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ABSTRACT: In this study we have identified the presence of a high-affinity binding site for calcium in the
lipase fromStaphylococcus hyicuBy means of isothermal titration calorimetry we showed that the enzyme
binds one calcium per molecule of enzyme with a dissociation constant @M53 he residual activity

of the apoenzyme compared to the activity in the presence of calcium ions varies from 65%Catdl0O

nearly zero at 40C. On the basis of primary sequence alignment with other staphylococcal lipases and
the lipases fronBacillus thermocatenulatuand fromPseudomonas glumae combination with site-

directed mutagenesis, aspartates 354 and 357 could be identified as calcium ligands. Kinetic measurements
with the D357E variant showed that replacement of Asp357 by a glutamate decreased the affinity for
calcium ions 30-fold. Introduction of a lysine, an asparagine, or an alanine at position 357 and of a lysine
or an asparagine at position 354 resulted in calcium-independent variants. Isothermal titration calorimetry
confirmed the loss of calcium binding. Although the D357K, D357N, and D357A variants did not bind
calcium, at room temperature they were nearly as active as wild-type lipase in the presence of calcium,
but at elevated temperatures these calcium-independent lipases showed a reduced activity. Over the whole
temperature range the activities of the D354K and D354N variants are significantly lower than wild-type
enzyme in the presence of calcium and are comparable to the activity of the wild-type apoenzyme. Our
results show that binding of calcium is important for the structural stabilization of staphylococcal lipases
(and possibly other lipases) and that it is possible to engineer calcium-independent variants on the basis
of limited structural homology with another lipase.

Lipases (glycerol ester hydrolases, EC 3.1.1.3) are versatileplications, which certainly has contributed to the increased
enzymes that have been isolated from a variety of eukaryoticinterest in these enzymes over the past decade.

and prokaryotic organisms. Lipases hydrolyze the ester bonds  afier the first X-ray structures of human pancreatic lipase
in long-chain triacylglycerols, and in addition to these natural 5nqRhizomucor miehdipase became availablé, ), more
substrates they hydrolyze a wide range of other substratesy, o0 jipase structures have been determined. As a result

including synthetic lipids. Moreover, it has been reported ., \nderstanding of the functioning of these enzymes has
that lipases often show enantio-, regio-, and chain length poq 5 nstantially improved. Although the overall homology
selectivities (reflL and references therein). In addition, these of lipases is low and molecular masses vary from 20 to 60

enzymes are very _sFabI.e In organic solvents, where theykDa, all lipases share a comparable three-dimensional fold,
catalyze (trans)esterification reactio@s3). Because of these which is known as theu8 hydrolase fold §). Apart from
properties, lipases are suitable enzymes for industrial aPPhis highly conserved fold of the central core, diversity among
lipases mainly results from extrastructural extensions dis-
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Phonet31-30-2533186; Fak31-30-2522478; E-mailmaarten.egmond@ P€cOomes exposed to substrate upon interaction with micelles
unilever.com. or substrate molecules. These studies provided a structural

10.1021/bi9818691 CCC: $18.00 © 1999 American Chemical Society
Published on Web 12/12/1998



Structural Stabilization of Lipase by Calcium Biochemistry, Vol. 38, No. 1, 1998

basis for the well-known phenomenon of “interfacial activa- the introduction of mutations. Competent bacterial cells were
tion” as it was discovered nearly 40 years a@a)( transformed with plasmid DNA by using the Ca@iethod

The catalytic reaction involves a nucleophilic attack of (22). Plasmid DNA was isolated by using plasmid mini- or
the active-site serine on the cleavable ester bond in themidiprep isolation kits (Qiagen). Synthetic oligonucleotides
substrate molecule. This reaction results in the release of anwere obtained from Pharmacia. Restriction endonucleases
alcohol moiety and the formation of an acyl-enzyme were from New England Biolabs. DNA fragments were
intermediate. This intermediate is susceptible to a secondisolated from an agarose gel by using the Qiaex DNA gel
nucleophilic attack by a water molecule, which releases the extraction kit (Qiagen). DNA sequencing was performed on
fatty acid and regenerates active enzyme. For several lipaseslouble-stranded template DNA by the dideoxy chain-
an enhancement of this reaction in the presence of calciumtermination method 23) with the T7 DNA polymerase
ions has been reported, but the mechanism of this activationsequencing kit (Pharmacia).
was not well understoodl?—14). A possible clue came Site-Directed Mutagenesidhe lipase-encodingba —
when Noble and co-workers solved the crystal structure of pgy fragment of pHSHT; was subcloned into pUC18 by
the lipase fromPseudomonas glumd®GL), revealing the ging the corresponding sites of the polylinker. Mutations
presence of a calcium ion bound to the protdi§)(Because  \yere introduced by a PCR-based method, essentially as
of the distance between this calcium binding site and the yegcrined before2d). For screening purposes, in each set
active site, a direct involvement of calcium in catalysis ¢ 1 tagenic primers an endonuclease restriction site was
seemed unlikely, and therefore the authors proposed &,y oquced simultaneously with the mutation or at another

