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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 fuRg@omucor miehdipase (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 an-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 enzymesthe substrate is allowed to bind to the active site. Figure 1
which catalyze the hydrolysis of acylglycerols. Microbial shows the closed and open conformations of the fungal
lipases are industrially important enzymes, and they are usedRhizomucor miehdipase (RmL)!
in washing powders, in detergents, and in the dairy industry  The lipase structurefunction relationship has been the
(1). Lipases can also be used to produce optically pure subject of both theoretical and experimental investigations
compounds for the pharmaceutical industry. during the past few years. Theoretical studies including

A unique feature of lipases is the increase in their catalytic molecular and Brownian dynamics simulations, essential
activity at the waterlipid interface, known as interfacial  dynamics, and normal-mode analysis have provided informa-
activation @). Crystallographic studies have shown that tion about specificity, loop and domain motions of lipases,
interfacial activation is associated with a conformational key residues, and interactioriz<{15). Experimental studies
change, in which a lid consisting of at least anéelix opens  include mutations of residues which affect lipase kinetics,
up by rotating around its hinge regiorg&-5). In the inactive, activity, or specificity (6—24). Several key residues identi-
closed conformation, the lid covers the active site so that fied so far are either charged or polar, which indicates that
the hydrophobic side of the amphipathic lid is buried in the electrostatic interactions may play an important role in the
active site and the polar side is solvent-expo®dAt the function or stability of lipases.
interface, the lid opens up and reveals the hydrophobic side  The aim of this study is to characterize in detail the key
of the lid to the solvent. The hydrophilic side is buried in a glectrostatic interactions in the fungal RmL family, and to
polar cavity behind the lid. This is the open state in which study the pH dependence of the conformational stability of
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Ficure 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 M@script (

pK, values of the titrating sites in a protein can be the closed and open conformations of RmL by comparing
experimentally determined by nuclear magnetic resonanceelectrostatic free energies. Bioinformatics methods are used
(NMR) spectroscopy25—28). Standard NMR methods are to identify sequence motifs, to find sequences with high
currently limited to fairly small proteins with molecular similarity to the RmL family, and to characterize conserved
masses 0f+30 kDa or lessZ9), although with new methods  electrostatic interactions. We will use the sequential number-
NMR spectroscopy studies of proteins as large as 110 kDaing from RmL throughout the text, unless noted otherwise.
have been reporte8@). An alternative to NMR spectroscopy

is to use theoretical methods for determiniri, palues of METHODS

the ionizable groups in a proteirB1—34). Theoretical . .

methods yield g degcription gf the eljéctro)static interactions __ Bioinformatics MethquWe .used the program Meta-

in a protein in terms of K. values and electrostatic MEME 2.0.1 ©5) for discovering sequence motifs (con-

interaction energies between titrating sites. It has been shownfser\r/]ed relgions) in the RmL family and for searchinhg GenPept
that it is possible to obtain a fairly good agreement between or homologous sequences. MEt"’."MEME uses t € program
theoretically and experimentally determinehpalues 84— MEME (Multiple Expectation-maximization for Motif Elici-

40). Several studies have demonstrated thtgnd titration tation; _56)_for m%'uf d_|scove_:cy._MEME L:cses expectation
calculations are useful tools for investigating structure ~Maximization to identify motifs in a set of DNA or protein

function relationships in proteingd{—43) and pH-dependent seqyencesS@. Meta-MEME combines the models into a
stability or association of biomolecule84, 40, 44—50). motif-based linear hidden Markov model (HMM). Nonmotif

