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ABSTRACT: We have used continuum electrostatic methods to investigate the role of electrostatic interactions
in the structure, function, and pH-dependent stability of the fungalRhizomucor mieheilipase (RmL) family.
We identify a functionally important electrostatic network which includes residues S144, D203, H257,
Y260, H143, Y28, R80, and D91 (residue numbering is from RmL). This network consists of residues
belonging to the catalytic triad (S144, D203, H257), residues located in proximity to the active site (Y260),
residues stabilizing the geometry of the active site (Y28, H143), and residues located in the lid (D91) or
close to the first hinge (R80). The lid and the first hinge are associated with the interfacial activation of
lipases, where anR-helical lid opens up by rotating around two hinge regions. All network residues are
well conserved in a set of 12 lipase homologues, and 6 of the network residues are located in sequence
motifs. We observe that the effects of modeled mutations R86L, D91N, and H257F on the pH-dependent
electrostatic free energies differ significantly in the closed and open conformations of RmL. Mutation
R86L is especially interesting since it stabilizes the closed conformation but destabilizes the open one.
Site-site electrostatic interaction energies reveal that interactions between R86 and D61, D113, and E117
stabilize the open conformation.

Lipases (glycerol-ester-hydrolase, EC 3.1.1.3) are enzymes
which catalyze the hydrolysis of acylglycerols. Microbial
lipases are industrially important enzymes, and they are used
in washing powders, in detergents, and in the dairy industry
(1). Lipases can also be used to produce optically pure
compounds for the pharmaceutical industry.

A unique feature of lipases is the increase in their catalytic
activity at the water-lipid interface, known as interfacial
activation (2). Crystallographic studies have shown that
interfacial activation is associated with a conformational
change, in which a lid consisting of at least oneR-helix opens
up by rotating around its hinge regions (3-5). In the inactive,
closed conformation, the lid covers the active site so that
the hydrophobic side of the amphipathic lid is buried in the
active site and the polar side is solvent-exposed (6). At the
interface, the lid opens up and reveals the hydrophobic side
of the lid to the solvent. The hydrophilic side is buried in a
polar cavity behind the lid. This is the open state in which

the substrate is allowed to bind to the active site. Figure 1
shows the closed and open conformations of the fungal
Rhizomucor mieheilipase (RmL).1

The lipase structure-function relationship has been the
subject of both theoretical and experimental investigations
during the past few years. Theoretical studies including
molecular and Brownian dynamics simulations, essential
dynamics, and normal-mode analysis have provided informa-
tion about specificity, loop and domain motions of lipases,
key residues, and interactions (7-15). Experimental studies
include mutations of residues which affect lipase kinetics,
activity, or specificity (16-24). Several key residues identi-
fied so far are either charged or polar, which indicates that
electrostatic interactions may play an important role in the
function or stability of lipases.

The aim of this study is to characterize in detail the key
electrostatic interactions in the fungal RmL family, and to
study the pH dependence of the conformational stability of
these proteins. pKa calculations are used to investigate the
electrostatic interactions in the RmL family. The pKa value
is the pH at which an ionizable group is half-ionized, and it
also describes the proton affinity of the ionizing group. The
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pKa values of the titrating sites in a protein can be
experimentally determined by nuclear magnetic resonance
(NMR) spectroscopy (25-28). Standard NMR methods are
currently limited to fairly small proteins with molecular
masses of∼30 kDa or less (29), although with new methods
NMR spectroscopy studies of proteins as large as 110 kDa
have been reported (30). An alternative to NMR spectroscopy
is to use theoretical methods for determining pKa values of
the ionizable groups in a protein (31-34). Theoretical
methods yield a description of the electrostatic interactions
in a protein in terms of pKa values and electrostatic
interaction energies between titrating sites. It has been shown
that it is possible to obtain a fairly good agreement between
theoretically and experimentally determined pKa values (34-
40). Several studies have demonstrated that pKa and titration
calculations are useful tools for investigating structure-
function relationships in proteins (41-43) and pH-dependent
stability or association of biomolecules (34, 40, 44-50).