structural role for this metal ion in PGL. . site by silent mutagenesis. The following set of primers was
We recently reported the purification and characterization |;5qq (only the 5— 3' strands of each mutagenic primer

of the lipases fronStaphylococcus aureySAL1L), Staphy-  cqple are given, with the mutation site in boldface type and
lococcus epidermidiSEL), and Staphylococcus hyicus  yhe giagnostic restriction site in italic type) 1 (D210A5é),

(SHL) (16, 17). These lipases have a low, but significant, CATTTAGGAACGATTAATTTTGGCATGGAC; 2 (E224Q,
residual activity of about 5% in the absence of calcium and Hindlll), CGTAAAGATGGTCAAAGCTTAACCGATTA-
only become fully active upon addition of saturating calcium +aaTAAG: 3 (D243N:; Stu), GGATTCTGAAAAC ACAG-
concentrations. Moreover, we showed that calcium protects GCC'I‘I'TA']'GATTTAAC' 4 (D248N, Mlul), CAGGGCTT-
these proteins against urea-induced unfolditg).(These 1 ATAACTTAACCCGTGAAGGAG: 5 (,E252Q Narl)
observations suggest that calcium ions activate these lipaseg A TTTAACGCGTCAG GGCGCOG AAAAD ATT AATC' 6,
by a structural stabilization, but thus far no conclusive D288N; Aurll) GCAAACATATCGCTAACCTAGéT-
evidence for this hypothesis has been obtained. In the presen TGGA:ATTC' 7 (D357E, EciRI), GGTTGGGATCAT-
study we used isothermal titration calorimetry (ITC) in AT AATTCATTGGAAATGATGC: 8 (D357K, Apd)
combination with site-directed mutagenesis to further char- GGTTGGGATCAT AGTAAATTTATT,GG AAATG A,TG C: 9
acterize the importance of calcium for SHL activity. The (D357N, BsBI) GGTTGGGATCATTCGAACTTTATTE;-
identification of two aspartates that are involved in calcium GAAATESATG(':' 10 (D357A, EcoA7IIl), GGTTGGGAT-
binding allowed us to construct SHL variants that do not CATAGCGC'I‘H:TATTGGAA’ATG' 11’ (D354N, Dddl)
bind calcium and that show calcium-independent activity. CATGAAAGGTTG-GAACCACTC1AGO\CTTTAT'I:GG; 1’2
MATERIALS AND METHODS (D354K,Ddd), CATGAAAGGTTGGAAACACTCAGAC-
TTTATTGG.

Chemicals Triton X-100 (TX100) was obtained from PCRs were performed in 0.5 mL Eppendorf tubes with a

Serva and tributyrylglycerol was from AIQricp:NitrophenyI Techne programmable Ori-block PHC-1. Template DNA (25
butyrate (PNPB) was purchased from Sigma. Small-scale gel—ng) was mixed with 125 ng of both mutagenic primers in

filtration PD-10 columns (Sephadex G-25) were purchased 50 uL of polymerase reaction buffer containing &8 of

from Pha_lrmacia_. . _ each deoxynucleoside triphosphate. After addition of 2.5
Bacterial Strains, Plasmids, and DNA TechniquBs-  its of clonedPfu DNA polymerase (Stratagene), the
cherichia colistrains were grown in LuriaBertani medium,  ye4ction mixture was overlayered with 30 of mineral oil.
supplemented with 10Qug/mL ampicillin for plasmid g thermal profile included a first denaturating step at 95
maintenance. The expression plasmid$HT; contains the °C for 2 min followed by 18 cycles of denaturating at a5

