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Department of Organic Chemistry, Centre of Molecular and Macromolecular Studies,
Polish Academy of Sciences, Sienkiewicza 112, 90-363 Łódź, Poland; piokiel@cbmm.lodz.pl
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Abstract: Lipase B from Candida antarctica (CAL-B) belongs to the family of α/β-hydrolases, and is
one from the most extensively used biocatalysts in the kinetic resolution of amines and alcohols in a
racemic state, in the desymmetrization of diacetates or diols, and in the stereoselective synthesis of
chiral intermediate compounds for obtaining the various pharmaceuticals and agents which protect
plants. There are also many cases of promiscuous reactions catalyzed by CAL-B. The number of very
important results appeared recently in the literature in the years 2015–2019, regarding the crystal
structure and conformation of CAL-B molecule. Before 2015, there was a long period of a complete
lack of information concerning this enzyme’s structure. The earlier reports about CAL-B structure
were dated between 1994–1995, and did not provide enough conclusions about the mechanism of the
enzyme. The recently solved structures give a hint of the enzyme mechanism in three dimensions.

Keywords: CAL-B; crystallographic polymorphism; enzyme promiscuity; lipase activity; esterase
activity; macromolecular crystallography; lipase B; Candida antarctica

Among commercially available lipases, which are nowadays expressed in large quantities, lipase
B from Candida antarctica (CAL-B) is one of the most commonly used biocatalysts, both in research
and in industry [1–3]. CAL-B is an α/β-hydrolase which follows the same mechanism of action as
the other serine hydrolases [4,5]. This enzyme is highly stereoselective in a wide variety of chemical
transformations [6]. A wide variety of CAL-B usage includes the kinetic resolution of racemic amines
or alcohols, or the desymmetrization of diacetates and diols [7–10]. There are many reports about
the stereoselective synthesis of asymmetric reaction intermediates for the production of a wide
variety of pharmaceuticals and plant-protecting agents [11–13]. Moreover, there are many cases of
promiscuous reactions catalyzed by CAL-B, including aldol reactions, Michael additions, cyclic esters,
or the polymerization of vinyls [14–20]. In order to improve activity, thermostability, stereoselectivity,
or expression rate of CAL-B, and to adapt it for different applications, a structural mutagenesis has been
widely developed, with the focus on kinetic resolution of asymmetric alcohols [2]. For improvement of
expression of CAL-B enzyme in Escherichia coli and improvement of the enzyme stability, an anion
tag has been added, and the conformationally mobile residues which belong to the active center were
mutated. The crystal structures of CAL-B, with such sequence modifications, were determined: PDB
entries 4K6G, 4K6H, 4K6K, 4K5Q [21] and 3W9B [22]. Since the truncated loop variant, cp283∆7,
showed an important increase in the enzyme catalytic activity, the two crystal structures of that variant,
in an apo form and with a bound inhibitor (PDB structures 3ICV and 3ICW, respectively), were
determined [23].

The studies on applying commercially available CAL-B enzyme to the synthesis of asymmetric
non-racemic heteroorganic molecules, are carried out in our lab for many years [24–26]. We modeled
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the reactions, promoted by the wild-type CAL-B enzyme, of hydrolysis of acetoxymethyl
(i-propoxy)-phenylphosphine oxide and its analog, which contains a P-borane moiety. These theoretical
calculations showed how the substrate could possibly be accommodated in the active center [25].

Among the CAL-B crystal structures known to 2016, there were only eight structures reported
for the wild-type of this enzyme: four of an unligated form: PDB entries 1TCA, 1TCB, 1TCC [27],
and 4ZV7 [28], and four of the complexed forms: PDB entries 1LBS, 1LBT [29], and 5A6V, 5A71 [30].
Among these eight entries, five were reported in 1994–1995: 1TCA, 1TCB, 1TCC, 1LBS, and 1LBT,
while last three entries were reported 21 years later, in 2015–2016: 4ZV7, 5A6V, 5A71. Therefore, there
is a huge time gap, before the three newer structures appeared in the literature. The reasons could
include unexpected problems in purification, since some proteins tend to be unstable in solution, or
problems in obtaining the perfect chemical and conformational purity of the protein for the purpose of
crystallization [31–34].

