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Influence of a Lipid Interface on Protein Dynamics in a Fungal Lipase
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ABSTRACT Lipases catalyze lipolytic reactions and for optimal activity they require a lipid interface. To study the effect of
a lipid aggregate on the behavior of the enzyme at the interfacial plane and how the aggregate influences an attached
substrate or product molecule in time and space, we have performed molecular dynamics simulations. The simulations were
performed over 1 to 2 ns using explicit SPC water. The interaction energies between protein and lipid are mainly due to van
der Waals contributions reflecting the hydrophobic nature of the lipid molecules. Estimations of the protonation state of
titratable residues indicated that the negative charge on the fatty acid is stabilized by interactions with the titratable residues
Tyr-28, His-143, and His-257. In the presence of a lipid patch, the active site lid opens wider than observed in the
corresponding simulations in an aqueous environment. In that lid conformation, the hydrophobic residues lle-85, lle-89, and
Leu-92 are embedded in the lipid patch. The behavior of the substrate or product molecule is sensitive to the environment.
Entering and leaving of substrate molecules could be observed in presence of the lipid patch, whereas the product forms
strong hydrogen bonds with Ser-82, Ser-144, and Trp-88, suggesting that the formation of hydrogen bonds may be an

important contribution to the mechanism by which product inhibition might take place.

INTRODUCTION

Biological membranes play multiple roles in cells by estab-
lishing the permeability barrier for cells and cell organelles
by providing the matrix for the assembly and function of a
wide variety of catalytic processes and by actively influenc-
ing the function of membrane-associated properties. Addi-
tionally, membranes serve as the matrix and support for a
vast array of proteins involved in functions of the cells such
as signal transduction, solute transport (via, e.g., ion chan-
nels), DNA replication, protein targeting and trafficking, or
cell-cell recognition (Dowhan, 1997; Tocanne et al., 1994;
Prenner et al., 1999; Lindeberg et al., 2000; Burden et al.,
1999; Lindblom and Quist, 1998; Dumas et al., 1999,
Mouritsen and Biltonen, 1993; Mouritsen and Jorgensen,
1998; Weers et al., 1999; Cantor, 1997). There are numer-
ous examples in nature where the biological function of a
wide range of proteins is associated with the binding mech-
anism toward a lipid interface, and these processes all
require intimate interaction between lipid and proteins that
have evolved to fulfill these special functions (Lindblom
and Quist, 1998). As an example, the myristolated alanine-
rich C-kinase substrate protein, which is an integral part of
the signal transduction network, requires both the hydro-
phobic insertion of myristate into the lipid bilayer as well as
the electrostatic interaction of basic amino acid residues
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with acidic lipids (Seykora et al., 1996). However, other
important processes not involving membranes as such also
work at the interfacial plane between lipid and water as in
lipoprotein particles, in emulsions of dietary fats, and fat
particles stored in adipose tissue.

An important class of enzymes, lipases, functions exclu-
sively at the lipid-water interface. Two important members
of the family are phospholipases and triglyceride lipases.
Phospholipases generate second messengers, participate in
cytotoxity, and hydrolyze phospholipids in the gastrointes-
tinal tract. Triglyceride lipases (EC 3.1.1.3) are essential for
transporting fats into cells for storage or for conversion into
energy. Triglycerides in the diet, in lipoprotein particles,
and in fat storage cells cannot be directly absorbed into
cells. These esters must be hydrolyzed into free fatty acids
and monoglycerols before they are able to cross the cellular
membranes, and it is here where, for instance, lipases play
an integral part of the absorption process and hence energy
conversion.

The essential role of lipases in many biological processes
has stimulated interest in elucidating the molecular details
determining the function of triglyceride lipases (Wulfson,
1994). Not only the molecular basis of their catalytic func-
tion but also the mechanism by which these enzymes are
activated are of interest (Peters, 2001a). Considerable in-
sight has been obtained from crystal structures of the first
two resolved lipase structures, human pancreatic lipase
(Winkler et al., 1990), and Rhizomucor miehei lipase (Rml)
(Brady et al., 1990), revealing that a surface loop (the lid
domain) covers the active site, which is inaccessible to the
solvent and substrate. Both lipases were later co-crystallized
in the presence of either inhibitor (Brzozowski et al., 1991;
Derewenda et al., 1992; Egloff et al., 1995) or mixed
micelles (van Tilbeurgh et al., 1993) providing further in-
sight in the phenomenon of interfacial activation. The crys-
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tal structures indicate that the conformational changes dur-
ing activation are rigid body hinge-type motions of single or
multiple helices (Derewenda et al., 1994a,b). In the present
study, we focus on Rml. Like other lipases, it has a catalytic
center with a trypsin-like triad (Ser- - -His- - -acidic residue).
The active site is shielded from the solvent by a helical loop,
which in the literature is referred to as a “lid.” During
activation, the lid is displaced to allow access of the sub-
strate to the active site. From the crystal structures, it is
evident that not only does the backbone of the central part
of the lid moves by more than 7 A but also that the
hydrophobic surface increases by ~750 A? (Derewenda et
al., 1992), which agrees well with the general observation
that, in an aqueous solution, the lipase activity is increased
as the substrate concentration is higher than the micelle
concentration (Panaiotov et al., 1997; Peters et al., 1997a).