structural gene for mature SHILY), fused to an N-terminal ¢, 3 5 primer annealing at 3§ for 1 min, and extension
hexabhistidine tag, under control of the promotor for T7 RNA at 68°C for 8 min. After this cycling the reaction mixture

polymerase 16). Lipases were expressed in strain Bl21- was cooled at 4C for 2 min. Subse .
; ) . quently, 20 units bpnl
(DE3), which carries the structural gene for T7 RNA was added, followed by incubation at 3C for 1 h. The

polymerase under control of an IPTG-inducible promoter ; :
. . pnl-restricted PCR mixture was transformed to competent
(20). Plasmid pUC18 and strain Di5(21) were used for E. coliDH5a. cells. After plasmid isolation, clones containing

mutated DNA were identified by restriction analysis. Sub-
! Abbreviations: BTL, Bacillus thermocatenulatuipase; PGL, sequently, the DNA sequences of fragmeMsd—Miul

Pseudomonas glumdipase; SAL1 Staphylococcus aurelipase from _
strain NCTC8530; SAL2Staphylococcus auredgpase from strain (D210N, E224Q, and D243N)Msd—Mfel (D248N and

PS54; SEL Staphylococcus epidermidipase; SHL,Staphylococcus ~ E252Q),Mfel —EcoR (D288N), andEcaRI—Pst (D354N,
hyicuslipase; ITC, isothermal titration calorimetry; IPTG, isopropyl D354K, D357E, D357K, D357N, and D357A) were verified

thio-#-p-galactopyranoside; TX100, Triton X-100; PNRBpitrophenyl ; ; ;
butyrate; EDTAN,N,N',N'-ethylenediaminetetraacetic acid; PCR, poly- by sequencing. D'.\IA fragments that. contained the mutations
merase chain reaction; SB®AGE, sodium dodecyl sulfateoly- were subcloned into the expression vectorsPHT; by

acrylamide gel electrophoresis; WT, wild type. exchange of the corresponding fragments.
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Small-Scale Expression of SHL Variani® determine 800 T T T T
the activity of variants in crude cell lysates Bf coli BI21- 700 o— © i
(DES3), an overnight culture of cells containing the desired 600 &/ \ ]
expression plasmid was diluted 20-fold in 10 mL of LB gn o
medium. Incubation took place at 3T under vigorous 5 500 F \ T
stirring and after 1.5 h of growth, lipase production was . 400 & 0 i
induced by the addition of IPTG at a concentration of 0.4 5 . | ™. i
mM. After anothe 4 h of growth the cells were collected g ( \
by centrifugation (20 min, 50@) 4 °C). The cell pellet was 200 ( . 7
dissolved in 50QuL of 8 M urea and lipase activity was 100 \ 1
determined by diluting 1@L of this solution into the pH- 0 ( | | ® . .
stat activity assay. 10 20 30 40 50 60
Purification of SHL Variants His-tagged SHL variants Temperature (°C)
were produced m a 1 L scale inE. coli BI21(DE3), Ficure 1: Temperature profiles for the activity of WT-SHL in the

containing the corresponding pBHT; derivative, as de-  presence and absence of calcium. Mixed micelles of tributyryl-
scribed above for small-scale cultures. The purification of ggg?&gcﬁ[?gn?xgrznge-{f)é}nggéliﬁ%r&'}’f'f)e‘;"ceg?nl;%es‘i as faSS#]tﬁt_ﬁitgn
the lipases was done at®C as described for His-tagged i) 118y and 50 mM NaCl. In addition, either 10 mM CaCl
WT-SHL (16). The purity of the variants was checked by (o) or 5 mM EDTA (@) was present.