Structurally, CAL-B is a macromolecule with about 33 kDa size and the number of 317 amino acid
residues in its wild-type polypeptide chain [28]. CAL-B belongs to the α/β protein family. The order
of α-helices and β-strands is illustrated in Figure 1 [27]. The seven β-strands create a β-sheet which
is located in the core of the molecule. The last six of them are parallel. There are ten α-helices: the
first helix is located right before the β1 strand. Four helices interact with β-strand: α3, α4, and α7
from one side of the β-sheet, and α2 from the other side. The helices α5, α6, and α10 contribute most
to the active center, and play crucial role in substrate specificity and enzyme activation. The overall
conformation of the molecule is stabilized by the presence of three disulfide bridges: Cys22-Cys64,
Cys216-Cys258, and Cys293-Cys311 [35]. The presence and connectivity of these disulfide bridges,
correspond well in all structures listed above. In general, the active site is created by a “catalytic triad”:
Ser105-His224-Asp187, and an “oxyanion hole” (residues Thr40 and Gln106). The oxyanion hole most
likely influences the transition state of the reaction [5]. The His224 residue is the first residue in the
α-helix 9, and this side chain is directed into the active center. The aspartic acid 187 belongs to a turn
after β-strand 6. The oxygen atoms of Asp187 side chain are hydrogen-bonded to the main chain and
to a conserved water molecule [27].
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Five structures, which were solved in the mid-1990’s, were the only known CAL-B structures, and
could not tell us much about the enzyme mechanism and whether this mechanism is assisted
with conformational change of the macromolecule. While the structures 1TCA, 1TCB, 1TCC
were apo forms, the two structures 1LBS and 1LBT were complexed with ligands, 1HEE and
T80, respectively (see Figures 2 and 3; 1HEE: n-hexylphosphonate ethyl ester; T80: methylphenta
(oxyethyl)heptadecanoate, Tween-80). Both these ligands were bound nonspecifically with the protein,
i.e., nonbound to any side chain from the catalytic Ser-His-Asp triad (see Figures 2 and 3) [29].
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Figure 2. Nonspecifically bound ligand 1HEE, present in the active site of CAL-B in PDB structure
1LBS [29]. The Figure was created using RCSB PDB Jmol software [36,37].

Very notable progress has been made after the quarter of the century. The three structures: 4ZV7,
5A6V, and 5A71, were reported in mid-2010’s, and revealed opened and closed conformational states
of the glycosylation site which could shed light on conformational behavior of the enzyme. The two
triclinic structures 5A6V and 5A71 were complexed CAL-B forms [30], and a hexagonal structure 4ZV7
was an apo form [28].

The fold of hexagonal form 4ZV7 was almost identical as in orthorhombic 1TCA form. In both
structures, the NAG (N-acetyl-D-glucosamine) molecules are present in the glycosylation site, and are
bound to the side chain Nδ2 atom of Asn74 residue. Interestingly, the NAG chains in both structures
differ a lot in their conformation. In hexagonal form, the side chain of Asn74 and two bound visible
NAGs rotate straight away from the protein molecule towards the solvent region. In orthorhombic form,
this side chain and the two bound NAGs rotate towards the macromolecule, closing the glycosylation
site. The torsion angle N-Cα-Cβ-Cγ of Asn74, which shows rotation at the Cα-Cβ bond, is different
by about 70 degrees. Following this observation, the authors raised the question of whether the
opening (in hexagonal form) and closing (in orthorhombic form) of the glycosylation site could be just
an effect of the crystal packing, or whether it could be related to the opening and closing the active
center during catalytic cycle of the enzyme [28]. Of special interest was the location of one water
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molecule, bound to the Oδ2 atom of the residue Asp187 and to Oγ atom of Ser227. This water, in
orthorhombic 1TCA structure is located in same place and has the same connectivity. The connectivity
of this water in monoclinic form 1TCB is almost identical to 1TCA. Since the active center in hexagonal
form contains more water molecules, the active sites display some differences in conformation of
catalytically important side chains [28].
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The ligand-free, wild type CAL-B crystal structure, represented by the PDB structure 1TCA, is the
most referenced structure in CAL-B studies, and shows an intermediate conformational state between
the lipase and esterase activity [38]. The existence of CAL-B conformations, which correspond to lipase
(open) and esterase (closed) activity, gives perspective for the structure-based CAL-B design [38].

In 2015, the crystal structure of CAL-B, which contains both opened and closed conformations in
the same asymmetric unit, was solved [30]. Refined at atomic (0.91 Å) resolution, the PDB structure
5A71 is the structure determined at the highest resolution so far among all triacylglycerol lipase (EC
3.1.1.3) crystal structures [30]. These findings made it possible to elucidate the mechanism of CAL-B,
with particular implications for the catalytic behavior and lipase classification. The asymmetric unit of
PDB entry 5A71 contained two independent protein monomers A and B. In monomer A, an α-helix 5
which involves residues 140 to 147, follows the “classical” opened conformation in 1TCA structure
(Figure 4). The residue range Leu140-Leu147 in monomer B undergoes dramatic conformational
change, to form an unfolded loop (see Figure 4) [30]. Residues 140–147 in molecule A, which create an
α-helix, correspond to open conformation, while these residues in molecule B which unfold to a loop
shape, correspond to closed conformation [30].
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Figure 4. Superposition of the CAL-B structure 1TCA [27] and two monomers A and B of the CAL-B
structure 5A71 [30]. In 5A71 monomer A (green), an α-helix 5, which involves residues Leu140-Leu147,
has a similar ’classical’ open conformation, like in the 1TCA (blue) structure. The 5A71-A molecule
superimposes with 1TCA with an RMSD value of 0.58. The residue range 140–151, in monomer B of
5A71 (red) undergoes dramatic conformational change and becomes an unfolded loop. The RMSD
value of superimposed monomers A and B of 5A71 is equal to 1.41 [30]. The Figure was created using
Coot software [39].