According to the SCOP database (Structural Classification
of Proteins) (51), the fungal lipase family can be divided
into two subfamilies: the triacylglycerol lipase family and
the type-B carboxylesterase/lipase family. Here we focus on
the triacylglycerol lipase family, and call it the RmL family.
According to SCOP, this family consists of the following
lipases: Humicola lanuginosalipase (HlL), Penicillium
camembertiilipase (PcL), Rhizomucor mieheilipase (RmL),
Rhizopus delemarlipase (RdL), Rhizopus niVeus lipase
(RnL), andCandida antarcticalipase B (CaLB). We exclude
CaLB from our analysis since this lipase does not demon-
strate the interfacial activation and the conformational change
associated with it (52, 53). We includeRhizopus oryzaelipase
(RoL) in the RmL family since this lipase has a 100%
sequence identity with RdL and RnL. Sequence identity
between RmL and the other RmL family members varies
between 29% and 56%, and the RMSD of CR atoms is 1.1-
1.9 Å, according to FSSP (54).

We model several mutations in order to investigate the
electrostatic interactions of some key residues as well as to
understand in atomic detail the available experimental data.
Electrostatic interactions are investigated by comparing pKa

values and site-site electrostatic interaction energies of the
wild-type (WT) and mutant enzymes. We also study the
relative effect of mutations on the pH-dependent stability of

the closed and open conformations of RmL by comparing
electrostatic free energies. Bioinformatics methods are used
to identify sequence motifs, to find sequences with high
similarity to the RmL family, and to characterize conserved
electrostatic interactions. We will use the sequential number-
ing from RmL throughout the text, unless noted otherwise.

METHODS

Bioinformatics Methods.We used the program Meta-
MEME 2.0.1 (55) for discovering sequence motifs (con-
served regions) in the RmL family and for searching GenPept
for homologous sequences. Meta-MEME uses the program
MEME (Multiple Expectation-maximization for Motif Elici-
tation; 56) for motif discovery. MEME uses expectation
maximization to identify motifs in a set of DNA or protein
sequences (55). Meta-MEME combines the models into a
motif-based linear hidden Markov model (HMM). Nonmotif
regions are not modeled rigorously. This reduces the number
of free parameters, and the HMM can be effectively trained
even with a small training set. Meta-MEME is able to
produce a multiple alignment of motif regions, and search
databases for statistically significant homologues.

Sequences of RmL (3tgl;57), RdL (1tic; 58), HlL (1tib;
58), and PcL (1tia;59) were obtained from the Brookhaven
Protein Data Bank (PDB). These sequences were used to
search for motifs with MEME. The two other family
members, RnL and RoL, have amino acid sequences identical
to that of RdL, and were left out. The motifs identified with
MEME were used as an input for Meta-MEME for searching
the GenPept database. A full sequence alignment was carried
out using HMMer 2.1.1 (60; SR Eddy Group, Department
of Genetics, Washington University). A structural alignment
of RmL, RdL, HlL, and PcL from FSSP (54) was used to
build a profile HMM, and other sequences were aligned to
the profile. Positions of sequence motifs were included in
the model as consensus secondary structure data. This method
yields a sequence alignment which is based on a structural
alignment, and in which sequence motifs are aligned cor-
rectly.

Preparation of Models. The following crystal structures
were chosen for this study from the PDB: closed RmL (3tgl;
57; resolution 1.9 Å), open RmL (4tgl;6; resolution 2.6 Å),

FIGURE 1: Schematic representation of the (A) closed and (B) open conformations of RmL. Residues forming the electrostatic network
(S144-D203-H257-Y260-H143-Y28-R80-D91) and a few other key residues are labeled. The figure was generated with Molscript (79).
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closed conformation of HlL (1tib;58; resolution 1.8 Å), and
an intermediate conformation of RnL (1lgy;61; resolution
2.2 Å). In RmL and RnL, the coordinates of the first four
residues are not resolved in the crystal structures. Crystal
waters, alternate atom positions, and ligands were deleted.
Polar hydrogens were added using HBUILD (62) in
CHARMm through QUANTA (Molecular Simulations Inc.,
San Diego, CA) assuming protonated forms of His, Asp, and
Glu. Histidine tautomers were assigned by selecting the
lower-energy position for the hydrogen. The positions of the
hydrogens were not optimized since HBUILD finds the
energetically optimal position for the hydrogen atom.

Mutant structures were prepared by editing the desired side
chain using QUANTA, and performing a rotamer search for
the Karplus rotamer (63) with the lowest number of close
contacts. Total potential energies of the wild type (WT) and
the mutant were computed with CHARMm, to ensure that
the modeled mutation caused no steric clashes. To ensure
that the results obtained from the pKa calculations for the
mutants would be comparable with those obtained for the
WT, the mutant proteins were not energy-minimized. All
structures were superimposed to preserve a common orienta-
tion throughout the electrostatic calculations.