SDS-PAGE analysis on 15% acrylamide gels, which in all

cases showed_one _si_ngle band of protein. Gels were stainedby using the computer program ORIGIN (Microcal, North-
with Coomassie Brilliant BlueZ?2). Lipase concentrations  hampton, MA).

were determined by absorbency using an(a3 value of Sequence Alignment of Lipasdgrst the sequences of

14'5' Typical_yields were 1015 mg of pure lipase. SHL, SAL1, SAL2, SEL, and BTL were aligned using the
Lipase Actiity Assays Enzymatic activities were deter- alignment option in the MacVector package (Oxford Mo-
mined in a pH-stat assay by titrating released fatty acids with lecular Group). Attempts to align PGL with the same

5 mM sodium hydroxide under nitrogen using a Radiometer procedure failed because homology is low and moreover

titration set consisting of a PHM-84 pH meter, a TTT-80 pg, is 67-80 amino acids smaller than the staphylococcal

titrator, an ABU-80 autoburet., a TT'_F-60 titration assembly, lipases. Therefore, the PGL sequence was aligned by hand
and a Rec-80 servograph. Mixed micelles of tributyrylglyc- y fixing the positions of the active-site residues Ser, Asp,

erol (60 mM) with TX100 (120 mM) were used as a substrate onq s and of Leul7, which contributes to the oxyanion
in a buifer <_:omposed of 5 mM Tris-HCI (pH 8), 50 mM hole in PGL. Gaps were initially introduced randomly, but
NaCl, and either 10 mM Cag:br 5 mM EDTA. The adqed leaving intactS-strands andx-helices as observed in the
amount of enzyme varied between 0.5 andi@0depending -ray structure of PGL were left intacL§). In a next step

on the variant used and the reaction conditions. Unless State‘fecondary structure predictions of the SHL, SAL1, SAL2
otherwise the reaction temperature was’@0 The calcium  ge ™ and BTL sequences were done with the p’rogram’s
dependence of purified enzymes was determined kineticaIIyF,red’ator (EMBL Facility, Heidelberg, Germany), and a

(16). . _ , combination of ChotFasman and RobsetGarnier. When

In a spectrophotometric assay, activities with PNPB were o methods yielded similar predictions, and when at least
determined at 18C by following the increase in absorbance 06 of these five sequences yielded the same prediction, a
at 400 nm due to the release of thenitrophenol anion.  qjtive score was assigned. Finally, the alignment was

Activities were calculated from the slopes of the reaction optimized by hand by positioning of common structural
progress curves using a molar extinction coefficient of 18 577 ,jaments of the staphylococcal lipases, BTL, and PGL and
M~*cm~%. The reaction mixture contained 1 mM PNPB, 10 by readjusting gaps.

mM Triton X-100, 50 mM Tris-HCI (pH 8), 50 mM NacCl,
and either 10 mM CaGlor 5 mM EDTA. RESULTS

Isothermal Titration CalorimetrylTC measurements were
performed with a Microcal MCS titration calorimeter. Protein Previously the residual activity of SHL in the absence of
solutions were prepared by dissolving approximately 10 mg calcium was reported to be only 5% by a pH-stat as8y (
(0.22 umol) of lyophilized SHL in 2.5 mL of buffer A 26). To our surprise, SHL showed approximately 50%
composed of 50 mM Tris-HCI (pH 8) and 100 mM KCI. residual activity by a chromogenic assay. Since the pH-stat
This solution was applied to a PD-10 column equilibrated assay was performed at 4C and the spectrophotometric
in the same buffer. The eluted protein was subjected to theassay at 18C, we decided to investigate the relation between
same procedure once again, and subsequently the SHLcalcium dependence and reaction temperature more closely.
concentration was determined by absorbency. A volume of To this end, the activity of SHL was determined at temper-
1.3 mL of this solution was introduced into the cell of the atures between 10 and 6, either in the presence of
calorimeter. The titration was performed by injecting!5 saturating calcium concentrations (10 mM) or in the absence
portions of buffer A, containing in addition 2 mM CagCat of calcium ions (5 mM EDTA). The resulting temperature
a temperature of 40C. The response time for the first 10 profiles are shown in Figure 1 and it is clear that the calcium
additions was set to 800 s and for the residual 35 additionsdependence of SHL is strongly influenced by the reaction
it was 400 s. After subtraction of the baseline measured in temperature. Although only a 2.5-fold activation by calcium
the absence of protein, the binding constants and the numbewas observed at room temperature, the requirement for
of bound C&" ions were calculated as described bef@® ( calcium becomes virtually absolute at elevated temperatures.
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time (min) lipase homologous to the staphylococcal lipa28%. Figure
0 60 120 180 240 300 360 3 shows the alignment of SHL with the sequences of SAL1,
2 -1 1t T T SAL2, SEL, BTL, and PGL. It can readily be seen that the
4 staphylococcal lipases and BTL are closely related, sharing
about 35% identical amino acids, whereas an additional 35%
@1 represents structurally and functionally related amino acids.
Previous characterization has shown that the activity of SHL,
SAL1, and SEL is enhanced by calcium ioi$,(17). BTL
is of interest because we were able to show that at@0
A the activity of this thermostable enzyme is enhanced 3-fold
by the presence of calcium ions (data not shown). In this
4 respect BTL behaves at 6TC like SHL at 25°C (see
previous section). Since the binding of calcium by proteins
mostly involves backbone carbonyl oxygens and aspartate
B or glutamate side chaing§), all 28 acidic residues (exclud-
ing the active-site Asp) that are conserved in SHL, SAL1,
and SEL are putative candidates for calcium binding. When
the alignment of SAL2, which is less well characterized, was
included as well, this number reduced to 20. It is of interest
-15 4 - to note that 13 of these residues are conserved in BTL.
o 2 4 & 3 To further limit the number of putative calcium ligands,
molar ratio (calcium/protein) the alignment of PGL was included as well. In PGL the
e . calcium ion is fixed between the negative charges of Asp241
FiGure 2: Isothermal titration curves of WT-SHL apoenzyme with and Asp287, and in addition two backbone carbonyl oxygens