According to the SCOP database (Structural Classification '€9i0ns are not modeled rigorously. This reduces the number
of Proteins) 1), the fungal lipase family can be divided of free parameters, ano_l the HMM can be effectn_/ely trained
into two subfamilies: the triacylglycerol lipase family and even with a Sf.“a” training set. Me.ta—Ml_EME Is able to
the type-B carboxylesterase/lipase family. Here we focus on produce a muIUpIg a_hgnme.nt 9].( motif regions, and search
the triacylglycerol lipase family, and call it the RmL family. databases for statistically significant homologues.
According to SCOP, this family consists of the following ~ Sequences of RmL (3tg§7), RdL (1tic; 58), HIL (1tib;
lipases: Humicola lanuginosalipase (HIL), Penicillium 58), and PcL (1tia59) were obtained from the Brookhaven
camembertilipase (PcL) Rhizomucor miehdipase (RmL), Protein Data Bank (PDB). These sequences were used to
Rhizopus de|emaﬁpase (RdL)' Rhizopus nieus |ipase search for motifs with MEME. The two other famlly
(RnL), andCandida antarcticdipase B (CaLB)We exclude members, RnL and RoL, have amino acid sequences identical
CalLB from our ana]ysis since this |ipase does not demon- to that of RdL, and were left out. The motifs identified with
strate the interfacial activation and the conformational change MEME were used as an input for Meta-MEME for searching
associated with it§2, 53). We includeRhizopus oryzalkipase the GenPept database. A full sequence alignment was carried
(RoL) in the RmL family since this lipase has a 100% out using HMMer 2.1.1€0; SR Eddy Group, Department
sequence identity with RdL and RnL. Sequence identity Of Genetics, Washington University). A structural alignment
between RmL and the other RmL family members varies of RmL, RdL, HIL, and PcL from FSSP56) was used to
between 29% and 56%, and the RMSD af &oms is 1.1+ build a profile HMM, and other sequences were aligned to
1.9 A, according to FSSFP54). the profile. Positions of sequence motifs were included in

We model several mutations in order to investigate the the model as consensus Secondary structure data. This method
electrostatic interactions of some key residues as well as toyields a sequence alignment which is based on a structural
understand in atomic detail the available experimental data.alignment, and in which sequence motifs are aligned cor-
Electrostatic interactions are investigated by comparkg p ~ rectly.
values and sitesite electrostatic interaction energies of the  Preparation of ModelsThe following crystal structures
wild-type (WT) and mutant enzymes. We also study the were chosen for this study from the PDB: closed RmL (3tgl;
relative effect of mutations on the pH-dependent stability of 57; resolution 1.9 A), open RmL (4tg8; resolution 2.6 A),
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closed conformation of HIL (1tib58; resolution 1.8 A), and
an intermediate conformation of RnL (1lg§d; resolution
2.2 A). 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 HBUIL®B2) in
CHARMmM 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 g ee 2: Schematic representation of the closed conformation of
the Karplus rotamer6@) with the lowest number of close  RmL. Sequence motifs discovered in the RmL family are shaded
contacts. Total potential energies of the wild type (WT) and in gray and black. The figure was generated with Molscrit®) (
the mutant were computed with CHARMmMm, to ensure that
the modeled mutation caused no steric clashes. To ensur
that the results obtained from th&pcalculations for the

mutants would be comparable with those obtained for the radius of 1.4 A was used to define the boundary between

WT, the mutant proteins we(;e not energy-minimized. All 0 1 o1ein and solvent dielectric regiom), Electrostatic
structures were superimposed to preserve a Common orientay, ;e nrials were calculated by focusing on one titratable

tion throughout the electrostatic calculations. residue at a time3, 71). Focusing runs with grid spacings

Solve_nt accessibilities of the lipase ;tructures were com- ¢ 15 12 0.75, and 0.25 A and extents of 75, 18, 11.25,
puted with the program Naccess (version 2.84)using a and 5 A were used. The temperature was set at 298 K.
solvent probe radius of 1.4 A. Hydrogen bonds were analyzed
using HBPLUS 65). RESULTS AND DISCUSSION