Solvent accessibilities of the lipase structures were com-
puted with the program Naccess (version 2.1.1;64) using a
solvent probe radius of 1.4 Å. Hydrogen bonds were analyzed
using HBPLUS (65).

Electrostatics and pKa Calculations. The University of
Houston Brownian Dynamics (UHBD) program, version 5.1
(66, 67), together with some supplementary programs (33,
34) was used for the electrostatic and pKa calculations. Each
titrating site has a model pKa value, which is its experimen-
tally determined pKa value in a solution. The pKa shift from
this model value for the same titrating group in a folded
protein consists of three energy components. The energy
penalty of moving the group from the solution into the
protein interior is accounted for by the Born, or desolvation,
term. Desolvation causes pKa values to be shifted so that
the residue remains in the neutral state. However, the effect
of desolvation is partially compensated by the Coulombic
interactions between the charged titrating group and the
dipolar groups in a neutral protein. Third, the interaction of
the titrating group with other ionized groups is calculated.
To calculate the Born and Coulombic terms, we solve the
linearized Poisson-Boltzmann equation using a finite dif-
ference method (67, 68). We compute interactions between
ionizing groups with the cluster method (33, 34). The pKa

calculations also yield site-site electrostatic interaction
energies,∆Gij (kcal/mol), and the electrostatic component
of the free energy,Gelec (kcal/mol).

We employed the single-site titration model (34) which
includes partial atomic charges of each ionizable group, and
models the ionization by adding a+1 or -1 point charge to
one central atom of the ionizing group. We used a dielectric
constant of 20 to represent the protein interior, because it
has been observed to produce the best agreement with
experimental results, when this model is used (34). Partial
atomic charges for the protein were taken from CHARMm
(Molecular Simulations Inc., San Diego, CA) and radii from
OPLS (69). The solvent was assigned a dielectric constant
of 80 and ionic strength of 100 mM, and the ion exclusion
radius was set to 2.0 Å. The ionic strength was chosen based

on the observation that the pKa values are fairly insensitive
to ionic concentrations over 100 mM (34). A probe with a
radius of 1.4 Å was used to define the boundary between
the protein and solvent dielectric regions (70). Electrostatic
potentials were calculated by focusing on one titratable
residue at a time (35, 71). Focusing runs with grid spacings
of 1.5, 1.2, 0.75, and 0.25 Å and extents of 75, 18, 11.25,
and 5 Å were used. The temperature was set at 298 K.

RESULTS AND DISCUSSION

Sequence Motifs in the RmL Family. We identify sequence
motifs (highly conserved regions) in the RmL family and
search GenPept to find distant family members in order to
be able to investigate whether the key residues identified by
the electrostatic calculations in this study are generally
conserved in lipases. We also study whether the key
electrostatic residues are located in sequence motifs, since
motifs often describe regions which are necessary for the
functionality or stability of the particular protein, and have
been conserved throughout evolution. Seven conserved
motifs in the RmL family are identified by MEME. These
motifs are also found when only three out of four sequences
are used for identifying the motifs. The location of the motifs
in the closed RmL structure is illustrated in Figure 2.

Searching GenPept with Meta-MEME results in eight
statistically significant lipase or esterase sequences with
Viterbi scores equal to or higher than 9.7. Meta-MEME uses
a threshold of 8.5 as a statistically significant score. An
alignment of the motif regions in the RmL family and its
homologues is shown in Figure 3. The first sequence motif
(residues 79-88) covers the first hinge (residues 83-84)
and part of the lid, and contains two fully conserved residues,
R80 and G81. The buried R80 is stabilized by the side chain
of D61 which lines the polar cavity behind the lid (Figure
1). D61 is conserved in 10 out of 12 lipase homologues.
The function of this conserved interaction could possibly be
to “lock” the position of the amino acid chain before the
mobile first hinge and the lid. The other fully conserved
residue in the first motif, G81, has backbone torsion angles
(æ ) -85° andψ ) -162° for the closed RmL) which are
allowed only for Gly in the Ramachandran plot. Next to G81
is located S82, which forms the oxyanion hole during the
conformational change and stabilizes the tetrahedral inter-
mediates formed in the reaction (57). In RmL, PcL, and in