calcium at 40°C. Panel A shows the observed heat signals obtained . L . - -
for 45 automatic injections, each of&., of a 2 mM CaC}, solution contribute to bindingX5). As is obvious from Figure 3, PGL

into the sample cell containing either buffer only (1) or a solution iS less related to the staphylococcal lipases than they are
of 52.5uM SHL in buffer (2). The buffer was composed of 50 among each other, and homology is most easily recognized
mM Tris-HCI (pH 8) and 100 mM KCI. Panel B shows integrated jn, the regions near the active-site residues Ser, Asp, and His.

injection heats corrected for heats of calcium dilution. The molar . — - .
ratio represents the concentration of added calcium over protein One of the calcium binding residues of PGL (Asp287) is

present in the cell. T and the stoichiometry were determined located in a conserved region surrounding the active-site
from the experimental data according to a simple noncooperative histidine. Interestingly, at this position an acidic residue is
model @5). conserved among all aligned lipases. The second calcium
ligand of PGL (Asp241) is located in a surface loop between
This observation suggests that calcium ions stabilize the thea-helices 8 and 9 preceding the active-site Asp, and again
active conformation of SHL, in particular at higher temper- an acidic residue is found for all lipases.
atures where the enzyme is more susceptible to denaturation. First, Asp357 of SHL, which was most easily identified
To characterize this calcium binding, we initially used as the equivalent of Asp287 in PGL involved in calcium
fluorescence spectroscopy. It appeared, however, that SHLbinding, was replaced by a glutamate. It was expected that
fluorescence is not sensitive to calcium binding, and therefore this subtle change reduces the affinity for calcium without
we decided to use isothermal titration calorimetry (ITC) disturbing possibly important interactions for the active-site
instead. The results of a typical ITC titration experiment of geometry. The cell lysate of a small-scale culture was
SHL apoenzyme with calcium at 4C are shown in Figure  checked for the expression of the variant enzyme by -SDS
2. In panel A the experimental data are given, and in panel PAGE analysis. The variant was produced at a level
B the data are processed as described by Wiseman and cocomparable to WT-SHL, i.e4 h after induction with IPTG,
workers @5). The data points in the latter curve correspond an estimated amount of 186@00 ug of both enzymes per
to the negative heat of calcium binding associated with each10 mL of culture was present. The enzymatic activities in
addition of calcium. TheKy and the stoichiometry were the crude cell lysates of three independently grown cultures
determined from these data according to a simple noncoop-were determined with tributyrylglycerol as the substrate. At
erative modelZ5). Fitting of two independent titration curves 40 °C in the presence of 10 mM CaCllysates of cells
yielded an average stoichiometry of 1.89.2 calciumions  carrying the variant D357E-SHL had an activity of about
per SHL molecule and a calcium dissociation constant of 70% compared to WT-SHL. To determine the precise
554 5uM. Thus, apparently SHL has a single, high-affinity - specific activity and the affinity for calcium ions of D357E-
calcium binding site. SHL, we purified this variant lipase to homogeneity. At 40
No X-ray structure of a staphylococcal lipase is available, °C and in the absence of calcium, D357E-SHL had a low
but interestingly, in the X-ray structure of another bacterial activity of 43 units/mg. At saturating calcium levels the
lipase fromPseudomonas glum&BGL), a calcium binding  activity increased to a value of 470 units/mg, comparable to
site has been identified ). Therefore, we used a primary the 570 units/mg for WT-SHL. When the calcium concentra-
sequence alignment of the staphylococcal lipases and PGLtion was varied, saturation curves were obtained that are
to search for putative calcium binding residues in SHL (for depicted in Figure 4. From these curves calcium dissociation
details of the alignment procedure, see the Materials andconstants of 45@M for D357E-SHL and of 16:M for WT-
Methods section). We also included the sequendzaaillus SHL were calculated. This 30-fold decrease in calcium
thermocatenulatugipase (BTL), which is a thermophilic  affinity as a result of this single amino acid substitution
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207
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Ficure 3: Primary sequence alignment of the six bacterial lipases. Shown are the sequences of the lipaSe#yions(a), S. aureus
NCTC8530 (b)S. aureus’S54 (c) S. epidermidiRRP62A (d),B. thermocatenulatu@), andP. glumag(f). Conserved residues are indicated