Electrostatics and pKCalculations The University of
Houston Brownian Dynamics (UHBD) program, version 5.1  Sequence Motifs in the RmL FamiWe identify sequence
(66, 67), together with some supplementary program’s ( motifs (highly conserved regions) in the RmL family and
34) was used for the electrostatic andyzalculations. Each ~ search GenPept to find distant family members in order to
titrating site has a modela value, which is its experimen-  be able to investigate whether the key residues identified by
tally determined [, value in a solution. Thek, shift from the electrostatic calculations in this study are generally
this model value for the same titrating group in a folded conserved in lipases. We also study whether the key
protein consists of three energy components. The energye|eCtI‘OStatiC residues are located in sequence motifs, since
penalty of moving the group from the solution into the motifs often describe regions which are necessary for the
protein interior is accounted for by the Born, or desolvation, functionality or stability of the particular protein, and have
term. Desolvation causeKp values to be shifted so that been conserved throughout evolution. Seven conserved
the residue remains in the neutral state. However, the effectmotifs in the RmL family are identified by MEME. These
of desolvation is partially compensated by the Coulombic motifs are also found when only three out of four sequences
interactions between the charged titrating group and theare used for identifying the motifs. The location of the motifs
dipolar groups in a neutral protein. Third, the interaction of in the closed RmL structure is illustrated in Figure 2.
the titrating group with other ionized groups is calculated. = Searching GenPept with Meta-MEME results in eight
To calculate the Born and Coulombic terms, we solve the statistically significant lipase or esterase sequences with
linearized PoissonBoltzmann equation using a finite dif-  Viterbi scores equal to or higher than 9.7. Meta-MEME uses
ference methodg(7, 68). We compute interactions between a threshold of 8.5 as a statistically significant score. An
ionizing groups with the cluster metho83 34). The K, alignment of the motif regions in the RmL family and its
calculations also yield sitesite electrostatic interaction homologues is shown in Figure 3. The first sequence motif
energiesAG; (kcal/mol), and the electrostatic component (residues 79:88) covers the first hinge (residues-834)
of the free energyGeiec (kcal/mol). and part of the lid, and contains two fully conserved residues,

We employed the single-site titration mod&K) which R80 and G81. The buried R80 is stabilized by the side chain
includes partial atomic charges of each ionizable group, andof D61 which lines the polar cavity behind the lid (Figure
models the ionization by adding-al or —1 point charge to 1). D61 is conserved in 10 out of 12 lipase homologues.
one central atom of the ionizing group. We used a dielectric The function of this conserved interaction could possibly be
constant of 20 to represent the protein interior, because itto “lock” the position of the amino acid chain before the
has been observed to produce the best agreement withmobile first hinge and the lid. The other fully conserved
experimental results, when this model is usad)(Partial residue in the first motif, G81, has backbone torsion angles
atomic charges for the protein were taken from CHARMm (¢ = —85° andy = —162 for the closed RmL) which are
(Molecular Simulations Inc., San Diego, CA) and radii from allowed only for Gly in the Ramachandran plot. Next to G81
OPLS 69). The solvent was assigned a dielectric constant is located S82, which forms the oxyanion hole during the
of 80 and ionic strength of 100 mM, and the ion exclusion conformational change and stabilizes the tetrahedral inter-
radius was set to 2.0 A. The ionic strength was chosen basednediates formed in the reactiof7). In RmL, PcL, and in

%n the observation that thepvalues are fairly insensitive
to ionic concentrations over 100 mN\84). A probe with a
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MOTIF 1 MOTIF 2 MOTIF 3  MOTIF 4
(79-88) (108-115) (140-147) (177-185)
* |
1 F@GTNSFRSA HAGFLSSY PRVGNPTEA
2 'SRSIENW HDGFTSSW VGNRAFA
3 FR SYSVRNW EL%?WSSW %%%GNAALA
4 F§QSSSIRNW HKGFLDSY PRVGDPAFA
5 GTNSFRSA HAGFLSSY g%gGNPTFA
6 FRGTNSFRSA HAGFLSSY GNPTFA
7  FRUSYSIRNW ELGFWTAW BRVANKPLA
8 SINVRNW HTGFLDAW VGNDFFA
9  FRGTGSDTNL HGEYYIGW ?%%GNQAFA
10 FRGTNNNVQL NDGFINTIW PRVGDKAYA
11 TGSDTNL HGGYYIGW PBS-NQAFA
12 wﬁ TVTKLEW ESGFLDLY BRVGNVRER
MOTIF 5 MOTIF 6  MOTIF 7
(202 210) (217-224) (254-261)
e =
1 TV PP HPGVESWI ILDHLSYE
2 % HSSPEYWI IPAHLWYF
3 NDPV?RL?L SPEYWI FEAHIWYF
4  RDIVPHLED GEEYWI VLDHLSYF
5 RDIVEHVEP HPGVESWI ILDHLSYF
6  RDIVPHVEP HPGVESWI ILDHLSYF
7  DPPVEKLBL HISPEYYI FHSHVWYF
8 DDPVPRLBP HTSPEYWL ILAHITYF
9 NDGIENLEP HGGVEYWS NDAHTTYR
10 HPPVEHL HHKAEVFY IKDHLHYF
11 NDGIBNLEP HGVVEYWS NNAHTTYP
12 HDVVEKSPG HVGEELAL IHHHLSQL