FIGURE 2: Schematic representation of the closed conformation of
RmL. Sequence motifs discovered in the RmL family are shaded
in gray and black. The figure was generated with Molscript (79).
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HlL, the oxyanion hole is formed by a Ser residue, and in
RdL and RnL by Thr (57, 72). It can be seen from Figure 3
that position 82 is occupied invariantly either by a Ser or by
a Thr residue. Motif one contains also the positively charged
residue in the lidR-helix, R86 (Figure 1), which is conserved
in 7 out of 12 sequences. The second motif (residues 108-
115) forms the N-terminal of the longR(3) helix behind the
lid and partially surrounds the polar cavity, where the polar
side of the lid is buried in the open conformation. The fully
conserved residue in this motif, G110, is located in a position
which has steric constraints caused by the open form of the
lid.

The third motif (residues 140-147) contains the catalytic
S144 (Figure 1). In the closed RmL, the catalytic triad (S144,
D203, H257) is completely buried from solvent under the
lid. In the open RmL, the active site is solvent-exposed, and
the solvent accessibility increases to 18% for the catalytic
S144. S144 is located in the consensus pentapeptide (G-X-
S-X-G) characteristic to lipases (73). In RmL, the pentapep-
tide forms aâ-εSer-R motif in which the catalytic Ser is
located in a tight turn between aâ-strand and anR-helix. In
the closed RmL, in HlL, and in RnL, the hydroxyl group of
the catalytic S144 forms a hydrogen bond with Nε2 of the
catalytic H257, and Nδ1 of H257 is a proton donor to the
catalytic D203. The D203-H257 couple enhances the
nucleophilicity of the catalytic S144, as has been found in
all serine proteases (57). D203 accepts a hydrogen bond also

from Oη of Y260 and from the main chain nitrogen of V205
in both the closed and open RmL, in HlL, and in RnL.

The fully conserved P177 in motif four (residues 177-
185) forms partially the bottom of the hydrophobic crevice
where the scissile fatty acyl chain is likely to bind in the
lipase-substrate complex (15, 74). The fully conserved R178
is buried in RmL, and may play a role in anchoring the P177-
containing loop in the right place. R178 is stabilized by
hydrogen bonds with E240 and P209. In 9 lipase homologues
out of 12, position 240 accommodates either an Asp or a
Glu. Motif five (residues 202-210) includes the fully
conserved catalytic D203. Residues V205, L208, and P209
of motif five belong to the fatty acyl binding hydrophobic
crevice, and residue I204 is part of the hydrophobic dent
which binds thesn-2 substituent (15). The two conserved
prolines (P206 and P209) in motif five are likely to reduce
the flexibility of loop 201-219. Motif six consists of residues
217-224, and forms most ofâ(7). The two conserved
residues in this motif, H217 and E221, are not located in
the immediate proximity to the active site. Motif seven
(residues 254-261) contains the fully conserved catalytic
residue H257, and Y260, which is located close to the active
site (Figure 1) and is conserved in 11 out of 12 lipase
homologues.

QuantitatiVe Assessment of the Electrostatic Interactions
in the RmL Family. We evaluate the electrostatic effect of
the mutations on lipase function by comparing pKa values
of the titrating sites of WT and mutants. The following
residues were subject to modeled mutations (numbering is
from RmL): the catalytic residues (S144, D203, and H257);
a few residues which stabilize the active site geometry (H143
and Y28); two charged lid residues (R86 and D91); and one
residue close to the first hinge of the lid (R80). The location
of these residues is illustrated in Figure 1. We model each
mutation for the closed and open conformations of RmL,
and for the lipases for which we have relevant experimental
data.

Generally, pKa shifts are caused by changes in Born
energies, Coulombic interactions with dipolar groups, or ionic
interactions. Born energy is dependent on the solvent-
accessible surface; buried charged residues have high Born
energies which destabilize the protein. The ionization equi-
librium of buried charged residues is often shifted toward
the neutral state, unless they are stabilized by oppositely
charged residues. Mutations which break existing hydrogen
bonds cause large pKa shifts. We analyze the source of the
observed pKa shifts by comparing solvent-accessible surface
areas of each residue, changes in hydrogen bonding patterns,
and site-site electrostatic interaction energies. Site-site
electrostatic interaction energies∆Gij (kcal/mol) reveal
whether the interaction between two titrating sites is attractive
(negative energies) or repulsive (positive energies). Strong
interactions can be of the order of magnitude of several
kilocalories per mole. Site-site interaction energies also give
an idea how much the interaction affects the pKa value of
the particular titrating site, because the pKa shift of a residue
from its model value is a sum of all of its site-site interaction
energies.

