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Lipases are water-soluble enzymes that catalyze the hydrolysis of lipids. Since lipids are mostly
hydrophobic, lipase activity occurs preferentially at interfaces of aqueous and organic phases. In this
work, we study the molecular mechanisms by which the Burkholderia cepacia lipase (BCL) is activated at
interfaces of water with octane and with methyl caprylate (CAME). We show that BCL assumes very

rapidly a preferential orientation at the interfaces, in which the active site is exposed to the organic
phase. With BCL oriented to the interface, we compute the free energy of the aperture of the catalytic
pocket using Adaptive Biasing Force MD simulations. The exposure to the organic phase promotes a
clear stabilization of the open form of the catalytic pocket relative to the enzyme in water. This

stabilization stems from the hydrophobicity of domains Ul and U2, which allows the penetration of

organic solvents into the catalytic cleft impeding the closure of the pocket. Our results suggest that the

structure and hydrophobicity of BCL are optimized for its activation in biphasic systems through the

regulation of the accessibility of the catalytic pocket by, and for, hydrophobic substrates. The
understanding of this mechanism may be useful for the design of proteins with targeted activation.

1 Introduction

Enzymes have evolved to facilitate reactions in a variety of
molecular environments, some of them being useful for techno-
logical or biomedical applications.! Lipases, in particular, are
enzymes that catalyze the hydrolysis of lipids and, therefore,
must be able to transition between aqueous and hydrophobic
environments to approach the substrates.” Because of this, it was
found that lipases can assume different conformations, catalyze
different reactions, and be solvated by complex microheteroge-
neous environments in mixtures of aqueous and hydrophobic
solvents.®™®

Triacylglycerol lipases (EC 3.1.13) promote the catalysis
of triacylglycerols (TAGs) into free fatty acids.””® Therefore, they
convert mostly hydrophobic substrates into amphiphilic pro-
ducts, using water as a substrate for the hydrolysis.>® It is
believed that the activity of these enzymes involves their diffu-
sion from the aqueous phase to the interface between the
aqueous and organic phases, as shown in Fig. 1. Specifically,
the organic phase might be a saturated solution of the apolar
substrate, the substrate dissolved in an organic solvent, or a
liquid phase of the pure lipid.*® When reaching the interface,
the enzyme (E) must achieve an active conformation (E*), and
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bind the substrate (S) which is found mostly in the hydrophobic
phase, leading to the formation of the catalytic complex (E*S).
Once the chemical reaction takes place, the products should be
released to the aqueous solution, where they can be available
for other cellular processes or extracted for technological
applications.'""
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Fig. 2 Three-dimensional structure of the BCL enzyme. (A) Overall structure and detailed view of the catalytic triad residues (Ser87, Asp264, and
His286). The calcium ion is represented by a red sphere. (B) The distance between helices 5 and 9 defines a reaction coordinate associated with the

opening and closure of the catalytic pocket. In our computations, we used the distance between the

(from helix 5) to represent the reaction coordinate.

The Burkholderia cepacia lipase (BCL) is a triacylglycerol
lipase which should display a mechanism similar to that of
general lipases, as represented in Fig. 1. Thus, it might migrate
to the aqueous/organic interface and assume a conformation
which facilitates the association of the substrates. BCL has
three domains, as shown in Fig. 2: U1 (residues 118-166), U2
(residues 215-261) and C (1-117; 167-214; 262-320). The U1
and U2 domains are associated with the exposure of the
catalytic site.">'* Some studies supported the possibility that
BCL has two clearly distinct conformations: (1) with helices a5
and a9 distant from each other, characterizing an “open” state;
(2) with helix a5 folded over helix a9, defining a “closed” state.
Fluctuations between these two conformations are associated
with the exposure of the catalytic residues to the solvent, and
can be spontaneously observed in classical molecular dynamics
in homogeneous solvents in the sub-microsecond time-scale
for BCL'*™*® and other lipases.'®

Other lipases display mechanisms of activation similar to
that of BCL, in the sense of being dependent on the polarity of
the environment. For instance, the activation was observed to
occur independently of the concentration of the substrates
in interfaces of water and toluene for the lipases of Candida
rugosa, Rhizomucor mihei, and Thermomyces lanuginosa.> The
aperture of the binding pocket is, therefore, dependent on the
hydrophobic solvation of specific domains, not requiring
induction by the substrate.

Here, we obtain a molecular picture of the complete mechanism
of activation of the BCL enzyme in aqueous/organic interfaces
through molecular dynamics simulations. We show that (1) the
enzyme goes through a rapid orientation at the interfaces; (2) the
orientation of the enzyme at the interface results in the exposure
of the catalytic pocket, in a process that is thermodynamically
favored and induced by the interactions of specific protein
domains with the organic phase. The activation of the enzyme
by its interaction with the interface is quantified relative to the
enzyme in water by computing the free energy profiles along the
coordinate of the aperture of the catalytic pocket. We show that
the interactions of the hydrophobic U1 and U2 domains with the
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a-carbons of Gly250 (from helix 9) and Phel42

organic phase, and the penetration of organic substrates into
the catalytic pocket favor thermodynamically the open, active,
conformation of the enzyme. The mechanisms of activation
described here might be extrapolated for other lipases with
similar interfacial function and activation.*

