at 24000 rpm for 2 min (Ultra Turrax 

T25 basic, IKA Labortechnik, Staufen, Germany). Subsequently, 250 µL of the 

emulsion were dispensed in 1.5 mL polypropylene tubes for each time sample. For 

alcoholysis reactions, 375 µL of the oil emulsion (corresponding to 0.05 mmol FA) 

were used and mixed with 75 µL pure ethanol (corresponding to 1.27 mmol). The 

reaction was started by the addition of either buffer or the corresponding Units of 

enzyme per reaction vessel.  

Enzyme solutions were prepared from lyophilized supernatants of the fermentation of 

Pichia pastoris GS115 strains overexpressing CAL-A Wt and variants V1 

(V238L/V290L), V9 (V286Q/V290W), and V19 (V238L/V286Q/V290W)[1]. 

Preparation of enzyme solutions was conducted by dialyzis towards distilled, 

deionized water and their activity was determined towards pNP-oleate as previously 

described (Section 2.3). Reaction vessels were shaken at 1400 rpm and 37 °C. 

Reactions were stopped by adding 4 N HCl (10% v/v of the reaction volume). 

Samples were then vortexed and stored at -20 °C until extraction. After extraction, as 

described below, and subsequent evaporation of the solvent, samples were 

dissolved in two reaction volumes (RV) of n-hexane and 2 µL were spotted on thin-
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layer chromatography (TLC) plates, as described later (section 2.6), to check for a 

sufficient rate of hydrolysis or esterification (10-40%). 

Long chain FA enrichment biocatalysis reactions were prepared in the same way as 

described above. Reactions were started by adding the corresponding amount of 

enzyme and taking time samples after 0; 0.5; 1; 2; 4; 8; 24; and 48 h. All reactions 

were carried out in triplicates.  

Fatty acid quantification of different oil fractions 

Reaction samples were extracted with 1 RV diethyl ether containing 2 mM 

tripentadecanoate and depending on the kind of reaction either 2 mM tridecanoate 

ethyl ester for reactions on FAEE formation or hydrolysis or 2 mM tridecanoic acid for 

hydrolysis of oils (serving as internal standards), by vortexing for 1 min and 

centrifuging at 16 200 x g during 1 min[1, 2]. The upper organic layer was collected. 

Each sample was extracted two more times with 2 RV pure diethyl ether. The joined 

organic phases were dried with anhydrous Na2SO4 by vortexing for 1 min and 

centrifuging at 16200 x g for 5 min. The organic solvent was then evaporated under a 

stream of nitrogen.  

The residual lipids were resuspended in 4 RV anhydrous n-hexane and split in 

aliquots of 500 µL for either direct analysis of the FAEE, treatment with the 

methanolic hydrogensulfate method for methylation of the total FA[1-4], or treatment 

with the sodium methoxide method for selective methylation of the esterified FA 

(EFA)[2, 5]. For the methanolic hydrogensulfate method, the 500 µL samples were 

treated with 50 µL 2,2-dimethoxypropane and freshly prepared anhydrous 500 µL 

methanolic H2SO4 (2%). The samples were shaken at 14000 rpm in a glass vial at 

60 °C for 4 h. After the reaction, samples were extracted twice with 300 µL n-hexane 
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and the collected organic phases were dried over anhydrous Na2SO4. The organic 

layer was analyzed via GC (GC-2010, Shimadzu, Duisburg, Germany). For the 

sodium methoxide method, 50 µL 2 N methanolic NaOMe solution was added to 

500 µL sample[2]. The reaction was carried out by vortexing the mixture for 1 min. 

Then the sample was dried with anhydrous Na2SO4. The organic layer was analyzed 

via GC. 

For GC-analysis of FA methyl and ethyl esters (FAME and FAEE) a BPX-70 column 

(SGE 0.25 mm diameter, 0.25 µm film thickness, 60 m length; SGE Analytical 

Science, Victoria, Australia) was used. Analysis of 1 µL of sample was carried out 

with a flow rate of 0.52 mL/min and a temperature program starting at (i) 180°C for 

33 min, followed by a heating step (ii) to 230°C at 10 °C/min and a final holding step 

for 5 min. Injector and detector temperatures were set at 240 °C and 290 °C, 

respectively. 

Firstly, the samples were analyzed by peak identification of the different FAME to 

a standard FAME-Mix (Sigma CRM47885, Steinheim, Germany) or to single FAEE 

standards, respectively. The peaks were normalized to their standards ethyl 

tridecanoate (FAEE), methyl tridecanoate (H2SO4/MeOH method) or tridecanoic acid 

(H2SO4/MeOH in combination with the NaOMe method as negative control) and only 

the FAME peaks were treated with their theoretical response correction factors 

(Eq. 1) (RCF, Table S1)[6]. 

𝑐!"#$ =
!!"#$

!!"#$%#&%
∗ 𝑐!"#$%#&% ∗  !"#!"#$

!"#!"#$%#&%
 (Eq. 1) 

with c - concentration, A - peak area, RCF - theoretical response correction factors 
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Table S1: Response correction factors (RCF) for flame ionization detectors to convert 

the peak areas of different fatty acid (FA) methyl ester into weight percent [6]. 

FA RCF  FA RCF  FA RCF 

C13:0 1.06  C18:2 0.99  C20:3 0.97 

C15:0 1.03  C18:3 0.98  C22:0 0.97 

C16:0 1.02  C20:0 0.98  C22:1 0.97 

C18:0 1.00  C20:1 0.98  C24:0 0.96 

C18:1 0.99  C20:2 0.97  C24:1 0.96 

 

The EFA or free FA (FFA) amount of the samples was calculated by comparing the 

EFA amount determined by the EFA analysis towards the whole FA amount 

determined by the H2SO4/MeOH method (Eq. 2).  