Ficure 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: Rhjzopus
delemarlipase; (2)Humicola lanuginosdipase; (3)Penicillium
camembertiilipase; (4)Rhizomucor miehéipase; (5)Rhizopus
niveuslipase; (6)Rhizopus oryzaéipase; (7)Aspergillus oryzae
diacylglycerol lipase; (8)Fusarium heterosporumipase; (9)
Aspergillus nigefferulic acid esterase; (1@aenorhabditis elegans
lipase homologue; (11Aspergillus tubingensiterulic acid esterase;
(12) Arabidopsis thaliandipase isolog. Alignment was generated
with Meta-MEME. The gap was introduced in motif 4 on the basis
of the HMMer alignment.

HIL, the oxyanion hole is formed by a Ser residue, and in
RdL and RnL by Thr%7, 72). It can be seen from Figure 3
that position 82 is occupied invariantly either by a Ser or by

Herrgard et al.

from O’ of Y260 and from the main chain nitrogen of V205
in both the closed and open RmL, in HIL, and in RnL.

The fully conserved P177 in motif four (residues 77
185) forms partially the bottom of the hydrophobic crevice
where the scissile fatty acyl chain is likely to bind in the
lipase-substrate complex., 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 202210) includes the fully
conserved catalytic D203. Residues V205, L208, and P209
of motif five belong to the fatty acyl binding hydrophobic
crevice, and residue 1204 is part of the hydrophobic dent
which binds thesn2 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 ofi(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 254261) 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.

Quantitatve Assessment of the Electrostatic Interactions
in the RmL FamilyWe evaluate the electrostatic effect of
the mutations on lipase function by comparing,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, X, shifts are caused by changes in Born

a Thr residue. Motif one contains also the positively charged energies, Coulombic interactions with dipolar groups, or ionic

residue in the lidx-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 long(3) helix behind the

interactions. Born energy is dependent on the solvent-
accessible surface; buried charged residues have high Born
energies which destabilize the protein. The ionization equi-

lid and partially surrounds the polar cavity, where the polar librium of buried charged residues is often shifted toward

side of the lid is buried in the open conformation. The fully

the neutral state, unless they are stabilized by oppositely

conserved residue in this motif, G110, is located in a position charged residues. Mutations which break existing hydrogen
which has steric constraints caused by the open form of thebonds cause largekp shifts. We analyze the source of the

lid.
The third motif (residues 140147) contains the catalytic

S144 (Figure 1). In the closed RmL, the catalytic triad (S144,

D203, H257) is completely buried from solvent under the

observed K, shifts by comparing solvent-accessible surface
areas of each residue, changes in hydrogen bonding patterns,
and site-site electrostatic interaction energies. Sisite
electrostatic interaction energieAG; (kcal/mol) reveal

lid. In the open RmL, the active site is solvent-exposed, and whether the interaction between two titrating sites is attractive
the solvent accessibility increases to 18% for the catalytic (negative energies) or repulsive (positive energies). Strong
S144. S144 is located in the consensus pentapeptide (G-Xdinteractions can be of the order of magnitude of several

S-X-G) characteristic to lipase33). In RmL, the pentapep-
tide forms af-eSera motif in which the catalytic Ser is
located in a tight turn betweenfastrand and ax-helix. In
the closed RmL, in HIL, and in RnL, the hydroxyl group of
the catalytic S144 forms a hydrogen bond witf? Nf the
catalytic H257, and N of H257 is a proton donor to the
catalytic D203. The D203H257 couple enhances the

kilocalories per mole. Sitesite interaction energies also give
an idea how much the interaction affects th€, palue of
the particular titrating site, because th&,shift of a residue
from its model value is a sum of all of its sitsite interaction
energies.