2 Materials and methods
2.1 Conventional molecular dynamics simulations

The crystal structure of BCL (PDB ID: 1YS1) was used for all
simulations. It has a resolution of 1.10 A, 320 residues, one
calcium ion and a ligand (hexylphosphonic acid (R)-2-methyl-3-
phenylpropyl ester) bound.' The ligand was removed. The
protein was solvated using Packmol®*"** at the interfaces of
water and octane or CAME (caprylic acid methyl ester). Random
initial orientations of the protein relative to the interfaces were
used. A third system was built using only water as a solvent.
Sodium and chloride ions were added to neutralize the system
and mimic approximate physiological ionic strengths. Details
of the systems simulated are presented in Table 1. Octane and
CAME were chosen as the organic phases to represent the
polarity of organic fatty acids and fats which are commonly
used in lipase-catalyzed processes.”*> We chose to simulate
relatively small organic chains to avoid problems with the
relaxation of the structure of the solvents.

All the simulations were performed with NAMD?** and the
figures were produced using VMD.”> We used isothermal-
isobaric (NPT) conditions at 298.15 K and 1 atm. A Langevin
barostat was used with a period of 200 ps and a decay time of
100 ps to control the pressure. Temperature was controlled
using Langevin dynamics with a perturbation frequency of
10 ps "'The CHARMMS36 force-field was used for the protein
and the ions.>®*” The TIP3P model was used for water.>® The
octane and caprylic acid methyl ester parametrizations were
performed with the CGenFF platform.>*°

Conventional MD simulations were performed as follows:
(1) keeping all the protein atoms fixed in space, 15000 steps of
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Fig. 5 The organic solvents penetrate the active-site cleft, leading to direct interactions with the catalytic triad. (A) Octane and (B) CAME.

organic solvent penetrate the active site and interact directly
with the residues of the catalytic triad.

In summary, our results show that the BCL enzyme is rapidly
oriented at the interfaces of water with organic solvents to
expose its more hydrophilic surfaces to water and the most
hydrophobic domains, and the catalytic cleft, to the organic
phase. The final orientations are stable, indicating their func-
tional relevance. The degree of hydrophobicity of the organic
phase appears to be correlated with the rate of the reorientation,
with every event occurring faster at the interface with octane than
with CAME.

3.2 Conformational analysis of the BCL enzyme at the
water/organic interfaces

The structural variability of the BCL structure at each of the
interfaces was probed using structural parameters such as the
gyration radius, the fraction of native contacts, and the RMSD
of the protein relative to the stable structure in water, as shown
in Fig. 6. The BCL structure drifts from the stable structure in
water at the interfaces, but appears to achieve stable states after
about 200 ns in most cases. These new stable conformations
display some differences relative to the stable structure in
water, including a larger radius of gyration. In one of the
simulations at an octane interface a larger drift was observed.

The structural changes observed could be a sign of denatura-
tion or of structural alterations associated with the function of
the enzyme at organic interfaces.>” We computed, therefore, the
RMSD independently for each residue, to probe the regions of the
protein responsible for the conformational drift observed (Fig. 7A
and B). Interestingly, the regions of the protein displaying
significant displacements at the interface with octane are also
the regions of greater flexibility at the interface with CAME. This
similarity points to a possible functional role of these fluctuations,
although they might be overestimated at the octane interface. The
particularly large RMSD observed in one of the octane simulations
can also be explained by the same structural deviations, as shown
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in Fig. 7C: 80% of the protein atoms can be aligned to RMSDs
smaller than 2.5 A,%> which reveals that the structure is overall
stable. The large overall RMSD (B 7 A) is explained almost
exclusively by the displacement of Helix a5, and is associated
with the apperture of the catalytic pocket.

The regions of greater flexibility observed in Fig. 7 comprise
the Ul and U2 domains (residues 118-166 and 215-261,
respectively), which are in direct contact with the organic phase
after the reorientation of the protein. In Fig. 8 we show the
relative position of these domains, as measured by the distance
between residues Phe142 and Gly250 (see Fig. 2B). Clearly,
these domains are displaced from each other when they inter-
act with the organic phase, particularly at the interface with
octane. The distance between Phe142 and Gly250 also increases
at the interface with CAME, although not to the same extent.
The increased aperture of the pocket within domains U1 and
U2 exposes the catalytic triad (Ser87, As264, and His286), and
indicates that the conformational fluctuations observed are
associated with protein activation, as previously discussed.

3.3 Aqueous-organic interfaces stabilize the open
conformation of the catalytic cleft

Lipases differ from other esterases by the dependence of their
activity on the substrate concentration. In particular, lipases
have been shown to increase their activity upon saturation of
the solution with the substrate.*®?*° Also, increased activity was
also observed in the presence of organic solvents, supporting a
structural role of the interfaces in their activation.***! However,
the BCL enzyme and other lipases are also active in aqueous
solutions."*

The lipase might be modulated by the aperture and closure
of the catalytic cleft, which appears to be favored by the
interaction with the organic phases. The modulation of the
exposure of the binding pocket could be kinetic or thermo-
dynamic in nature. If the modulation is kinetic, the barrier for the
transition between the closed and open states must be reduced.
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