𝑝!!"  =  1−  !!"#
!!!!"!

∗ 100%    (Eq. 2) 

with p - percentage, c - concentration 

The theoretical recovery (R) of enriched FA was determined by comparing the total 

amount of this FA in the sample to its amount present in its enriched fraction (either 

FFA or EFA) (Eq. 3). 

𝑅!" =
!!" !" !"# !" !!"
!!"(!!!"!)

∗ 100%     (Eq. 3) 

with R - theoretical recovery, n - amount of substance 
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Table S2: Fatty acid composition of the Crambe oil and the fatty acid ethyl ester 

(FAEE), including the amount of free fatty acids (FFA) present. 

 Crambe oil Crambe FAEE 

C14:0[%] 0.1 0.1 

C16:0[%] 2.0 1.8 

C16:1[%] 0.1 0.1 

C18:0[%] 0.7 0.7 

C18:1[%] 16.2 16.2 

C18:2[%] 8.1 7.8 

C18:3[%] 5.1 4.8 

C20:0[%] 0.8 0.7 

C20:1[%] 3.1 2.8 

C20:2[%] 0.1 0.1 

C22:0[%] 1.7 1.5 

C22:1[%] 59.3 58.1 

C22:2[%] 0.6 0.4 

C24:0[%] 0.4 0.5 

C24:1[%] 1.0 1.1 
 03.94  FFA[%] 3.9 4.1 
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Figure S1 

Hydrolysis of FAEE derived from Crambe oil with CAL-A variants[1]. The 

accumulation of erucic acid (C22:1) in its enriched fraction over the overall amount of 

FFA was analyzed for CAL-A Wt (2.5 U) in the FFA fraction and for the variants V1 

(5 U), V9 (1 U), and V19 (1.5 U) in the EFA fraction. 
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Figure S2  

Specific activity of CAL-A Wt and V1 towards Crambe oil titrated with 10 mM NaOH 

to pH 7.5 at temperatures ranging from 30 °C - 79 °C. 
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Table S3  

Specific activities obtained for CAL-A Wt and V1 in the pH-stat experiment towards 

Crambe oil titrated with 10 mM NaOH to pH 7.5 at 37 °C and in pNP-assays with 

pNP-myristate (C14:0), -oleate(C18:1), and -erucate (C22:1) at pH 7.5, 37 °C, and 

λ = 420 nm. 

CAL-A 
Specific activity [U/mg] 

Crambe oil pNP-C14:0 pNP-C18:1 pNP-C22:1 

Wt 111.4 1318.2 234.3 1088.0 

V1 28.8 3932.0 2177.9 336.2 
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Table S4: Study of the influence of temperature (37 °C, 50 °C, 60 °C, and 70 °C) on 

the hydrolysis of Crambe oil by CAL-A variants. This includes the analysis of the 

erucic acid (C22:1) accumulation and theoretical recovery for CAL-A Wt (1 U, 8 h 

reaction) and V1 (75 U, 24 h reaction) in the FFA and EFA fractions, respectively. 

Wt 
(t8) 

T [°C] C22:1 in FFA [%]  R C22:1 in FFA [%] 

37 76.2 ± 0.5  61.1 ± 2.3 

50 73.3 ± 0.2  75.2 ± 5.6 

60 71.8 ± 0.2  55.9 ± 1.0 

70 70.4 ± 0.4  48.4 ± 1.8 

V1 
(t24) 

T [°C] C22:1 in EFA [%]  R C22:1 in EFA [%] 

37 75.8 ± 1.5  58.5 ± 4.1 

50 76.4 ± 3.3  51.9 ± 6.1 

60 77.7 ± 1.2  55.0 ± 1.4 

70 73.8 ± 1.4  45.1 ± 3.9 
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Figure S4 

Thin-layer chromatography of fractions obtained in the up-scaling experiment of 

Crambe oil hydrolysis. Crambe oil was hydrolysed in the first step with CAL-A V1 and 

FFA and EFA fractions were separated by flash chromatography. In the second step 

the purified EFA fraction was hydrolysed with CAL-A Wt and the produced FFA and 

EFA fractions were also separated. Lipid species including FFA, MAG, DAG, and 

TAG were separated on aluminium silica foils and dyed with potassium 

permanganate solution. 
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Enzymatically Modified Shea Butter and Palm Kernel Oil
as Potential Lipid Drug Delivery Matrices

Nicholas C. Obitte, Katja Zorn, Isabel Oroz-Guinea, Uwe T. Bornscheuer, and Sandra Klein*

Drug formulations based on lipids can enable a significantly better delivery of a
pharmaceutically active substance and thus enhance their bioavailability. However,
natural fats and oils usually have properties, which do not allow their direct use for
drug delivery. Therefore, we have modified palm kernel oil (PKO) and shea butter
(SB) via lipase-catalyzed transesterification using either glycerol – to create a
diglyceride-enriched lipid – or using hexanoic acid via acidolysis – to alter their fatty
acid composition – and hence to improve drug solubility of Celecoxib serving as
model compound. The most suitable enzyme was immobilized Thermomyces
lanuginosus lipase (Novozyme TL IM). The solubility of Celecoxib as determined in
SB, pharmaceutical grade SB, glycerol-modified SB, hexanoic acid-modified SB,
PKO, glycerol-modified PKO, and hexanoic acid-modified PKO. Incorporation of
one or two equivalents of hexanoic acid enabled higher Celecoxib solubilization
than the diglyceride rich oil. Although structured SB and PKO (15.8� 0.4mgmL�1)
do not differ significantly (p< 0.05) as per the amount of Celecoxib dissolved, the
use of the modified oils enhanced Celecoxib solubility in SB (15.5� 1.3mgmL�1)
in comparison to shea butter (7.9� 0.5mgmL�1). The lipase-catalyzed modification
also improved the miscibility of the oils with surfactants such as Tween 20 and
resulted in reduced droplet sizes (<70nm at oil/surfactant ratios of 1:2 and 1:1)
and reduced polydispersity index values of the resulting emulsions.
Practical Application: The structured triglycerides synthesized in this work on the
basis of natural shea butter oils could function as suppository bases and oil
phase in oral and parenteral lipid-based formulations for improving the solubility
and absorption of poorly soluble drugs. As various lipases with distinct selectivity
are available for the enzymatic synthesis of structured triglycerides and useful for
this purpose, further tailor-designed formations should be accessible.