Catalytic Residues. To identify the key interactions of the
catalytic residues, we have modeled the following mutations
in RmL, RnL, and HlL: Ser and Asp were mutated into Ala,
and His into Phe. Figure 4 shows the calculated pKa shifts

FIGURE 3: Alignment of the motif regions in 12 lipase homologues.
Sequence numbering is from RmL. The following residues are
marked with symbols: catalytic residues (black circle); R80 (black
star); R86 (black square); H143 (gray star); and Y260 (gray square).
The alignment contains the following sequences: (1)Rhizopus
delemar lipase; (2)Humicola lanuginosalipase; (3)Penicillium
camembertiilipase; (4)Rhizomucor mieheilipase; (5)Rhizopus
niVeus lipase; (6)Rhizopus oryzaelipase; (7)Aspergillus oryzae
diacylglycerol lipase; (8)Fusarium heterosporumlipase; (9)
Aspergillus nigerferulic acid esterase; (10)Caenorhabditis elegans
lipase homologue; (11)Aspergillus tubingensisferulic acid esterase;
(12) Arabidopsis thalianalipase isolog. Alignment was generated
with Meta-MEME. The gap was introduced in motif 4 on the basis
of the HMMer alignment.
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of the titrating sites in the three lipases due to these
mutations. We observe that each of these mutations causes
pKa shifts in only a few residues.

Mutation S144A in motif 3 causes pKa shifts for residues
Y28, H143 (motif 3), and H257 (motif 7) in all three lipases
(Figure 4A). The location of Y28, H143, and H257 is
represented in Figure 1. These residues are important for
the function or stability of the lipase. Figure 4B shows that
mutating the catalytic D203 in motif 5 to Ala causes large
downward pKa shifts for H257 and Y260 in motif 7 in all
three lipases. The pKa shift of the catalytic H257 from 3.9
to 0.2 in the closed RmL and from 6.3 to 3.9 in the open
RmL is caused by loss of the stabilizing hydrogen bond
between catalytic D203 and H257 in the mutant structure.
H257 is fully buried in the closed RmL, and has a side chain
accessibility of 13% in the open RmL. Buried charged
residues with no stabilizing electrostatic interactions tend to
have their pKa values shifted toward the neutral state due to

increased penalty in the Born desolvation energy. This
explains why the mutation D203A shifts the ionization
equilibrium of H257 toward the neutral state, i.e., lower pKa

value. Oη of Y260 is a hydrogen bond donor to D203, which
shifts the ionization equilibrium of Y260 toward the neutral
state, i.e., higher pKa value. When D203 is mutated to Ala,
the pKa value of Y260 decreases from 16.3 to 12.0 in the
closed RmL and from 15.4 to 11.3 in the open one.

Mutation H257F in motif 7 leads to upward pKa shifts in
D203 (motif 5) and H143 (motif 3) in all three lipases (Figure
4C). The upward pKa shifts of D203 from-1.1 to 1.5 in the
closed RmL and from-0.8 to 1.2 in the open RmL are
caused by loss of the hydrogen bond between H257 and
D203 in the mutant structure. This shifts the ionization
equilibrium of D203 toward the neutral state, i.e., higher pKa

value. The mutation increases the pKa value of H143 from
4.1 to 5.3 in the closed RmL and from 1.4 to 3.9 in the open
one. H143 is located in the immediate proximity to H257,
the distance between the two imidazole rings being∼4 Å in
RmL, and the two form a repulsive interaction with each
other (2.2 kcal/mol in open RmL). The mutation removes
this interaction and causes an increase in the pKa value of
H143.

Charged Hinge and Lid Residues. The lid of RmL consists
of anR-helix (residues 85-91) and two hinge regions [first
hinge 83-84 and second hinge 91-95, according to Dere-
wenda et al. (6)]. In the RmL family, the lid has two charged
residues, R86 and D91. HlL has two charged residues in the
lid, R84 and E87, which are located in structurally different
positions in the lid than in the other RmL family members.
A third charged residue, R80, is located just before the first
hinge in all RmL family members. We elaborate the role of
the charged residues in the lid region by modeling mutations
R80L, R86L, and D91N for the closed and open RmL.
Mutation D92N is also modeled for RnL. For HlL, we model
mutations R81L, R84L, and E87A.