This phenomenon of interfacial activation could be re-
garded as an evolutionary response to the requirement to
hydrolyze insoluble substrates. This property distinguishes
lipolytic proteins from esterases, which catalyzes the diges-
tion of soluble esters. The mechanism of interfacial activa-
tion is a unique property of lipases. Already in the early
sixties it has been postulated that conformational changes
occur in lipases upon activation (Desnulle et al., 1960;
Sarda and Desnuelle, 1958). Many mechanisms have been
proposed to explain the activation of lipases at a lipid-water
interface ranging from a surface-mediated process in which
preexisting interfacial properties of the substrate governs
the behavior of lipolytic enzymes to a mechanism based on
the conformational changes in the enzyme upon adsorption
on to the interface (Derewenda et al., 1994b; Thuren, 1988;
Muderhwa and Brockman, 1992). With the increasing
amount of information, it becomes clear that these models
are merely conceptual extremes and not mutually exclusive
(Peters et al., 2000). Consequently, it is important also to
understand the physics and the chemistry that relate the
structural fold of the protein and the structure of the binding
site with the function and action of the enzyme. Substrate
binding, enzymatic processes, and product release are often
associated with conformational changes in the structure, and
these structural changes require a certain flexibility of the
protein (Zidek et al., 1999; Peters et al., 2001b; G.H. Peters
and R.P. Bywater, submitted). Therefore, an essential aspect
of protein function is the dynamic response of the protein
upon substrate binding and product release. Our previous
studies focused either on studying the phases and interfacial
properties of the lipid substrate (Peters et al., 1995a,b) or on
lipases (Peters et al., 1996a,b, 1997b). To gain further
insight in the structure-function relation of the Rml, we have
performed molecular dynamics simulations of Rml in com-
plex with a substrate or a product molecule in the presence
of a lipid aggregate. Interaction energies, protonation state
of titratable residues, and protein flexibility were monitored
along the trajectories providing insight how substrate, prod-
uct, and enzyme complexed with substrate or product mol-
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ecule behave in time and space when located at a lipid
interface.

MATERIALS AND METHODS
Starting structures

The crystal structure of the Rml complexed with an inhibitor and solved to
2.6-A resolution (Brzozowski et al., 1991) was used as a model for the
active structure. The structure was obtained from the Protein Data Bank
(Bernstein et al., 1977), entry code 4tgl. In this structure, the inhibitor 2
diethylphosophate is covalently bound to the active site serine, revealing
the hydrophobic groove where the alkyl chain of the substrate is placed
during catalytic reaction (Derewenda, 1994) and hence the possible binding
mode of a substrate. We have used the inhibitor structure as a template to
place either a product molecule (octanoate) or a substrate molecule (ethyl-
octanoate) in the binding groove. The alkyl chain was placed in an all-trans
conformation using the QUANTA software package (CHARMm, 1992). In
our previous investigation, where we have investigated among other things
the effect of charged or neutral fatty acid on the binding behavior and
protein dynamics, we concluded that a negatively charged fatty acid
molecule is favored in the binding cleft (Peters et al., 2001). To study the
behavior of the protein in the presence of a lipid patch, we have placed 29
ethyl-octanoate molecules above the binding pocket.

Molecular dynamics simulations

The simulations (carried out using the parallelized C (charged) version of
the GROMOS forcefield (Europort-D, 1997; van Gunsteren and Be-
rendsen, 1987) on an 18-processor SGI Challenge) were performed using
periodic boundary conditions with a truncated octahedron central cell and
explicit SPC water (4930 molecules; Berendsen et al., 1987). The simula-
tions lasted for at least 1 ns and were conducted at a temperature of 300 K.
Nine (simulation with substrate) or 10 (simulation with product) water
molecules at the lowest electrostatic potential were replaced by sodium
ions to neutralize the system. Details of the molecular dynamics protocol
have been presented elsewhere (Peters et al., 1996b). Examinations of the
molecular structures and analyses of the trajectories were performed using
the WHAT IF modeling program (Vriend, 1990) and the essential dynam-
ics routines supplied therein. Analyses of the different geometrical prop-
erties (radius of gyration, number of hydrogen bonds, root mean square
displacement (RMSD), surface accessibility, number of residues in random
coil conformation, number of strained dihedrals) indicated that these prop-
erties remain constant after ~300 ps, and consequently, the final 600 ps of
the trajectories were used for analyses.