1. Introduction

Approximately 40–50% of the currently
marketed and more than 50% of the active
pharmaceutical ingredients (APIs) in de-
velopment pipelines are poorly water
soluble compounds that belong to class
II or IV of the Biopharmaceutics Classifi-
cation System (BCS).[1,2] Consequently,
many of these compounds come along
with limited and often highly variable
bioavailability (BA) and place a significant
burden on drug development.[3] However,
for many of these APIs, particularly for
BCS class II compounds, there is a good
chance of enhancing bioavailability and
also decreasing its variability by utilizing
drug delivery strategies ensuring that the
API is readily and completely dissolved in
the lumen of the upper gastrointestinal
(GI) tract. Lipid- and surfactant-based drug
delivery systems present a viable means for
enhancing the oral bioavailability of some
poorly water-soluble, lipophilic drugs[4,5]

and represent one of the current strategies
for enhancing intraluminal solubility and
consequently oral BA. Lipid-based drug
delivery systems represent a quite hetero-
geneous group of formulations that may
include triglycerides, mono- and diglycer-
ides, lipophilic surfactants, hydrophilic
surfactants and cosolvents, i.e., excipients
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with a wide variety of physicochemical properties.[6] To help
identifying the critical performance characteristics of lipid-based
systems in the year 2000 a lipid formulation classification system
(LFCS) was introduced.[5] The nowadays most-common group of
lipid-based formulations are LFCS type III systems. These are
relatively simple self-emulsifying drug delivery systems
(SEDDS) or self-microemulsifying drug delivery systems
(SMEDDS) that consist of triglycerides or mixed mono- and
diglycerides, water-soluble surfactants, and cosolvents.[6] LFCS
type III systems can be further stratified into Type IIIA
formulations that contain larger proportions of lipids, and
lower proportions of surfactant and cosolvent, and Type IIIB
formulations that contain relatively limited amounts of glyceride
lipid (<20%) and larger quantities of hydrophilic components.[7]

Natural and semi-synthetic lipids are potential constituents
of lipid-based drug delivery systems.[7] However, the use of some
of these lipids is associated with several drawbacks. The use of
semi-synthetic lipids often presents with safety concerns and
these are becoming even more stringent when surfactants are
added to the formulations. Natural lipids which are generally
regarded as safe (GRAS) would thus represent the more
favorable excipients, but the natural lipids commonly used in
LCFS type III formulations have a relatively low drug
solubilizing capacity and thus require the use of surfactants
and/or cosolvents. Consequently, it is important to identify
alternative natural lipids with improved drug solubilizing and
emulsion stabilizing properties that would enable to reduce the
amount of required surfactants.

Overall, themajorityof lipidsavailablearoundtheglobe is rather
unexplored in terms of their applicability in lipid-based delivery
systems. In Africa many of these – for this purpose – unexplored
lipids such as shea butter (SB) and palm kernel oil (PKO), i.e.,
edible lipids with GRAS status, are ubiquitous and thus represent
interesting candidates for formulationdevelopment of novel lipid-
based delivery systems. However, as a result of their limited
solubilization capacity[8] they might also be unfit to serve as
excipients for LFCS type III formulations without requiring some
degree of modification or the need of adding high surfactant
concentrations. Increasing the solubilizing capacity of these
natural lipids without changing their regulatory status would be a
unique chance formaking use of thesemassive sources of natural
lipids. Therefore, tailoring these natural triglycerides (TAGs) into
structured derivatives with potential for improved solubilization
capacity and excipientmiscibility would be desirable. All vegetable
fats and oils are TAGs composed of various saturated and
unsaturated long chain fatty acids. Among these vegetable lipids,
coconut oil and PKO are unique as they mostly contain saturated
medium chain fatty acids.[9] Medium chain triglycerides (MCT)
have been reported to possess higher solvent capacity for drugs
than long chain triglycerides (LCT).[10–12] SB is mainly composed
of stearic and oleic acid, with stearic acid contributing to its solid
texture and high melting point relative to PKO.[13,14] SB from
Vitellaria paradoxa tree nuts has been extensively studied for its
nutritional and cosmetic potentials and can be obtained from
crushed shea nuts in several extraction and refining steps
including and aqueous extraction step with hot water and
separation of the fatty phase. Subsequent chemical refinement
of the fatty phase with n-hexane gives rise to the butter, while
fractionation of the acetone extract yields oleine and stearine.[9]

However, although SBhas been fully characterizedwith respect to
its fatty acid composition as well as other physicochemical
properties,[13,14] is used in food industry and in themanufacture of
cosmetic products and pharmaceutical formulations for cutane-
ous application, to date the usefulness of SB for oral drug delivery
systems remained unexplored.