Figure 5A shows that mutation R80L in motif 1 causes
three pKa shifts in the closed and open conformations of RmL
and in HlL: D61, Y28, and H143 (motif 3). D61 lines the
polar cavity behind the lid (Figure 1). In the closed RmL
and HlL, D61 is hydrogen bonded to R80, and the residues
have a strong attractive electrostatic interaction energy
(-1.18 kcal/mol for the closed RmL). When R80 is mutated,
the stabilizing interaction between D61 and R80 is lost,
leading to an increase in the pKa value of D61 from 2.8 to
3.9. Y28 has an attractive electrostatic interaction with R80,
and loss of this interaction shifts the ionization equilibrium
of Y28 toward its neutral state, i.e., higher pKa value. The
mutation also increases the pKa value of H143 from 4.1 to
5.3 in the closed RmL. H143 is located∼10 Å away from
R80, and is separated from R80 by Y28. The site-site
electrostatic interaction energies show that H143 has a fairly
weak repulsive interaction with R80 (0.56 kcal/mol for the
closed RmL) and a strong attractive interaction with Y28
(-4.88 kcal/mol for the closed RmL) due to a hydrogen
bond. It is likely that the pKa shift of H143 is caused by the
loss of the weak interaction with R80, and partially by the
pKa shift of Y28 which affects the attractive interaction
between Y28 and H143. This is an example of a significant
long-range electrostatic effect caused by a combination of a
direct long-range effect and a network of electrostatic
interactions. A pKa shift is observed for R30 in the closed

FIGURE 4: pKa shifts caused by mutations (A) S144A, (B) D203A,
and (C) H257F. A pKa shift depicts the difference between the pKa
values of the corresponding residues in the mutant and wild-type
protein.

Role of Electrostatics inR. mieheiLipase Family Biochemistry, Vol. 39, No. 11, 20002925



and open RmL. R30 is located close to the first hinge, and
it forms a repulsive interaction with R80 (1.03 kcal/mol in
the closed RmL). Mutation of R80 leads to a loss of this
repulsive interaction and to an increase in the pKa value of
R30 from 12.1 to 13.7 in the closed RmL. In HlL, a pKa

shift is also observed for the positively charged residue in
the lid, R84. Mutation removes the repulsive electrostatic
interaction between R81 and R84 (0.97 kcal/mol), and leads
to an increase in the pKa value for R84 from 14.5 to 15.0.

It can be seen from Figure 5B that mutation R86L in motif
1 causes only one significant pKa shift in the closed RmL:
the pKa value of the catalytic H257 (motif 7) increases from
3.9 to 4.9. In the closed RmL, R86 and H257 have a fairly
small repulsive interaction of 0.33 kcal/mol. In the open
RmL, small upward pKa shifts are observed for D61 and
E117. D61 and E117 both line the polar cavity behind the
lid, and, thus, the interactions between R86 and D61 and
E117 stabilize the open conformation. Chemical modification
of arginines in RmL has been observed to lead to a partial

loss of activity, residual activity being 66/46% depending
on substrate (16). This could be caused by the pKa shift in
H257 in the closed conformation or by loss of the stabilizing
interactions between R86 and D61 and E117 in the open
conformation. In HlL, mutation R84L affects pKa values of
Y21 and H145 (Figure 5B), suggesting that R84 may play a
different role in HlL than R86 in RmL.

Mutation D91N causes three significant pKa shifts in the
open RmL: Y28, H108 (motif 2), and H257 (motif 7). The
reason for the conformation-specific interaction of D91 can
be easily understood by comparing the closed and open
conformations of RmL (Figure 1). In the closed conforma-
tion, the side chain of D91 is over 90% solvent-exposed and
is directed away from the active site, whereas in the open
conformation it is only 21% solvent-exposed and is directed
toward the active site. The distances between D91 and Y28,
H108, and H257 are under 8 Å in the open conformation.