Catalytic ResiduesTo identify the key interactions of the
catalytic residues, we have modeled the following mutations

nucleophilicity of the catalytic S144, as has been found in in RmL, RnL, and HIL: Ser and Asp were mutated into Ala,

all serine protease$7). D203 accepts a hydrogen bond also

and His into Phe. Figure 4 shows the calculat&g ghifts
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40 increased penalty in the Born desolvation energy. This
A Ciosed RmL S144A explains why the mutation D203A shifts the ionization
3.0- ©° Open RmL S144A equilibrium of H257 toward the neutral state, i.e., lowEgp
— :ILLS;14EE; value. O of Y260 is a hydrogen bond donor to D203, which
201 M0 H143 shifts the ionization equilibrium of Y260 toward the neutral
£ state, i.e., higherk, value. When D203 is mutated to Ala,
§ 1.0 1 the K, value of Y260 decreases from 16.3 to 12.0 in the
5 Jﬁ@ 5 closed RmL and from 15.4 to 11.3 in the open one.
0.0 -~ - }r Mutation H257F in motif 7 leads to upwardpshifts in
D203 (motif 5) and H143 (motif 3) in all three lipases (Figure
=101 H_zd 4C). The upward K, 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., highi§g p
value. The mutation increases th€ psalue of H143 from
4.1t0 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 beidgA in
RmL, and the two form a repulsive interaction with each
other (2.2 kcal/mol in open RmL). The mutation removes

-2.0 T T \ T T T

pKa shift

304 *— Closed RmL D203A

o~ Open RmL D203A H257 this interaction and causes an increase in tKgalue of
404 < HLD201A H143.
--- RnL D204A Y2608 . . . . .
Charged Hinge and Lid Residuéghe lid of RmL consists
-5.0 , ; , \ , of ana-helix (residues 8591) and two hinge regions [first
5.0 hinge 83-84 and second hinge 9B5, according to Dere-
C— Closed RmL H257F wenda et al.§)]. In the RmL family, the lid has two charged
404 ©° OpenRmL H257FH residues, R86 and D91. HIL has two charged residues in the
H :LLLH£25587FF ;ﬂ lid, R84 and E87, which are located in structurally different

3.01 D203 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 HIL, we model

2.0

pKa shift

]
1
V
'
'
1}
'
1l
1
\
'
'
\
'
\

f

1.0

00T A mutations R81L, R84L, and E87A.
10 . . ‘ 1 ‘ : Figure 5A shows that mutation R80L in motif 1 causes
0 40 80 120 160 200 240 280 three (K, shifts in the closed and open conformations of RmL
Residue number and in HIL: D61, Y28, and H143 (motif 3). D61 lines the

FIGURE 4: pK, shifts caused by mutations (A) S144A, (B) D203A, polar cavity behind the lid (Figure 1). In the closed RmL
and (C) H257F. A K, shift depicts the difference between th€.p  and HIL, D61 is hydrogen bonded to R80, and the residues
values of the corresponding residues in the mutant and wild-type phave a strong attractive electrostatic interaction energy
protein. (—1.18 kcal/mol for the closed RmL). When R80 is mutated,
the stabilizing interaction between D61 and R80 is lost,
of the ftitrating sites in the three lipases due to these leading to an increase in th&pvalue of D61 from 2.8 to
mutations. We observe that each of these mutations cause$.9. Y28 has an attractive electrostatic interaction with R80,
pK, shifts in only a few residues. and loss of this interaction shifts the ionization equilibrium
Mutation S144A in motif 3 caused{ shifts for residues  of Y28 toward its neutral state, i.e., highekpvalue. The
Y28, H143 (motif 3), and H257 (motif 7) in all three lipases mutation also increases th&pvalue of H143 from 4.1 to
(Figure 4A). The location of Y28, H143, and H257 is 5.3 in the closed RmL. H143 is locatedl0 A away from
represented in Figure 1. These residues are important forR80, and is separated from R80 by Y28. The -siie
the function or stability of the lipase. Figure 4B shows that electrostatic interaction energies show that H143 has a fairly
mutating the catalytic D203 in motif 5 to Ala causes large weak repulsive interaction with R80 (0.56 kcal/mol for the
downward X, shifts for H257 and Y260 in motif 7 in all  closed RmL) and a strong attractive interaction with Y28
three lipases. Thely shift of the catalytic H257 from 3.9  (—4.88 kcal/mol for the closed RmL) due to a hydrogen
to 0.2 in the closed RmL and from 6.3 to 3.9 in the open bond. It is likely that the K, shift of H143 is caused by the
RmL is caused by loss of the stabilizing hydrogen bond loss of the weak interaction with R80, and partially by the
between catalytic D203 and H257 in the mutant structure. pK, shift of Y28 which affects the attractive interaction
H257 is fully buried in the closed RmL, and has a side chain between Y28 and H143. This is an example of a significant
accessibility of 13% in the open RmL. Buried charged long-range electrostatic effect caused by a combination of a
residues with no stabilizing electrostatic interactions tend to direct long-range effect and a network of electrostatic
have their K, values shifted toward the neutral state due to interactions. A K, shift is observed for R30 in the closed
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A «—e Closed RmL R80L
e—o Open RmL R80L
R30 x—x HIL R81L
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=
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B +—e Closed RmL R86L
o—s Open RmL R86L
»—x HIL R84L
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=
o
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X
Q
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C o Closed RmL D91N
o—o Open RmL D91N
x—x HIL E87A
104 --- RnL D92N
£
g
w
3]
X
o
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120 160 200 240
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and (C) D91N. Note in (A) that Y21 in HIL corresponds to Y28 in
RmL.