During digestion, TAGs initially undergo partial hydrolysis
into free fatty acids (FFA) and diglycerides (DAG) by gastric
lipase. The cumulative effect of gastric mixing and gastric
emptying forces emulsifies these products into droplets. The
presence of exogenous lipids in the duodenum stimulates the
secretion of bile which contains phospholipids, cholesterol, and
bile salts.[4] The increased concentration of bile provides an
emulsifying environment rich in micelles, into which lipids, the
lipid digestion products and any available drug are solubi-
lized.[4,12,15–17] In the duodenum, pancreatic lipase then
hydrolyses the remaining triglycerides to monoglycerides
(MAGs), DAGs, i.e., partial glycerides that have a better capacity
for drug solubilization and emulsification than their triglyceride
counterparts[18] and FFAs that may function as cosurfactants.[12]

Since there is evidence that (mixtures of) MCTs, MAGs, and
DAGs have a higher solubilization capacity than LCTs, controlled
modification of SB and PKO may result in new derivatives with
desirable properties for the delivery of poorly soluble drugs.
From literature it is well known that TAGs can be subjected to
enzyme-catalyzed acidolysis as shown for instance for cocoa-
butter equivalent production or for the synthesis of structured
triglycerides such as Betapol (1,3-oleoyl-2-palmitoyl-glycerol) for
which several concepts using a variety of commercial lipases
have been described.[19,20] In the present study, we have
investigated the lipase-catalyzed modification of SB and PKO
with the aim to improve their applicability in oral lipid-based
drug delivery systems for pharmaceutical use.

2. Experimental Section

2.1. Materials

Immobilized Thermomyces lanuginosus lipase (Lipozyme TL IM)
was a gift from Novozymes (Bagsvaerd, Denmark). Non-
pharmaceutical grade PKO and SB were acquired from local
markets in Nigeria. Pharmaceutical grade SB was a donation of
Fagron GmbH (Barsbuettel, Germany). Capryol 90 (propylene
glycol monocaprylate (type II) (NF)) was donated by Gattefoss�e
(St. Priest Cedex, France). Kolliphor RH 40 (macrogolglycerol
hydroxystearate polyoxyl 40 hydrogenated castor oil) was kindly
provided by BASF (Ludwigshafen, Germany) and polysorbate 20
waspurchased fromCaelo (Hilden,Germany).All other chemicals
were of analytical grade and also purchased commercially.

2.2. Methods

2.2.1. Enzymatic Modification of PKO and SB

Two different modifications of PKO and SB were carried out by
lipase-catalyzed transesterification reactions: 1) formation of
DAGs andMAGs by glycerolysis and 2) incorporation of hexanoic
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acid into theTAGs.For the formationofDAGsandMAGs,glycerol
was added to the corresponding oil in a molar ratio of 1.5:2
(Figure 1). In the secondmodification reaction, hexanoic acid was
incorporated using a FA/oil ratio of 1.5:1 (Figure 2). Both types of
reactions were performed first using 15 g oil (PKO or SB) and,
afterwards, at 100 g scale. All reactionswere started by adding 10%
(wenz/woil) Lipozyme TL IM to the corresponding oil (average
calculated molecular weight of 716.63 or 885.17 gmol�1 for PKO
and SB, respectively).[21,22] PKO and SB reaction mixtures were
incubated withmagnetic stirring during 90–112h at 50 and 60 �C,
respectively. The reactions were stopped by extracting them twice
with one reaction volume of n-hexane. The collected organic
phases were dried with anhydrous sodium sulfate and subse-
quently filtered. The solvent was then removed using a rotary
evaporator (Laborota 4000, Heidolph, Schwabach, Germany).

2.2.2. Thin-Layer Chromatography

Thin-layer chromatography (TLC) was used to preliminarily
check the modification of the oils during the transesterification
reaction with glycerol. For this purpose, 50 μL samples of the oil
taken at the start and end of the reaction were dissolved in 200 μL
n-hexane. Subsequently, an aliquot of this mixture was spotted
on a silica TLC plate. This plate was developed with a
solvent composed of n-hexane:diethyl ether:glacial acetic acid
(79:20:1 v/v/v).[21] For visualization, the TLC plate was stained
with potassium permanganate solution (0.1 g L�1 KMnO4,
0.2 g L�1 CH3COOH, 0.5 g L�1 NaHCO3).

2.2.3. Gas Chromatography

Analysis of Modified Lipid Species: Incorporation of hexanoic
acid into the oils was determined by gas chromatography
(GC-2010, Shimadzu, Duisburg, Germany). Aliquots were
taken at the start and end points of the reaction. Each sample
for GC analysis was prepared by extracting twice 50 μL reaction
aliquots with 500 μL n-hexane. Then, the collected organic
phase was dried with anhydrous sodium sulfate. Subsequently,
1 μL of the dried organic phase was injected into the gas
chromatograph. Analyses were carried out on a Zebron
ZB-35-HT inferno column (Phenomenex, Tarrance, CA,
USA) using a flow rate of 1.65mLmin�1 and a temperature
program starting at 170 �C for 45min, then heating to 370 �C at
8 �Cmin�1, and finally holding the temperature of 370 �C for
15min. Injector and detector temperatures were set at 300 and
375 �C, respectively.

Fatty Acid Quantification of the Different Oil Fractions: Reaction
samples were extracted with 500 μL diethylether containing
2mM tridecanoic acid and 2mM tripentadecanoate (serving as
internal standards), by vortexing for 1min and centrifuging at
16 200�g during 1min. The upper organic layer was collected.
Each sample was extracted one more time with 500 μL pure
diethylether. The joined organic phases were dried with
anhydrous Na2SO4 by vortexing for 1min and centrifugation
at 16 200�g for 5min. The organic solvent was then evaporated
under a stream of nitrogen.

The residual oil was resuspended in 1mL n-hexane and split
in two aliquots. One of the aliquots was treated with the sodium

Figure 1. Principle of the lipase-catalyzed synthesis of DAGs/MAGs from shea butter (SB) or palm kernel oil (PKO).