Essential dynamics

Protein motions and flexibility were analyzed using the essential dynamics
method. This technique has been described several times in the literature,
and the reader is referred to one of the references (Amadei et al., 1993;
Balsera et al., 1996; van Aalten et al., 1995; Peters et al., 1996b). Briefly,
the method is based on the diagonalization of the covariance matrix
constructed from the atomic displacements (Amadei et al., 1993; Ichiye
and Karplus, 1991), resulting in a set of eigenvectors (describing a direc-
tion in the high-dimensional configurational space) and eigenvalues (rep-
resent the mean square fluctuation of the total displacement along the
eigenvectors). Motions along the first few eigenvectors are mainly large
anharmonic fluctuations and generally can be linked to the biological
function of proteins (Amadei et al., 1993; van Aalten et al., 1996). Eigen-
values at higher indices represent harmonic (Gaussian) fluctuations, which
are thermal fluctuations in nature. The different trajectories were compared
using the so-called combined analysis (van Aalten et al., 1995), where the
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trajectories, fitted on the same reference structure are concatenated, and a
covariance matrix is constructed from the combined trajectory. Here, this
technique is applied to the concatenated trajectories of the simulations of
Rml complexed with substrate or product molecule in the presence of a
lipid patch or an aqueous environment.

Electrostatic calculations

Electrostatic properties were determined by calculating pK s of the titrat-
able amino acids in the enzyme-binding pocket and of the product. These
pK,s were estimated using the so-called single-site titration model (An-
tosiewicz et al. 1994) as described elsewhere (Antosiewicz et al., 1994;
Peters et al., 1998). The methodology is based on the evaluation of the
potential field at each titratable group, which is calculated by numerically
solving the finite difference linearized Poisson-Boltzmann equation using
an incomplete Cholesky preconditioned conjugate gradient method as
implemented in the UHBD program (Madura et al., 1995; Davis et al.,
1991). These potentials are then used to estimate the relative free energies
and subsequently the apparent pK,s. The pK,s were estimated using the
Hybrid procedure (Gilson, 1993). This method determines values for the
pK,s, the charges of the protein and single sites, and the electrostatic
energies as a function of pH. Hybrid is based on the separation of ionizable
groups into clusters, where the interaction between ionizing charges within
a cluster is treated exactly and intercluster interactions are approximated
(Gilson, 1993). The atoms of the protein were assigned point charges and
radii from the modified CHARMm?22 force field (Antosiewicz et al., 1994).
The dielectric constant of the solvent was set to € = 80, and that of the
molecular interior was € = 20 as suggested by Antosiewicz et al. (1994).
The relative dielectric constant was “smoothed” at the molecular surface so
that it changed gradually between the protein and solvent values (Davis and
McCammon, 1991). An ionic strength of 0.15 M, corresponding roughly to
physiological conditions, was used in the calculations for the aqueous
solution. A detailed description of the parameters used in these calculations
have been published elsewhere (Peters et al., 1998, 1999).

RESULTS AND DISCUSSION

The activation of Rml, which involves the displacement of
a helical loop, occurs at a hydrophobic interface such as
lipid assemblies, micelles, monolayers, or bilayers. This
structural rearrangement concomitantly creates a hydropho-
bic lipid-binding surface and allows the substrate to ap-
proach the active site. In an aqueous solution, the lid dis-
placement is presumably thermodynamically unfavorable
because of a relatively large hydrophobic patch that would
necessarily be exposed as a result. Conversely, in the pres-
ence of hydrophobic interfaces, such as lipid aggregates,
this nonpolar surface would be favored, and hence the open
conformation of the lid would be stabilized. The overall
catalytic process involves adsorption of the enzyme from
the bulk aqueous phase to the lipid surface, activation of the
enzyme, and catalysis in the water-lipid interface (Peters et
al., 2000). Presumably, the binding of the substrate mole-
cule and the release of the product may occur at the water-
lipid interface. Such a process is difficult to probe by
experiment, and we therefore have resorted to molecular
dynamics to explore the behavior of the enzyme at the
water-lipid interface. In particular, we are interested in the
changes in the flexibility of the enzyme due to the presence
of a lipid interface.

Biophysical Journal 81(6) 3052-3065

Peters and Bywater

FIGURE 1

Secondary structure of Rml complexed with a substrate
molecule and in the presence of the lipid patch consisting of substrate
molecules. Active site lid is shown in red as a rod, whereas atoms of the
active serine are displayed in the van der Waals modus. Color coding is as
follows: green, red, blue, and white represent carbon, oxygen, nitrogen, and
hydrogen atoms, respectively. The substrate molecules are displayed in
sticks and are colored red, blue, or yellow. See text for more details.