by asterisks. The active-site residues are indicated by daggers (t), and amino acids chosen to identify the second calcium ligand in SHL
are given in boldface type. Heliceg)(and sheets) identified in the X-ray structure of PGL are given below the sequences, and predictions

for the secondary structure elements of staphylococcaBaridermocatenulatubpases are given above the sequences.

moQUR

strongly suggests that residue Asp357 of SHL is indeed is clear that this Asp to Lys mutation reduces the absolute
involved in calcium binding. activity about 4-fold and, more importantly, that the activity
Although we identified only one calcium ligand in SHL, remains high in the absence of calcium ions. The absence
we assumed that the calcium binding site of SHL contains of a heat signal in ITC experiments indicated that the
two acidic side chains, like in PGL. On the basis of this calcium-independent activity of this protein is coupled to
assumption, we anticipated that the presence of a lysinethe disappearance of calcium binding.
residue might provide sufficient positive charge density to  To verify that the presence of a positive charge, either
stabilize the SHL structure in the absence of calcium ions. from calcium or from the lysine residue, is essential for
To verify this hypothesis, a mutation coding for an Asp to enzymatic activity, we constructed the variants D357N and
Lys substitution at position 357 was introduced into the SHL D357A. Both with the isosteric replacement of aspartate by
gene. After purification, the activity of D357K-SHL was asparagine and with the nonisosteric aspartate to alanine
determined at 40C. From the data presented in Table 1 it substitution, we expected a loss of calcium binding. Indeed,
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120 — 243, and 248 were replaced by asparagines and the glutamates
224 and 252 with glutamines. These residues are indicated
100 O in boldface type in Figure 3. The bacteria carrying the mutant
80 ] genes were cultured on a small scale and the expressed
e proteins were analyzed by SBPAGE. It appeared that all
=~ 80 i variants were expressed at levels comparable to the wild-
>§ type enzyme (not shown). Activity assays at 4D using
40 - crude cell lysates showed that these lipases had residual
activities of less than 5% in the absence of calcium ions,
20 T whereas at a concentration of 10 mM calcium full wild-type
0 L activity was found. The results show that these variants are
0 5 4 6 8 10 as active as WT-SHL and still bind calcium, and therefore,
Calcium concentration (mM) it is unlikely that the replaced amino acids are involved in

A R . : - calcium binding.
IGURE 4: Kinetically determined calcium binding curves of . . .
D357E-SHL (1) and WT-SHL ©). The composition of the Finally we used yet another approach to identify a second
substrate solution was as described in the legend of Figure 1.calcium ligand in SHL. In the structure of PGL Asp287 is
Acti\(ities were _d_etermined at 4%C. Under these conditions the  |ocated at hydrogen-bonding distance of Asn2B8).(In the
Pl activities of WIT'SH'- and D357E-SHL were 570 and  gpen structure of the lipase froRseudomonas cepacia

0 units/mg, respectively. close homologue of PGL), Asn284 makes a hydrogen bond
with a water molecule, which is one of the calcium ligands
(29). Interestingly, an aspartate instead of an asparagine is
found at this position in all staphylococcal lipases and in