Figure 2. Principle of the lipase-catalyzed synthesis of TAGs through incorporation of hexanoic acid into shea butter (SB) or palm kernel oil (PKO).
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methoxide method[23] for esterification of the esterified fatty
acids (EFA), while the other one was subjected to the methanolic
hydrogen sulfate method[24,25] for esterification of the total FA.

For the sodium methoxide method, 50 μL 2N methanolic
sodium methoxide solution was added to 500 μL sample. The
reaction was carried out by vortexing the mixture for 1min.
Then, the sample was dried with anhydrous Na2SO4 and the
organic layer was analyzed via GC.

To perform the methanolic hydrogen sulfate method, the
500 μL sample were treated with 50 μL 2,2-dimethoxypropane
and 500 μL 2% methanolic hydrogen sulfate. The samples were
shaken in a glass vial at 60 �C for 3 h. After the reaction, samples
were extracted twice with 300 μL n-hexane and the collected
organic phases were dried over anhydrous Na2SO4. The organic
layer was analyzed via GC.

For GC-analysis (GCMS-QP2010S, Shimadzu, Duisburg,
Germany) of fatty acid methyl esters a BPX-70 column
(0.25mm diameter, 0.25 μm film thickness, 30m length; SGE
Analytical Science, Victoria, Australia) was used. Analysis of 1 μL
sample was carried out with a flow rate of 0.57mLmin�1. The
temperature program was as follows: 1) starting at 60 �C for
10min; 2) heating step 1 to 150 �C at 8 �Cmin�1; 3) holding step
for 10min; 4) heating step 2 to 170 �C at 2 �Cmin�1; 5) holding
step for 10min; 6) heating step 3 to 230 �C at 15 �Cmin�1; and 7)
a final holding step for 5min. Injector and detector temperatures
were set at 250 �C.

First, the samples were analyzed by peak identification of the
different FAMEs to a standard FAME-Mix (Sigma CRM47885,
Steinheim, Germany). Then, the peaks were normalized to their
corresponding standards (Eq. (1)), methyl-pentadecanoate
(NaOMe method) or methyl-tridecanoate (H2SO4/MeOH
method), and treated with their theoretical response correction
factors (RCF) (Table 1).[26]

CPeak ¼ APeak

AStandard
�CStandard� RCFPeak

RCFStandard
ð1Þ

The EFA or NEFA amount of the samples was calculated by
comparing the EFA amount determined by the NaOMe method
toward the whole FA amount determined by the H2SO4/MeOH
method (Eq. (2)).

pNEFA ¼ 1� cNaOMe

cH2SO4

� �
�100% ð2Þ

2.2.4. Solubility Studies

Celecoxib, a BCS class II drug[6] was employed as amodel drug to
evaluate the solubilizing capacity of the unmodified and
modified oils. With its poor aqueous solubility in the
physiological pH-range and its high intestinal permeability
Celecoxib has been established as a proper candidate for BA
enhancement via lipid-based formulations. Solubility screening
of Celecoxib in different oils was performed with a slightly
modified saturation shake-flask method[27–29]: in a 2mL sample
vial an excess of Celecoxib was added to 1mL oil. The resulting
suspensions were subjected to moderate agitation (150 rpm) in a
mechanical shaker (IKA KS 3000 I Control, Staufen, Germany)
for 48 h at 50 �C and then allowed to equilibrate at 50 �C for
another 15min. Samples that were in the liquid state at both
ambient temperature and 50 �C were then centrifuged at
7500 rpm for 15min. A total of 0.1mL of the supernatant then
was diluted to 10mL using acetonitrile. A total of 0.1mL of the
resulting stock solution was then further diluted to 1mL using
acetonitrile. Since centrifugation could only be carried out at
ambient temperature, shea butter samples, that required a
higher temperature tomaintain fluidity, were no centrifuged, but
following equilibration at 50� C filtered through a prewarmed
(50 �C) cellulose acetate syringe filter with 0.45 μm pore size
(Whatman FP 30/0.45 CA-S, GE Healthcare, Buckinghamshire,
UK). Immediately after filtration, the filtrate was diluted in the
same way as the supernatant of the centrifuged samples and the
Celecoxib content of the resulting dilutions was determined by
HPLC analysis.

The HPLC system consisted of a 1525 binary pump, a 2707
autosampler, and a 2498 UV/VIS detector (all from Waters,
Milford, MA, USA). Data acquisition and processing were
performed with the Waters BreezeTM 2 software. A total of 10 μL
of each sample were injected and samples were quantified on a
Zorbax Eclipse XDB-C18 (250� 4.6mm, 5 μm) column (Agilent,
Waldbronn, Germany) using a methanol/water (75:25) mixture
as the mobile phase. The flow rate was set at 1mLmin�1, the
column temperature was 40 �C and a wavelength of 250 nm was
used for detection. These analytical parameters resulted in a total
run time of 8min and a Celecoxib retention time of �4.8min.