Y28F and H143F. Residues Y28 and H143 are located
close to the catalytic residues (Figure 1). H143 is located
next to the catalytic S144 in the tightâ-εSer-R turn in motif
3, and Y28 is conserved in 11 out of 12 lipase homologues.
Nδ1 of H143 forms a hydrogen bond with the hydroxyl group
of Y28. According to experimental data, mutating either Y28
or H143 to Phe leads to a complete loss of catalytic activity
in RoL (20). Beer et al. (20) have proposed that in RoL this
is caused by loss of the hydrogen bond between Y28 and
H143, which stabilizes the active site geometry. We inves-
tigate the effect of mutations Y28F and H143F on the
electrostatics in RmL and RnL. Figure 6A shows that
mutation Y28F leads to a 2.6 unit decrease in the pKa value
of H143 in the closed RmL; the pKa value of H143 decreases
from 4.1 to 1.5. H143 is fully buried, and loss of this
stabilizing interaction drives its ionization equilibrium toward

FIGURE 5: pKa shifts caused by mutations (A) R80L, (B) R86L,
and (C) D91N. Note in (A) that Y21 in HlL corresponds to Y28 in
RmL.

FIGURE 6: pKa shifts caused by mutations (A) Y28F and (B) H143F.
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the neutral state. Mutation H143F causes a pKa shift in Y28
in RnL and in both conformations of RmL (Figure 6B). The
pKa shifts observed for Y28 and H143 could lead to a
destabilization of the active site geometry and a loss of
activity. However, the mutation Y28F also causes a pKa shift
in H257 in the closed RmL and RnL, and the mutation
H143F causes pKa shifts in catalytic D203 and H257 in RmL
and in RnL.

Network of Electrostatic Interactions in the RmL Family.
Our pKa calculations of the WT and mutated lipases
belonging to the RmL family indicate an existence of a
structurally and functionally important network of electro-
static interactions. The location of residues belonging to the
network, S144, D203, H257, Y260, H143, Y28, R80, and
D91, is represented in Figure 1. These residues interact with
each other, which is observed in the modeled mutant
structures in the form of pKa shifts (Figures 4-6) and
changes in site-site electrostatic interaction energies. For
instance, we observe that mutation S144A causes changes
in site-site electrostatic interaction energies for Y28-R80,
Y28-H143, Y28-H257, R80-H143, H143-H257, and
D203-H257 in the open RmL, in HlL, and in RnL. In
conclusion, mutating residues belonging to the electrostatic
network cause pKa shifts and changes in site-site electro-
static interaction energies mainly in the network itself.

The functional importance of mutating some residues
belonging to this network has been tested experimentally (20,
23). Mutations S146A (catalytic Ser) for HlL (23), and Y28F,
H143F, and D91N for RoL (20) have been observed to affect
lipase activity significantly. In addition, the fact that the
network S144-D203-H257-Y260-H143-Y28-R80-D91 in-
volves the three catalytic residues makes it clear that these
interactions are functionally important.

Alignment of the sequence motifs in the six RmL family
members with six homologues (Figure 3) shows that residues
belonging to the network are either fully or very well
conserved and that most of them are located in sequence
motifs discovered by MEME. Y28 is conserved in 11 out of
12 sequences (data not shown), R80 is fully conserved, D91
is conserved in 9 sequences (data not shown), H143, S144,
D203, and H257 are fully conserved, and Y260 is conserved
in 11 sequences. The network residues R80, H143, S144,
D203, H257, and Y260 are located in sequence motifs.

Electrostatic Free Energies of the Two Conformations.
Figure 7 shows that the mutations R86L, D91N, and H257F
affect the pH-dependent electrostatic free energies (Gelec, kcal/
mol) of the closed and open RmL differently. For the other
mutations modeled, no significant differences were observed
in electrostatic free energies between the closed and open
RmL. The optimum pH range for the hydrolytic activity of
RmL has been observed to be between 7 and 8, depending
on the substrate (75, 76). Figure 7A shows that for the
mutation R86L the difference in electrostatic free energy
between R86L and WT is negative in the closed conforma-
tion at pH 7 but positive in the open one, indicating that
R86 destabilizes the closed conformation but stabilizes the
open one. The solvent-accessible surface area of the side
chain of R86 is 65% in the closed conformation and 64% in
the open one, suggesting that it is not the change in
accessibility which causes the difference in the∆Gelec. We
compare the site-site electrostatic interaction energies of the
closed and open conformations to find possible Coulombic

interactions of R86 which could stabilize the open RmL. It
is evident from Figure 8 that interactions between R86 and
D61, D113, and E117 are more attractive in the open
conformation than in the closed one. Residues D61, D113,
and E117 surround the polar cavity behind the lid and
stabilize the open conformation. Further, interactions between
R86 and H143 and H257 are less repulsive in the open
conformation than in the closed one. These Coulombic
interactions contribute to the observed difference in the
electrostatic free energy.