Table 1: Enzymatic Activities of WT and Variant SHLs in the
Absence and Presence of Calcium lons

activity® (units/mg) BTL. Because it is conceivable that the presence of two
SHL > MM EDTA 10 mM Cadi acidic residues at a buried position in the active-site loop
WT 28 570 requires the presence of a calcium ion so as to avoid
ng;ﬁ 1;‘3 gg deformations in this loop, we replaced Asp354 of SHL with
D357N 130 158 asparagine and lysine. The activity of both purified variants
D357A 173 167 was determined in the absence and presence of calcium ions.
D354N 56 80 From the data presented in Table 1 it is clear that the activity
D354K 14 16 of both variants is virtually calcium-independent, suggesting

2 Activities were determined with purified enzymes by using a pH- that Asp354 is indeed involved in calcium binding.
stat assay at 40C as described in Materials and Methods. Activities From the data in Table 1, it is also obvious that mutations
given are a\r)erage values of duplicate measurements where the accuracy, positions 354 and 357 resulted in reduced activities at 40
's about 10%. °C compared to WT-SHL. To investigate this phenomenon

more closely, we determined the temperature profiles of the

after purification of the variant enzymes, this lack of calcium yariant lipases, both in the presence and in the absence of
binding was found by ITC experiments, since no significant cajcium. The resulting curves for D357E-SHL and D357K-
heat Signal was obtained upon addition of calcium ions (data SHL are shown in Figure 5, upper panei_ It can be seen that
not shown). Surprisingly, the activity of these variants was the D357E variant behaves very similarly to the wild-type
comparable to that of D357K-SHL, both in the absence and jipase, and especially at higher temperatures the enzyme
in the presence of calcium ions (Table 1). The observation needs calcium ions for full activity. It should be noted that
that D357A behaves like D357N excludes the pOSSlblllty that the activity of D357E-SHL at room temperature is even
the asparagine stabilizes the structure of SHL by forming a s|ightly higher compared to wild-type activity in the presence
hydrogen bond with the yet'unidentiﬁed second acidic of calcium (Cf Figure 5, upper pane|, and Figure 1)
residue. Taken together our results suggest that neither theqowever, at 40 and 50C the activity of D357E-SHL is
presence of a positive charge nor the presence of a hydrogenciearly reduced compared to that of WT-SHL (Table 1; cf.
bond donor or acceptor is required for Stablllty, but thatjUSt Figure 5, upper paneiy and Figure 1) At room temperature
the absence of the negative charge is sufficient for calcium- the calcium-independent enzymes D357K (Figure 5, upper
independent activity. panel) and also D357N-SHL and D357A-SHL, which have

In an attempt to localize the second calcium ligand we activity profiles like that of the D357K variant (data not
made the variant D288N. In SHL Asp288 occupies the shown), have activities like that of WT-SHL in the presence
equivalent position of the second calcium ligand (Asp241) of calcium. However, these three calcium-independent vari-
in PGL (Figure 3). At 40°C the purified variant had full  ants are more sensitive than D357E to increases in temper-
wild-type activity in the presence of calcium, whereas its ature, resulting in strongly reduced activities at higher
residual activity in the absence of calcium ions was around temperatures. Nevertheless, the activities of these four
5%, and we concluded that Asp288 in SHL is not involved variants exceed the activity of wild-type apoenzyme over
in calcium binding. In this region the homology between the whole temperature range.
PGL and the other lipases is low, which might give rise to  The curves obtained for the variants D354N and D354K
an uncertainty in the alignment explaining the result obtained are depicted in Figure 5, lower panel. Compared to the curves
with the D288N variant. Therefore, we replaced in this region of the D357K (or D357N and D357A) variants the curves
the acidic residues conserved in the staphylococcal enzyme®f the D354N and D354K variants are quite different and
with the corresponding amides. In SHL the aspartates 210,do not show an optimum at room temperature. The profile
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1000 , , N , In this paper the authors showed that calcium ions partially
prevent the inhibitory effect of long-chain fatty acids. The
800 N A 4 impact of this paper has been that it nearly has become a
o0 N dogma (ref34 and references therein) to ascribe the activating
g 600 / 4 effect of calcium ions to their influence on the product rather
= % . than to effects at the protein level, and most lipases have
S 400 i been assayed ever since in the presence of added calcium
;3 4 ® ions even with short-chain substrates.
200 \ \ i Little or no attention has been paid to the presence of
)‘ ‘\9 calcium ions in the structure of pancreatic lipases. However,
0 1 . A A one observation by Gubenator et &5) of a calcium ion in
10 20 30 40 50 60 the structure of human pancreatic lipase, at a site remote
Temperature (°C) from the active site, seems to support the original notion by
Benzonana 32) that porcine pancreatic lipase contains a
500 T T 1 T high-affinity calcium binding site. This additional role for
calcium ions in pancreatic lipase is supported by a recent
400 \\ 7 publication by Wickham et al.3g). The authors concluded
g . that calcium is present in a catalytically active enzyme
S 300 \ 1 mixed micelle-calcium ion complex. For bacterial lipases
z \ i the localization of calcium ions has been well-established
§ 200 v - for lipases from thePseudomonagmily only. In PGL a
< ® calcium ion has been localized in the X-ray structure, from
100 \\o - which it was concluded that the presence of this ion stabilizes
$ the structure of PGL 15). This finding explained the
0 1 1\'\9 ] observation that calcium ions protect PGL against the action
10 20 30 40 50 60 of proteasesd7). On the basis of several observations it can