2.2.5. Miscibility and Droplet Size Studies

Besides determining the solubility of Celecoxib in the different
lipids, miscibility of the respective oils with model surfactants
and cosurfactants was investigated to ascertain the suitability of
the oils as potential LFCS type III (i.e., SMEDDS) excipients. The
design of the experiments followed a typical study design for
establishing pseudoternary phase diagrams, which are estab-
lished to determine optimal oil-surfactant ratios for formulating
SMEDDS.[17] In separate experiments two different grades of
unmodified SBs, PKO and each of the two different types of
enzymatically modified SB and PKO were mixed with a
combination of two surfactants, i.e., Tween 20 and Kolliphor
RH 40 (hydrophilic surfactants with a highHLB) and Capryol 90,
a cosurfactant with low HLB. The surfactant-cosurfactant ratio
was kept constant (3:1), whereas the oil-surfactant ratio was
varied (1:2, 1:1, and 2:1). Experiments were performed as

Table 1. RCF for flame ionization detectors to convert to weight
percent methyl ester.[12]

FA RCF FA RCF FA RCF

C6:0 1.31 C13:0 1.06 C18:0 1.00

C8:0 1.077 C14:0 1.04 C18:1 0.99

C10:0 1.12 C15:0 1.03 C18:2 0.99

C12:0 1.08 C16:0 1.02 C18:3 0.98

C20:0 0.98
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follows: first, in a 20mL glass beaker, a 1:1 mixture (1.5mL of
each) of Tween 20 and Kolliphor RH 40 was prepared. Then 1mL
Capryol 90 and either 2, 4, or 8mL oil was added. Three
individual mixtures (n¼ 3) were prepared for each of the
different oils. The resulting mixtures were heated to 45–50 �C on
a water bath and manually stirred with a glass rod until a
homogenous mixture was obtained. The final product (anhy-
drous emulsion) was then stored at 20–25 �C for further use. The
composition of the resulting mixtures is given in Table 2.

Prior to diluting the samples, the anhydrous formulations were
visually examined for homogeneity and phase separation. They
were then equilibrated to 37 �C, before 1mL of each of the
anhydrous mixtures was added to a beaker containing 99mL
demineralized water and the resulting mixtures were manually
shaken with �60 rpm for 1min for emulsification. Preliminary
experiments (data not shown here) had indicated that stable
emulsions typically would either form spontaneously or not at all.
After an equilibration time of 30min, the droplet size and
polydispersity index of the resulting emulsions were determined
using a Zetasizer (Malvern Instruments, Germany) at 25 �C and a
light scattering angle of 90�. These measurements were repeated
after 24 h to screen the stability of the resulting emulsions.

2.2.6. Statistics

Values of determinations were recorded as mean� standard
deviations (SDs). Analysis of variance (ANOVA) and Tukey
comparative post-tests were used to compare means for
statistical significance. Values of (p< 0.05) were considered
significant.

3. Results

3.1. Lipase-Catalyzed Modification of PKO or SB

Both, SB and PKO have low solubilizing capacity for Celecoxib
and as such would require modification-based improvement for
the development of self-emulsifying or solubility-enhancing
formulations of this drug. Hence, we aimed for enzymatic
modification of these starting materials by using two different
concepts for the synthesis of desired lipids. In one approach, we
studied lipase-catalyzed transesterification of SB or PKO with
glycerol aiming for the formation of the partial glycerides DAGs
andMAGs (Figure 1); the second concept was an acidolysis of SB
or PKO with hexanoic acid – serving as representative short-
chain fatty acid – to generate structured TAGs containing one or

two equivalents of this short chain fatty acid (Figure 2). Both
concepts should alter the physicochemical properties to make
the starting materials more suitable for lipid-based drug
formulations. Preliminary experiments revealed that the
commercial lipase Lipozyme TL IM was most suitable for the
transesterification as well as the acidolysis reactions as judged
from TLC analysis (data not shown). Next, preparative scale
experiments were performed first at 15 g and then 100 g scale to
provide sufficient starting materials for the subsequent drug
formulation studies. GC analysis of reaction samples before and
after the lipase-catalyzed modifications (Figure S1, Supporting
Information) clearly indicate the formation of TAGs with shorter
retention times confirming the formation of lipids with lowered
molecular weights due to incorporation of the hexanoic acid.
Notably, no significant differences between the 15 g and the
100 g scale reactions could be observed. Formation of DAG-rich
lipids was performed in a similar manner.

Analysis of the 100 g scale reaction samples for their FA
composition in their EFA and NEFA fraction indicated as side
reaction the formation of NEFA. During the transesterification
reactions the NEFA percentage reached 15% for SB and 25% for
PKO, while during the acidolysis these values were 36 and 27%,
respectively. Incorporation of hexanoic acid in the EFA fraction
in the acidolysis reactions could be quantified for both, SB (9.4%)
and PKO (10.2%) (Figure S2, Supporting Information).

Table 2. Composition of the oil/surfactant mixtures (SEFs) prepared for the miscibility- and droplet size studies.

Batch # Oil/surfactant ratio Oila) [mL] Surfactant 1 (Tween 20) [mL] Surfactant 2 (Kolliphor RH 40) [mL] Cosurfactant (Capryol 90) [mL]

1 1:2 2.0 1.5 1.5 1.0

2 1:1 4.0 1.5 1.5 1.0

3 2:1 8.0 1.5 1.5 1.0

a) Non-pharmaceutical grade shea butter (SB), hexanoic acid-modified SB, glycerol-modified SB, pharmaceutical grade SB, palm kernel oil (PKO), hexanoic acid-modified
PKO, glycerol-modified PKO.

Figure 3. Solubility of Celecoxib in unmodified and enzymatically
modified shea butter (SB) and palm kernel oil (PKO) (mean of
n¼ 3� SD).
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3.2. Celecoxib Solubility in Unmodified and Modified Oils

Replacement of one or two of the long chain fatty acids in each
TAG by hexanoic acid resulted in significantly higher drug
solubility (p< 0.05) in hexanoic acid-modified SB than that in
glycerol-modified SB, non-pharmaceutical grade and pharma-
ceutical grade SB (Figure 3). A similar modification of PKO, in
contrast, did not come along with significantly improved
Celecoxib solubility.