Earlier results of an essential dynamics analysis on a
wild-type lipase in polar or nonpolar solvent have been
described elsewhere (Peters et al., 1996b). These studies
were later extended to investigate the effect of ligand-
induced perturbations on the protein dynamics (Peters et al.,
1997b) and residues located in the binding pocket (Peters et
al., 2001b). We showed that there is pronounced motion in
the lid and that, as also found for other proteins, there are
only a few essential eigenvectors describing protein motions
of anharmonic nature, which are generally thought to gov-
ern the biophysical function of proteins. These earlier sim-
ulations were performed in either aqueous or nonpolar sol-
vents. Here, we have extended our studies to focus on the
structural and energetic properties of the protein in the
presence of a lipid patch, which represents the true bio-
chemical conditions under which these enzymes operate and
with a substrate or product molecule bound at the active site.
The substrate was ethyl-octanoate, identical to the mole-
cules making up the lipid patch.

The starting configuration of Rml-substrate structure
used in the simulation is shown in Fig. 1, where Rml is
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FIGURE 2 RMSDs of Ca coordinates as a function of simulation time
for the Rml-product and Rml-substrate simulations in the presence of a
lipid patch.

displayed in the open conformation. The binding cleft is
covered by substrate molecules, and one substrate molecule
(colored blue) is located in the binding pocket. The sur-
rounding substrate molecules are placed randomly resem-
bling a lipid aggregate (i.e., lipid patch). The same setup of
the lipid patch was used for the Rml-product simulation.
However, as discussed below, this simulation was extended
and performed for 2 ns. The stability of the simulations was
checked by computing inter alia the RMSD calculated with
respect to the starting structure. RMSD shown in Fig. 2
indicate that both simulations are comparable in terms of
having similar RMSD and that stable trajectories are
reached after ~300 ps.

Visualization of several snapshots along the trajectories
reveals some very intriguing features reflecting the dynamic
behavior of the lipid molecules. During the course of the
Rml-substrate simulation, a substrate molecule enters the
binding cleft, whereas another substrate molecule leaves the
pocket. The final snapshot taken after 1000 ps is shown in
Fig. 3, which should be compared with the initial configu-
ration in Fig. 1. The entering and leaving molecules are
colored yellow and blue, respectively. Significantly differ-
ent is the behavior of the product molecule. As discussed in
detail below, the product molecule forms hydrogen bonds to
residues located in the vicinity of the active site, and even
over the simulation period of 2 ns the molecule is not
leaving the binding pocket. Over this period several sub-
strate molecules enter the pocket but are not able to push out
the product molecule. Interestingly, most of the substrate
molecules enter the groove at the active site loop region
around Pro-96-Val-107, which we have identified earlier as
a potential gateway in the activation of Rml (Peters et al.,
1996b). To our knowledge, this is the first time that such
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FIGURE 3 Snapshot of Rml and lipid molecules taken after 1000 ps.
Color coding and display mode are the same as in Fig. 1. The blue-colored
lipid molecule left the binding cleft, whereas the yellow colored substrate
molecule has entered the cleft and approaches the active serine.

material transfer has been observed in a molecular dynamics
simulation. However, we concede that a simulation of much
longer duration is required to establish this observation in
statistically significant way.

One of the most fundamental questions is how the protein
flexibility is affected by the presence of a lipid interface. To
study this effect, we have used the essential dynamics
technique (Amadei et al., 1993). Changes in the protein
dynamics due to the presence of product or substrate mol-
ecules were studied by performing a combined analysis of
the concatenated trajectories (van Aalten et al., 1995). Dif-
ferences in the essential subspace can be studied by project-
ing the separate trajectories onto the combined eigenvec-
tors. The average of the projections and the mean square
fluctuations in these projections as a function of eigenvector
indices are shown in Fig. 4. The average projection (Fig. 4
A) shows differences in equilibrium structure, whereas the
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mean square fluctuation (Fig. 4 B) can be used to study
differences in protein flexibility. The structural changes are
predominately caused by partially closing of the active site
lid observed in the Rml-product simulation. These confor-
mational changes involve the regions His-207—Phe-215,
Ile-89—-Val-93, and Trp-38—Leu-49. The flexibility of the
latter region (although not close to the active site lid) has
been proposed to correlate to the active site lid motion
(Peters et al., 1996b). Significant differences in protein
motions are observed along eigenvectors 2 and 3 (Fig. 4 B).
Motions in the subspace spanned by eigenvector 2 are
predominately observed in the Rml-product simulation,
whereas motions along eigenvector 3 are predominately
found in the Rml-substrate simulation. Absolute values of
the eigenvectors 2 and 3 as well as the difference between
these two eigenvectors as a function of residue numbers are
shown in Fig. 4 C. The observed difference in the protein
dynamics reflects the behavior of the substrate and product
molecules. In the Rml-substrate simulation, substrate mol-
ecules enter and then leave the binding groove, whereas in
the Rml-product simulation, formation of hydrogen bonds
between the carboxylate group of the product molecule and
residues located in the binding cleft can be clearly observed.
Hence, differences in protein dynamics are mainly moni-
tored in the region of the active site lid. Choosing arbitrarily
a threshold of >0.03 nm for the absolute value, we can
identify protein segments that are predominately flexible in
the Rml-product or in the Rml-substrate simulations. In the
Rml-product simulation, these regions are Ser-56—Ile-59,
Ala-90—Val-95, His-108—Ser-114, Tyr-187-Thr-191, and
Ile-248 -Thr-252, whereas in the Rml-substrate simulation,
the regions are Arg-86—Trp-88, Pro-101-Val-107, Asp-
128—Ser-135, His-207-Pro-210, and Tyr-260—Asn-264.
The previous analyses are based on simulations in which
a lipid patch is present. To further elucidate the influence of
the lipid patch on the flexibility of the protein, we compare
below the present results with the trajectories obtained from
Rml-substrate and Rml-product simulations in an aqueous
environment. Analyses are performed for Rml-substrate
simulations with and without a lipid patch (Figs. 5 4 and 6
b) and Rml-product simulations with and without a lipid
patch (Figs. 5 B and 6 ¢). Essential dynamics analyses of the
corresponding concatenated trajectories reveal structural
changes in the subspace spanned by eigenvector 1 and
difference in protein dynamics along eigenvectors 2 and 3.