For the mutation D91N, the difference in the electrostatic
free energy between mutant and WT is negative in both
conformations (Figure 7B), suggesting that D91 destabilizes
both conformations. However, the degree of destabilization
caused by D91 is significantly higher in the open conforma-
tion. In the closed conformation, D91 is over 90% solvent
accessible, whereas in the open conformation the solvent
accessibility of its side chain is only 21%. Thus, in the open
conformation, the energy penalty of desolvating this residue
(Born energy) is significantly higher than in the closed

FIGURE 7: Difference in electrostatic free energies (kcal/mol)
between mutants (A) R86L, (B) D91N, and (C) H257F and the
wild type for the closed and open conformations of RmL.
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conformation, and mutating D91 to Asn reduces the high
Born energy. The site-site electrostatic interaction energy
map (Figure 8) shows that interactions between D91 and
Y28, D61, and D203 are more repulsive in the open
conformation than in the closed one, and make it relatively
more destabilized.

For the mutation H257F, a difference in the free energies
can be observed in low pH ranges, 0-4.0 (Figure 7C).
Because the difference is negligible at higher pH than 4.0,
it is probable that the observed difference in free energies is
caused by changes in the ionization states of some residues.
Histidine has a positive charge at a low pH which increases
its Born desolvation energy. Since H257 is fully buried in
the closed RmL, but has a 13% accessibility in the open
one, its Born desolvation energy is higher in the closed one.
Thus, mutating H257 into Phe has a greater effect on the
Born energy of H257 in the closed conformation.

CONCLUSIONS

We have investigated the role of electrostatic interactions
in the fungal RmL family by identifying conserved sequence
motifs and by performing pKa calculations. We use a protein
dielectric of 20 in the electrostatic calculations since it has
been observed to yield the best agreement with experimental
data (34). This value reflects the presence of polar amide
and other polarizable groups in the solvent-inaccessible
protein interior. When a protein dielectric of 20 is used, an
accuracy of approximately 1 pH unit is reached (38). We
emphasize that the aim of this study is more on characterizing
the structurally and functionally important electrostatic
interactions in lipases rather than estimating the exact pKa

value of each titrating group.
We observe that each of the mutations modeled causes

only a few significant pKa shifts. These pKa shifts vary
between(0.5 and(4.5 pH units, being way above of the

observed 0.01-0.05 pH unit accuracy for experimentally
determined pKa values (77, 78). This suggests that the pKa

shifts reported in this study can be verified by experiments.
In most cases, the residue undergoing a significant pKa shift
is located in proximity to the mutated residue. However, we
also observe pKa shifts in residues as far as 10 Å away from
the mutated residue. Site-site electrostatic interaction ener-
gies show that charged residues can have long-range
electrostatic effects, especially in the low dielectric protein
interior, and that electrostatic networks can cause pKa shifts
in residues located far away from the mutated residue.

The pKa shifts and site-site electrostatic interaction
energies indicate an existence of a functionally important
network of electrostatic interactions. This network includes
residues from the active site to the lid region, and, thus,
connects the catalytic triad with the mobile lid associated
with the conformational change. The network residues are
fully or very well conserved in a set of 12 lipase homologues,
and 6 out of 8 network residues are located in sequence
motifs.

In this study, we explore the effect of the modeled
mutations on the pH-dependent stability of the closed and
open conformations of RmL in terms of electrostatic free
energies. We find that electrostatic interactions of the
positively charged arginine in the lid with negatively charged
residues around the polar cavity behind the lid stabilize the
open conformation. These residues are potential candidates
for mutational studies to investigate their roles in the stability
of RmL.

In conclusion, we have used sequence-derived information
and structure-based biophysical computations to characterize
the structure-function relationship in a family of fungal
lipases. By combining information about the conserved
sequence motifs together with the information obtained from
the electrostatic calculations, we are able to characterize a
conserved network of structurally and functionally important
electrostatic interactions in this lipase family. The existence
of this network suggests that polar and charged residues not
only have pairwise interactions in proteins but also form
structurally and functionally important networks which can
connect distant parts in proteins.
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