3.3. Miscibility and Droplet Size

Table 3 shows properties of the self-emulsifying oil formulations
(SEFs), in the anhydrous form (before dispersion in water) and
in the hydrated state (after dispersion in aqueous phase). All
anhydrous oil-(co)surfactant mixtures had a homogenous
appearance after preparation. Whereas after 24 h some of the
mixtures remained unchanged and stable, the viscosity of other
mixtures significantly changed or fine oil droplets or crystalline
structures became visible (Table 3). All modified PKO-based
mixtures remained liquid, while modified SB-based mixtures
were viscous or solid.

The droplet sizes of the diluted emulsions are shown in
Table 3 while Figure 4 depicts the appearance of the anhydrous
emulsions obtained by mixing the SEFs with distilled water. The
typical cloudiness of coarse emulsions was apparent in
emulsions obtained with the two unmodified SB grades.
Emulsions obtained from both structured and unstructured

PKO were transparent. In emulsions obtained from SEFs with a
1:2 oil-surfactant mix ratio no significant difference (p< 0.05) in
droplet size when comparing SEFs made from PKO or its
structured derivatives was observed. With respect to PKO and its
modified derivatives a statistical difference (p< 0.05) in droplet
size was noticed between 1:1 and 2:1 ratios . Higher droplet size
therefore correlated with increased oil concentration as was also

Table 3. Properties of the anhydrous oil:surfactant mixtures (SEFs) (mean of n¼ 3� SD).

Oils Oil/surfactant ratio Physical appearance of the mixture Droplet size (nm) Polydispersity index Emulsion quality after 24 h

Non-pharmaceutical grade SB 1:2 Viscous 243.5� 5.0 0.30� 0.04 Stable

1:1 Solid 273.9� 1.6 0.36� 0.01 Stable

2:1 Viscousþ crystals 1580� 513 1.00� 0.00 Unstable

Hexanoic acid-modified SB 1:2 Viscous 42.7� 5.3 0.20� 0.09 Stable

1:1 Viscous 60.4� 0.3 0.25� 0.01 Stable

2:1 Viscousþ crystals 115.6� 1.2 0.20� 0.01 Stable

Glycerol-modified SB 1:2 Viscous 23.3� 0.1 0.35� 0.00 Stable

1:1 Solid 28.8� 0.6 0.27� 0.04 Stable

2:1 Solid 126.8� 5.9 0.35� 0.02 Stable

Pharmaceutical grade SB 1:2 Viscousþ crystals 367.7� 25.4 0.60� 0.14 Stable

1:1 Solid 571.5� 179 0.77� 0.10 Unstable

2:1 Solid 6116� 1704 0.25� 0.14 Unstable

PKO 1:2 Solid 29.9� 0.5 0.13� 0.00 Stable

1:1 Solid 133.1� 4.9 0.26� 0.02 Stable

2:1 Solid 297.7� 51.7 0.41� 0.06 Stable

Hexanoic acid-modified PKO 1:2 Liquid 30.2� 0.29 0.12� 0.00 Stable

1:1 Liquid 85.6� 2.4 0.42� 0.01 Stable

2:1 Liquid 127� 2.9 0.22� 0.01 Stable

Glycerol-modified PKO 1:2 Liquid 21.3� 0.0 0.12� 0.01 Stable

1:1 Liquid 49.1� 0.5 0.26� 0.00 Stable

2:1 Liquid 120.6� 0.4 0.20� 0.01 Stable

Figure 4. Aqueous dispersions obtained by diluting 1mL of the different
anhydrous oil/surfactant (1:2) mixtures obtained from non-pharmaceuti-
cal grade SB, hexanoic acid-modified SB, glycerol-modified SB,
pharmaceutical grade SB, PKO, hexanoic acid-modified PKO, and
glycerol-modified PKO, to a volume of 100mL with demineralized water.

www.advancedsciencenews.com www.ejlst.com

Eur. J. Lipid Sci. Technol. 2017, 1700332 1700332 (6 of 8) © 2017 The Authors. European Journal of Lipid Science and Technology
Published by Wiley-VCH Verlag GmbH & Co. KGaA

http://www.advancedsciencenews.com
http://www.ejlst.com


evident in SBO formulations. The droplet sizes of emulsions
obtained from all SEFs containing structured SB derivatives
were significantly (p< 0.05) smaller than those of emulsions
obtained with the two unmodified SB grades. Moreover,
emulsions obtained from SEFs containing structured SB
derivatives were characterized by a lower polydispersity, which
is an indicator for droplet homogenity.[24] All emulsions (i.e.,
100-fold aqueous dilutions of the different SEFs) were stored at
20� 2 �C for 24 h. Thereafter, they were examined for phase
separation and droplet size variation. Apart from the emulsions
obtained from 1:1 and 2:1 SEFs containing pharmaceutical grade
SB and the 2:1 SEF made from non-pharmaceutical grade SB,
that showed phase separation after 24 h (Table 3), all emulsions
were stable, without significant droplet size variation.

4. Discussion

Natural lipids suchasSBandPKOareGRAScompounds andwith
regard to safety issues would thus represent the excipients of
choice for lipid-based formulations. However, since their
solubilizing capacity is often limited, they usually have to be
combined with surfactants and cosurfactants of which many are
not regarded as safe for pharmaceutical use. Tailoring the natural
lipids into structured derivatives with improved solubilizing
capacitymight be the key for anewgroupof semisynthetic lipids to
be applicable in the development of safe and efficient lipid-based
drug formulations. The focus of the present study was thus to
investigate if a lipase-catalyzed modification of the natural lipids
SB and PKO will improve their applicability in oral lipid-based
drugdelivery systems forpharmaceuticaluse. In thepresent study,
two different modification concepts were applied and their
successfulness with regard to increasing the solubilization
capacity of the two natural lipids was evaluated by screening
Celecoxib solubility in the different lipids, lipid miscibility with
different GRAS-listed surfactants and co-surfactants and the
emulsifying properties of the resulting mixtures.