FIGURE 4 Average values (4) and mean square fluctuations (B) of the
projections of the Rml-product and Rml-substrate trajectories onto the
eigenvectors extracted from the Ca coordinates covariance matrix of the
concatenated trajectories as a function of the eigenvector index. (C) Ab-
solute value of the eigenvectors 2 and 3 obtained from the Ca coordinates
covariance matrix as a function of the coordinate number (individual
curves are shifted in y direction). The bottom curve displays the differences
between eigenvectors 2 and 3.
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FIGURE 5 Effect of the protein environment on the protein flexibility in
the Rml-substrate (4) and Rml-product (B) complexes. Protein motions
were extracted from the Rml-substrate or Rml-product complex in the
presence of a lipid patch or an aqueous environment. The graphs display
the absolute values of the eigenvectors 2 and 3 obtained from the Ca
coordinates covariance matrix of the concatenated trajectories as a function
of the residue number. The lower curves in both figures show the differ-
ences between the two respective eigenvectors. These curves reflect the
difference in protein dynamics in the Rml-substrate (4) or Rml-product (B)
complex due to the presence of a lipid patch or an aqueous environment.

Conformational changes involve the regions Val-32-Gly-
35, Thr-37—Ala-45, Thr-57-Thr-62, active site lid and hinge
regions, Pro-209—Gly-214, Thr-236—Glu-240, and the N-
terminal part. These regions are displayed in Fig. 6 a. The
conformational changes observed in the Rml-substrate and
Rml-product simulations are similar and mainly deviate in
the magnitude (data not shown). The presence of the lipid
patch causes the active site lid to open wider than observed
in an aqueous environment.
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To further quantify the lid opening, we have calculated
the root square displacement between the lid conformation
in the crystal structure (PDB id.: 4tgl) and configurations
taken from the trajectory of the Rml-product-patch simula-
tion. RMSD values are shown in Fig. 7 and selected snap-
shots of lid conformations are displayed in Fig. 8. The solid
curve in Fig. 7 is the RMSD for the active site lid region
Ile-77-Tyr-99, whereas the dashed line refers to the seg-
ments Ile-77-1le-89 and Val-95-Tyr-99. Significant contri-
bution to the RMSD data stems from the loop region Ala-
90—Phe-99, which rearranges resulting in loop
conformation where the hydrophobic side chain of the res-
idues Ile-85, Ile-89, and Leu-92 reach into the lipid patch.
Similar observations were made in simulations using
Brownian dynamics (Peters et al., 1996a). This rearrange-
ment is also observed in the snapshots displayed in Fig. 8.
These images are taken at 450, 1130, and 2000 ps and
according to Fig. 7 represent configurations with low, high,
and medium RMSD values, respectively.