Probing the crystals using xenon (PDB entry 5A6V) validated again the presence of opened and
closed conformations within the same asymmetric unit. Structure 5A71, which the authors consider
as “native”, is a CAL-B complex with sodium and potassium ions. Structure 5A6V, the author’s
“derivative”, is a complex form with xenon, and was determined at a low resolution [30]. Determination
of the open/closed stages of the CAL-B molecule at atomic resolution, made it possible to elucidate the
role of residues Asp145 and Lys290 in the conformation change. The Asp145 residue is the only one
amino acid in residue range 140–147 with a charged side chain. The side chain of Asp145, in monomer
B moves by 7.4 Å, and generates a salt bridge with Lys290 from α-helix 10. The distance between
Lys290 NZ atom and Asp145 Oγ1 atom is 2.7 Å (see Figure 4B,C in [30]). Residue Pro143 in monomer
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B (closed form) would clash with leucine-199 from a symmetrical molecule A (opened form) in the
same unit cell [30].

The two structures: 5A6V and 5A71, which showed opened and closed states of CAL-B, could be
directly related to the enzyme promiscuity [30]. These promiscuous conformations were later used
as respective starting models, in a simulation related to lipase or esterase activity [38]. The opened
(lipase) and closed (esterase) conformations were recognized by the motion of two helices α5 and α10
(see Figure 2 in [33]). The open conformation of CAL-B was shown to be induced by the self-assembly
of the triglyceride moiety [38].

A comparison with the CAL-B structures mentioned above revealed the reasons for a lack of
evidence for the closed conformation of a lid moiety. In the representative structure 1TCA [27], the
residues Pro143-Asp145 from the lid segment make clash with residue Leu199 from symmetrical
molecule. Instead, the lid moiety adopts an open α-helical conformation, which is more compact.
In structure 5A71, the monomers move with respect to each other to create closed conformation.
Therefore, such clash is not formed. A similar clash between residues Pro143-Asp145 in molecule
A and Leu199 in molecule B would happen in structure 1LBS [29]. In the same study [29], the authors
determined the structure of other complex (1LBT), formed with methylphenta(oxyethyl)heptadecanoate
(T80) at pH 4.0 (see Figure 3). This structure is packed very loosely in the unit cell and has a solvent
content more than 60%. The active site in 1LBT is solvent-exposed and there is no closed conformation.
In the structure 5A71, the lid moiety is not exposed to the solvent because of tighter molecular packing
in the crystal. In this case, the solvent content is low (38%) [30].

Chimeras of CAL-B, which were engineered by swapping of lid moieties, illustrated large
differences in kinetic parameters and in enantiomeric ratios for p-nitrophenyl ester hydrolysis [40].
The absence of Asp145 residue from helix α5 in two CAL-B variants, where the sequence of a lid
fragment was cloned from Neurospora crassa and from Gibberella zeae, removed the dependence on pH
in enzyme activity [40].

Using CAL-B as a model, the four enzyme variants have been engineered (PDB structures 6J1P,
6J1Q, 6J1R, 6J1S, 6J1T) [41,42]. These variants allowed to create all four stereoisomers in reactions
of transestrification between racemic acids or alcohols in organic solvents. All mutants contained
two monomers in asymmetric units. The secondary structure elements in both monomers were the
same, except for the loop region 140–147, which displayed open and closed states for monomers A
and B, respectively. As a difference from structure 5A71 [30], the closed conformation followed that
arrangement from the structure 1TCA [27]. In the open conformation, the mobile loop 140–147 pointed
away from the entrance to the reaction region, and therefore exposed the active site [41].

By using CAL-B as a model, a mutated Cys-His-Asp catalytic triad, and other mutations including
W104V, V149G, A281Y, and A282Y, have been engineered [43]. These mutants showed a catalytic
activity 40 times higher than the wild-type CAL-B in a hydrolysis reaction of 4-nitrophenyl benzoate,
and tolerated large substrates [43]. Kinetic reactions with purified variant Ser105Cys showed that
such a mutation lowered the catalytic productivity twice. Structural mutagenesis, crystal structures,
kinetic studies, and theoretical calculations revealed dynamic features and explained that, instead of a
coordinated process, a two-step mechanism including the Cys105-/His224+ zwitterion is preferred [43].

The Leu278 residue is known to be one of the catalytically important residues of CAL-B [44].
Structural mutagenesis of CAL-B enzyme allowed to design the transition state analogue, in which the
catalytic serine-105 was modified by the phosphonate substituent [45]. In the inhibitor-bound structure
5GV5 [45], the side chain of Leu278 rotated away (with respect to structure 1TCA) to accommodate,
as a substrate, the large sec-alcohol molecule. This structure demonstrated that serine-105 attacks
the carbonyl part of a substrate and generates the tetrahedral intermediate. The departure of alcohol
from the intermediate resulted in acylation of the enzyme. The further reaction with alcohol resulted
in creation of second tetrahedral intermediate. Then, the oxyanion became hydrogen-bonded to the
oxyanion hole, made by the presence of threonine-40 and glutamine-106 [45]. Therefore, as most lipases,
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CAL-B was found to be R-stereoselective for optically active sec-alcohols following the “Kazlauskas
rule” [46].
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