80 280

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 tlg palue of
R30 from 12.1 to 13.7 in the closed RmL. In HIL, &p
shift is also observed for the positively charged residue in
the lid, R84. Mutation removes the repulsive electrostatic
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FIGURE 6: pKj, shifts caused by mutations (A) Y28F and (B) H143F.

loss of activity, residual activity being 66/46% depending
on substratel(6). This could be caused by th&pshift in
H257 in the closed conformation or by loss of the stabilizing
interactions between R86 and D61 and E117 in the open
conformation. In HIL, mutation R84L affect¥p values of
Y21 and H145 (Figure 5B), suggesting that R84 may play a
different role in HIL than R86 in RmL.

Mutation D91N causes three significarKshifts 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 und@ A in the open conformation.

Y28F and H143FResidues Y28 and H143 are located
close to the catalytic residues (Figure 1). H143 is located
next to the catalytic S144 in the tighteSer« turn in motif
3, and Y28 is conserved in 11 out of 12 lipase homologues.

to an increase in thelf 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 significanKp shift in the closed RmL:
the [Ka value of the catalytic H257 (motif 7) increases from
3.9t0 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 K, shifts are observed for D61 and
E117. D61 and E117 both line the polar cavity behind the

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 tkg\yalue

lid, and, thus, the interactions between R86 and D61 andof H143 in the closed RmL; theiq value of H143 decreases

E117 stabilize the open conformation. Chemical modification
of arginines in RmL has been observed to lead to a partial

from 4.1 to 1.5. H143 is fully buried, and loss of this
stabilizing interaction drives its ionization equilibrium toward
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the neutral state. Mutation H143F cause$a ghift in Y28 30
in RnL and in both conformations of RmL (Figure 6B). The A +—s Closed RmL
pK, shifts observed for Y28 and H143 could lead to a o—e Open RmL

2.0 1

destabilization of the active site geometry and a loss of
activity. However, the mutation Y28F also caused<a ghift

in H257 in the closed RmL and RnL, and the mutation
H143F causesky, shifts in catalytic D203 and H257 in RmL
and in RnL.

Network of Electrostatic Interactions in the RmL Family
Our K, calculations of the WT and mutated lipases
belonging to the RmL family indicate an existence of a
structurally and functionally important network of electro- 20
static interactions. The location of residues belonging to the 20
network, S144, D203, H257, Y260, H143, Y28, R80, and B «—e Closed RmL
D91, is represented in Figure 1. These residues interact with o—= Open RmL
each other, which is observed in the modeled mutant
structures in the form of K, shifts (Figures 46) and
changes in sitesite electrostatic interaction energies. For
instance, we observe that mutation S144A causes changes
in site—site electrostatic interaction energies for Y2830,
Y28—H143, Y28-H257, R80-H143, H143-H257, and
D203—H257 in the open RmL, in HIL, and in RnL. In 20
conclusion, mutating residues belonging to the electrostatic
network cause I§, shifts and changes in sitesite electro-

kcal/mol

0.0 te-e-o2

keal/mol

-1.01

-3.0 - , .