Absolute values of the eigenvectors 2 and 3 as well as the
difference between these two eigenvectors as a function of
residue number are shown in Fig. 5, 4 (Rml-substrate) and
B (Rml-product). The regions, which show relatively high
flexibility, are displayed in Fig. 6 5 (Rml-substrate) and ¢
(Rml-product) and colored as follows: yellow refers to
motions predominately observed in an aqueous environment
and dark blue refers to motions predominately observed in
the presence of a lipid patch. The subtle differences reflect
the different behavior of substrate or product molecules due
to the environment. Entering and leaving of substrate mol-
ecules were only observed in the Rml-substrate-patch sim-
ulation. However, in a purely aqueous environment, the
substrate molecule remained in the binding cleft (Peters et
al., 2001a) taking a configuration similar to the one we have
observed earlier in our studies with methyl hexanoate (Pe-
ters et al., 1996b). Independent of the environment, the
product molecule does not leave the pocket. In the Rml-
product-patch simulation the tail of the fatty acid points
outward into the hydrophobic patch and the carboxylate
group forms hydrogen bonds with residues in the binding
cleft. Contrarily, in an aqueous environment the product
remains in the binding cleft with the hydrophobic tail align-
ing to Leu-208—Pro-210 (Peters et al., 2001). In Fig. 9
(Rml-substrate-patch) and 10 (Rml-product-patch), we have
monitored the distance between the active site (Ser-144) and
substrate molecules, which along the trajectory have been at
one time within a distance of at least 1 nm to Ser-144. The
picture, which emerges from these distances, is quite dy-
namic, where substrate molecules constantly enter the bind-
ing cleft. Clearly, the fatty acid molecule remains in the
binding pocket over the 2-ns simulation (Fig. 10 a) and
entering substrate molecules (Fig. 6, b—d) are not able to
force out the product molecule. In contrast, in the Rml-
substrate-patch simulation, a substrate molecule entering
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FIGURE 6 Three-dimensional stereo-plots displaying the protein regions where conformational changes or different protein flexibility occur due to the
presence of the product or substrate in the simulations with the lipid patch. (a) Regions, where conformational changes occur, are colored red. These region
correspond to the results of Fig. 4 4. b (Rml-substrate) and ¢ (Rml-product) show the effect of the protein environment on the protein flexibility and
correspond to the results of Fig. 5 4 and B. The structural parts colored yellow and blue display flexible segments, which are predominately observed along

eigenvectors 2 (aqueous environment) and 3 (lipid patch), respectively.

from the lipid patch is able to push out a substrate molecule
from the binding pocket (see Figs. 1, 3, and 9).

The protein dynamics extracted from the essential dy-
namics analyses are correlated motions (Amadei et al.,
1993). As shown by our analyses of the protein flexibility in
the presence of substrate or product molecules surrounded
by water or lipid (Figs. 5 B and 6 b), the distances between
residues involved in the correlated motions are beyond
simple van der Waals contacts. Clearly, this implies that the
correlated motions are transmitted by either the specific
protein fold (i.e., mechanistic origin) or by a tight water
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network formed around the active site. The presence of the
lipid patch reduces the number of water molecules in the
vicinity of the protein surface and interaction energies be-
tween protein or ligand, and bound water molecules are
significantly smaller than the corresponding protein-lipid
interactions. As discussed above, in the simulations with the
product or substrate molecules present in the binding cleft
and surrounded by substrate molecules (i.e., patch), we
could observe the entering and leaving of lipid molecules.
Consequently, interaction energies between the protein and
single lipid molecules vary significantly during the simula-
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FIGURE 7 RMSDs between the active site lid (Ile-77-Pro-101) in the
crystal structure (4tgl) and lid conformations taken along the trajectory
from the Rml-product-patch simulation as a function of simulation time.