The twoappliedmodification approachesdidnot have apositive
impact on the solubilizing capacity of PKO. Lipase-catalyzed
transesterification of SBwith hexanoic acid, however, resulted in a
lipid in which Celecoxib solubility was significantly increased.

SB is predominantly composed of stearic acid and oleic acid,
the major component of PKO is lauric acid.[13,14] The longer
chain length of stearic acid and oleic acid may bemore amenable
to extensive esterification and hydrolysis than lauric acid.
Consequently, the concentrations of the resultant MAGs and
DAGs resulting from glyerolyses or modified LCTs and FFAs
from acidolysis may have been higher in modified SB than in
modified PKO. As previously reported, the reaction products of
these lipase-catalyzed transesterification products possess
constitutive solubilizing, miscibility-promoting and surfactant
properties.[12,18,30] Celecoxib solubility results obtained in
hexanoic acid-modified SB are a clear indicator for the improved
features of the lipid matrix when compared to natural SB.
Solubility results obtained in all other modified lipids were less
favorable, i.e., Celecoxib solubility was lower than in the
corresponding natural lipid. However, at this point, it should
be noted, that only this single model drug was used in the study.
The solubilizing capacity of a lipid is, however, a result of both,

lipid constituents and physicochemical properties of the API.
Therefore, products from PKOmodification and theMAG/DAG-
rich product of SB glycerolysis might perform much better in
combination with other APIs.

When mixing natural and structural modified lipids with a
surfactant:cosurfactant mixture, SEFs with different consisten-
cies were obtained. Whereas PKO-based SEFs were liquid, the
SBO-based formulations were semisolids or solids. This may be
attributed to the higher melting point of SB resulting from the
high content of stearic acid.[31]

It is well described that during random interesterification,
saturated fatty acids of most vegetable oils, usually located at the
outer sn-1 and sn-3 positions of the triglyceride may get
transferred to the sn-2 position.[31] During lipid digestion in the
upper GI tract stearic acid located at the sn-2 position (2-MAG) of
triglycerides will be absorbed into the systemic circulation
without digestion by the intestinal lipase since the enzyme
typically digests at sn-1 and sn-3 positions.[32,33] Free stearic acid,
in contrast, may complex with calcium and magnesium ions to
form poorly absorbed soaps in the intestine.[31] In our present
investigation, modified SB may contain sn-2-bonded stearic acid
and/or free stearic acid (FFA). The altered position of the stearic
acid may have resulted in the viscous (instead of solid) behavior
of the anhydrous emulsion mixture, whereas overall the
formation of MAGs and DAGs and the integration of hexanoic
acid into the triglyceride are likely to have increased the
hydrophilicity of the triglycerides.

Droplet sizes of emulsions obtained from SEFs made from
natural lipids and their structured derivatives were dependent on
both, the lipid composition and the oil-surfactant ratio used for the
preparations of the SEFs. Even though SEF viscosity largely varied
among the different formulations, with a few exceptions stable
emulsionswith lowpolydispersity indiceswere obtained.Overall, in
the present study, where the major criteria were to obtain an
increased solubility of Celecoxib in the lipidmatrix, goodmiscibility
of the lipids with GRAS state surfactants and co-surfactants, and a
good emulsifiability of the resulting SEF in water, structured lipids
obtained from lipase-catalyzed transesterification with hexanoic
acid turned out to be the most promising candidates.

However, also most of the other modified lipids from both SB
and PKO showed a good miscibility with surfactants of low
(Capryol 90) and high HLBs (Tween 20 and Kolliphor RH 40).
This indicates that these structured lipids have more polar
constituents and properties than their unmodified origins.

Insummary, the synthesisof structured lipids fromnatural lipids
via lipase-catalyzed transesterification and their utilization in SEFs
represents a promising novel approach for the solubilization of
poorly soluble drug candidates. Whereas the present study was
performed as a proof of concept and thus Celecoxib was used as a
singlemodel drug, future studies should focus on the development
and screening of structured lipid derivatives of vegetable oils from
other origin as well as on expanding the range of poorly soluble
model drugs to be screened in this context.

5. Conclusion

Enzymatic modification of SB and PKO has been achieved
using the lipase TL IM Lypozyme in two different approaches:
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1) transesterification with hexanoic acid or 2) the formation of
DAGs. Both processes led to different mixture compositions,
which were subsequently studied to determine their capability to
solubilize Celecoxib. Hexanoic acid-modified SB demonstrated
significant (p< 0.05) improvement in Celecoxib solubilization
compared to the starting material. In contrast, there was no
significant (p< 0.05) increase in Celecoxib solubility in the
modified PKOs. The structured lipids from SB and PKO
acquired improved miscibility with surfactants and cosurfac-
tants and dilution of the oil:surfactant mixtures resulted in
smaller droplet sizes and low polydispersity indices compared to
corresponding emulsions obtained with unmodified SB and
PKO. In conclusion, the successful modification process yielded
structured lipids with promising miscibility with selected
surfactants and potential enhancement of Celecoxib solubility
and thus represents a promising approach for the development
of novel safe and effective lipid-based delivery systems.
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the author.
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Figure S1: Overlay of chromatograms of GC analysis with Zebron-35-HT inferno of 
transesterification reactions with Lipozyme TL IM and hexanoic acid before (black) 
and after (magenta) the reaction with 15 g PKO (A), 15 g SB (B), 100 g PKO (C), and 
100 g SB (D). 
 

 
Figure S2: Fatty acid composition of the esterified fatty acid (EFA) fractions of 100 g 
scale reactions with hexanoic acid at the start (t0, light color) and end (t100, bright 
color) of PKO (green) and SB (orange). 
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