static interaction energies mainly in the network itself. N
The functional importance of mutating some residues BTe; oo Closed RmL
belonging to this network has been tested experimen2ily ( o—o Open RmL
23). Mutations S146A (catalytic Ser) for HIL2g), and Y28F, 1.01 ooy cosprrrets
H143F, and D91N for RoL20) have been observed to affect
lipase activity significantly. In addition, the fact that the 0.0 1

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 201
members with six homologues (Figure 3) shows that residues
belonging to the network are either fully or very well a0
conserved and that most of them are located in sequence 0.0 5.0 10.0 15.0
motifs discovered by MEME. Y28 is conserved in 11 out of pH
12 sequences (data not shown), R80 is fully conserved, D91g,gyre 7: Difference in electrostatic free energies (kcal/mol)
is conserved in 9 sequences (data not shown), H143, S144petween mutants (A) R86L, (B) D91N, and (C) H257F and the
D203, and H257 are fully conserved, and Y260 is conserved wild type for the closed and open conformations of RmL.
in 11 sequences. The network residues R80, H143, S144,
D203, H257, and Y260 are located in sequence motifs.  interactions of R86 which could stabilize the open RmL. It
Electrostatic Free Energies of the Two Conformations is evident from Figure 8 that interactions between R86 and
Figure 7 shows that the mutations R86L, D91N, and H257F D61, D113, and E117 are more attractive in the open
affect the pH-dependent electrostatic free energias(kcal/ conformation than in the closed one. Residues D61, D113,
mol) of the closed and open RmL differently. For the other and E117 surround the polar cavity behind the lid and
mutations modeled, no significant differences were observedstabilize the open conformation. Further, interactions between
in electrostatic free energies between the closed and operkR86 and H143 and H257 are less repulsive in the open
RmL. The optimum pH range for the hydrolytic activity of conformation than in the closed one. These Coulombic
RmL has been observed to be between 7 and 8, dependingnteractions contribute to the observed difference in the
on the substrate7g, 76). Figure 7A shows that for the electrostatic free energy.
mutation R86L the difference in electrostatic free energy  For the mutation D91N, the difference in the electrostatic
between R86L and WT is negative in the closed conforma- free energy between mutant and WT is negative in both
tion at pH 7 but positive in the open one, indicating that conformations (Figure 7B), suggesting that D91 destabilizes
R86 destabilizes the closed conformation but stabilizes theboth conformations. However, the degree of destabilization
open one. The solvent-accessible surface area of the sideaused by D91 is significantly higher in the open conforma-
chain of R86 is 65% in the closed conformation and 64% in tion. In the closed conformation, D91 is over 90% solvent
the open one, suggesting that it is not the change in accessible, whereas in the open conformation the solvent
accessibility which causes the difference in th@ee. We accessibility of its side chain is only 21%. Thus, in the open
compare the sitesite electrostatic interaction energies of the conformation, the energy penalty of desolvating this residue
closed and open conformations to find possible Coulombic (Born energy) is significantly higher than in the closed

kecal/mol

=107
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FIGURE 8: Site—site electrostatic interaction energy map. The map

shows the difference in the interaction energy between open and

closed RmL for every pair of titrating sites. The blue color indicates
a negative difference and red positive. Energies are in kcal/mol.

conformation, and mutating D91 to Asn reduces the high
Born energy. The sitesite electrostatic interaction energy

Herrgard et al.

observed 0.020.05 pH unit accuracy for experimentally
determined K, values {7, 79. This suggests that thekp
shifts reported in this study can be verified by experiments.
In most cases, the residue undergoing a signific&ntshift

is located in proximity to the mutated residue. However, we
also observe Ig, shifts in residues as far as 10 A away from
the mutated residue. Sitssite 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 causgghifts

in residues located far away from the mutated residue.

The K, 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

map (Figure 8) shows that interactions between D91 and of RmL.

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;-8.0 (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 residue

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.

S.

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.

Thus, mutating H257 into Phe has a greater effect on the A\ckNOWLEDGMENT

Born energy of H257 in the closed conformation.
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