tions. We therefore decided to calculate the electrostatic and
van der Waals interactions between the protein and all lipid
molecules. The individual energy contributions to the pro-
tein-lipid interactions as functions of simulation time are
shown in Fig. 11. As expected, due to the hydrophobic
nature of the lipid molecules, the van der Waals interaction
energies are significantly lower than the electrostatic ener-
gies and are comparable for the product and substrate mol-
ecules. The relatively large contribution to the electrostatic
protein-product-lipid interactions stems from the negatively
charged carboxylate group of the fatty acid molecule. The
electrostatic protein-product-lipid energy decreases signifi-
cantly within the first 200 ps. To understand the origin of
the decrease in the electrostatic energy, we have monitored
several distances between the product molecule and key
residues in the binding pocket located in the vicinity of the
fatty acid molecule. Distances between the carboxylate
group of the fatty acid and Ser-144, Ser-82, Trp-88 as a
function of simulation time are shown in Fig. 12. Further-
more, to follow the motion of the hexyl chain of the product
molecule during the simulation, the distances between the
tail (CA-6) and the residues Phe-111 and Leu-145 were
monitored (Fig. 12). As seen from the increased Phe-111—
CA-6 and Leu-145-CA-6 distances, the tail of the product
molecule moves outward from the binding cleft into the
lipid patch. The carboxylate group, on the other hand, forms
hydrogen bonds with Ser-82, Ser-144, and Trp-88. Initially,
the simulation was performed for 1 ns, and we hypothesized
that the hydrogen pattern may break after a longer simula-
tion period. We therefore extended the simulation to 2 ns.
However, as indicated in Fig. 12, the hydrogen bonds be-
tween the carboxylate group and the serine residues persist
over the 2-ns simulation period (see upper two graphs in
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Fig. 12). For these residues the only changes could be
observed in the hydrogen bond patterns; i.e., the residues
bound to either of the oxygen atoms in the carboxylate
group of the fatty acid molecule. Tight hydrogen bond
patterns are observed between the serine residues and the
carboxylate group of the fatty acid, whereas the tendency to
form hydrogen bonds with the tryptophan residue is less
stable due to its flexibility. In Fig. 13, the time evolution of
the hydrogen bond pattern are indicated by the selected
configurations taken from the trajectory. As mentioned
above the product molecule (fatty acid) forms strong hy-
drogen bonds with Ser-82 and Ser-144, and therefore the
carboxylate group is relative fixed in space. Contrary, the
carbon chain is relatively flexible, exploring several loca-
tions in the binding pocket and conformation in the lipid
patch. The strong tendency of the carboxylate moiety of the
fatty acid molecule to form hydrogen bonds with residues in
the binding pocket could be a mechanism by which product
inhibition takes place. This may further explain the exper-
imentally observed inhibitory effect of fatty acid on the
catalytic reaction of the bacterial lipase Pseudomonas ce-
paeia, the yeast lipase Candida rugosa, and the fungal
lipases R. miehei and Rhizopus delemar (Peters et al., 2000).
In this study, fluorescence microscopy, surface potential,
and activity measurements were used to investigate the
influence of fatty acid among other lipids on the activity of
these lipases. The results indicated that the level of inhibi-
tion of the fatty acid correlates with the lateral lipid distri-
bution, interfacial properties of the lipid interface and the
isoelectric point of the enzymes (Peters et al., 2000). The
simulations performed here point to an additional important
factor that of product inhibition.

Visualization and distance analysis have led to the iden-
tification of potential hydrogen bond partners. Another con-
tribution to the binding of the negatively charged fatty acid
is the interaction with ionizable side chains. The structural
inhomogeneity may not only influence ligand binding by
entropic contributions, but may also change the electrostatic
environment of a titratable residues causing the protonation
state (pK,) of that side chain to vary over a wide range. This
variation could be important because pK, shifts have been
linked to enzymatic catalysis, substrate binding, and pro-
tein-protein association (Warshel and Russell, 1984;
Warshel and Aqvist, 1991; Antosiewicz et al., 1994; Honig
and Nicholls, 1995).

We have applied the single site titration method (An-
tosiewicz et al., 1994) and have calculated the pK,s of
titratable residues along the trajectory. The electrostatic
calculations and estimations of the pK,s were performed
using the UHBD program (Madura et al., 1995; Davis et al.,
1991) and the Hybrid procedure developed by Gilson
(1993). This method yields both accurate energies and frac-
tional charges of titratable sites (Gilson, 1993). Our calcu-
lations, in particular, focused on the protonation state of
titratable amino acids located in the binding pocket as well

Biophysical Journal 81(6) 3052-3065
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FIGURE 8 Three-dimensional stereo-plots showing the difference between the active site lid (Ile-77—Pro-101) taken from the crystal structure (4tgl) and
lid conformations taken along the trajectory from the Rml-product-patch simulations. Solid curve represents the active site lid from the crystal structure,
whereas the dash line represents lid configurations at 450 (4), 1130 (B), and 2000 ps (C).

as the carboxyl group of the product. Hence, the calcula-
tions were performed with the product molecule present in
the binding pocket to 1) estimate the influence of flexibility
on the protonation state of the fatty acid and to 2) determine
the interaction energies between the carboxyl group of the
fatty acid molecule and titratable residues in the binding
pocket. There are six titratable residues: Tyr-28, His-143,
Arg-197, Asp-203, His-257, and Tyr-260, which interact
significantly with the carboxylate group. The time evolution
of these interaction energies is shown in Fig. 14. Three
residues (Tyr-28, His-143, and His-257) have a strong in-
teraction, defined here as >5 kJ/mol with the fatty acid
moiety. The dipole of the O-H (Tyr-28) and the N-H (His-
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143 and His-257) stabilizes the negative charge on the
carboxylate group of the fatty acid molecule. There are
relatively larger fluctuations in the interaction energies be-
tween the carboxylate group (COO™) of the product and
Tyr-28 than observed for the interaction energies His-143-
COO™ or His-257-COO™ reflecting the flexibility of the
tyrosine side chains. The reasoning for the relative stiffness
of the His residues is twofold. First, His-143 and His-257
are buried deeper in the binding pocket than the Tyr-28, and
second His has an additional hydrogen bond functionality
that is typically occupied in hydrogen bonding to other
groups in the protein or to water. Although these interaction
energies contribute to attracting the carboxylate group to the
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site Ser-144 (hydroxyl group) and substrate molecules (oxygen ester bond),
which along the trajectory have been at one time within a distance of at
least 10 A to Ser-144. The three lines correspond to three different
substrate molecules.

binding groove, it appears from Fig. 12 that hydrogen
bonding between the carboxylate group of the fatty acid
molecule and Ser-82/Ser-144 are the major contributions (as
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tween Rml and substrate or Rml and product are shown as a function of
simulation time.

seen from the constant hydrogen bond distances in Fig. 12)
to prevent the release of the product.

CONCLUSION

Microbial lipases have attracted considerable attention ow-
ing their capability of catalyzing a wide variety of reactions.

0 1 L 1
0 500 1000 1500 2000

0 1 L L
0 500 1000 1500
time (ps)

2000

FIGURE 10 Rml-product-patch simulation. (a) Distance between carboxyl group of the product and Ser-144. (h—d) Distances between Ser-144 and
different substrate molecules (see Fig. 9 legend for more details). For clarity only a maximum of three molecules have been displayed in each figure.
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FIGURE 12 Selected distances between atoms in the binding cleft of Rml and the oxygen atoms of the carboxylate group of the product molecule (fatty
acid). The protein atoms are HG (Ser-144), HG (Ser-88), HE1 (Trp-88), CD1 (Phe-111), and CD2 (Leu-145).

These enzymes obtain optimal activity only in the presence
of a lipid interface. To access the importance of flexibility

under these conditions, we have performed molecular dy-
namics simulations of Rml complexed with a substrate

FIGURE 13 Snapshots taken along the trajectory from the Rml-product-patch simulation showing the hydrogen bond pattern between the carboxylate
group of the product molecule and residues in the binding pocket. Hydrogen bonds are shown as red solid bonds. The snapshots are taken at 0 (a), 50 (b),

600 (c), 1230 (d), and 1940 ps (e).
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FIGURE 14 Electrostatic interaction energies between the ionizable groups (Tyr-28, His-143, Arg-197, Asp-203, His-257, and Tyr-260) and the
carboxylate group of the fatty acid along the trajectory were calculated using the Hybrid procedure developed by Gilson (1993). This method yields both

accurate energies and fractional charges of titratable sites (Gilson, 1993).

(ester) or a product (fatty acid) molecule in the presence of
a lipid aggregate. The presence of a lipid patch consisting of
substrate molecules located around the lipid binding zone
(Peters et al., 2000) causes that the active site lid opens
wider than observed in an aqueous environment.

The structural and energetic analyses of the trajectories
show some intriguing features revealing the origin of the
interactions and the dynamic nature of substrate binding and
product release. The behavior of the substrate or product
molecule is sensitive to the solvent environment. Entering
and leaving of substrate molecules were observed in the
Rml-substrate-patch simulation, whereas in contrast, in a
purely aqueous environment, the substrate molecule re-
mained in the binding cleft (Peters et al., 2001a). Indepen-
dent of the environment, the product molecule does not
leave the pocket but shows different behavior. In an aqueous
environment, the product remains in the binding cleft with
the hydrophobic tail aligning to Leu-208 —Pro-210. Contrar-
ily, in the presence of the lipid aggregate, the tail of the fatty
acid molecule points outward into the hydrophobic patch.
The negative charge on the fatty acid is stabilized by inter-
actions with the titratable residues Tyr-28, His-143, and
His-257. Moreover, the carboxylate group forms hydrogen
bonds with Ser-82, Ser-144, and Trp-88 persisting over the
whole simulation period.

Monitoring the distances between the carboxylate group
of the fatty acid and these residues indicate that tight hy-
drogen bounds are formed in particular with the serine
residues. The tendency of the fatty acid to form hydrogen

bonds with Trp is less pronounced. The formation of hy-
drogen bonds between the fatty acid and residues in the
binding pocket could be an important contribution to the
mechanism by which product inhibition might take place. In
a mixed monolayer of diglyceride (i.e., substrate) and fatty
acid with as little as 0.1 mol % of fatty acid present, the
hydrolysis rate slows down appreciably (Peters et al., 2000).
The hydrogen-bonding sites in the binding pocket very
likely function as anchoring points for the product when
acting as an inhibitor. By analogy, the same type of analysis
could be recommended for use by enzyme or ligand engi-
neers who wish to design inhibitors for other serine hydro-
lases, which are of medical importance, e.g., hormone-
sensitive lipase or serine proteases.

Computations were performed at Novo Nordisk A/S on an 18 processor
SGI Challenge and the project was financially supported by the European
Commission DG HI within the EUROPORT-D project. The parallel ver-
sion of GROMOSS87 was developed by the Parallel Applications Center,
Southampton, England and installed on the SGI Challenge by Ken
Meacham. We particularly wish to thank Dr. Daan van Aalten for helpful
discussions regarding essential dynamics.
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