Temperature ("C) be concluded that SHL also binds calcium ions to stabilize

FIGURE 5: Temperature profiles for the activities of WT-SHL and  jts structure. First, calcium protects the protein against urea-

variant SHLs in the presence and absence of calcium. The upper; : S
panel shows profiles for D357E-SHL in the presence of either 10 induced unfolding 18). Second, the activity is high in the

mM CaCh (A) or 5 mM EDTA (a) and for D357K-SHL in the presence of calcium,_while it remains ata Ieve_l effi%_in
presence of either 10 mM CaQ(O) or 5 mM EDTA (®@). The the absence of calciuml§, 26), and third, this calcium
calcium-independent profiles of variants D357N and D357A are dependence is influenced by the reaction temperature (this
within experimental error identical to that of D357K-SHL and are study). Using ITC we have now been able to measure this

?Oﬁt \S,C?_Véanf ri;e?;g npsrg;grl]i”ewbg ger#o'\\//lv elzrg_ia}gglosi;g\r/vztsge‘&r_oflles calcium binding with a biophysical technique. Our results

SHL in the presence of either 10 mM Ca@) or 5 mM EDTA ShOW that SHL haS one h|gh-aﬁ:|n|ty CaICiUm b|nd|ng Site.
(¥), and for D354N-SHL in the presence of either 10 mM CaCl  For the homologous thermostable lipase BTL, preincubation
(©) or 5mM EDTA (#). The composition of the substrate solutions  with EDTA does not affect the activity2f), but the 3-fold
was as described in the legend of Figure 1. reduced activity with EDTA instead of calcium in the assay
and the conserved acidic residues, which we observed,
suggests that this enzyme also binds calcium ions.

The micromolar affinity of SHL for calcium is indicative
of a binding site that involves the concerted action of at least
two negatively charged amino acid28|. This raised the
guestion whether it is possible to localize residues in SHL
involved in this binding. Ideally such residues can be
identified on the basis of structural analysis, but no X-ray
structure of SHL is available. However, all lipases of known
three-dimensional structure belong to the superfamily/Gf

The activity of several lipolytic enzymes is regulated by hydrolases and we assumed that the core of SHL can be
calcium ions. For example, in secretory phospholipasgs A superimposed on that of lipases of known structure. For this
calcium ions are involved in the binding of the substrate and comparison we selected the lipase frémglumae since it
in the polarization of the scissile ester bond and it has beenis a homologous bacterial lipase and because in the X-ray
concluded that their primary role is a catalytic 086,(31). structure of PGL a calcium ion has been localized. One of
Several lipases have been reported to be calcium-dependenthe calcium binding aspartates is located in close proximity
too, but here the role of calcium is less well-defined. As to the conserved active-site histidine. Since an aspartate is
early as 1968 the first report appeared on the activation of present at this position in the sequence of all staphylococcal
porcine pancreatic lipase by calciu®2f. When bile salts lipases and BTL, we assumed that this residue also binds
are present this enzyme requires calcium ions for activity, calcium in the case of these latter enzymes. This was
and the author concluded that calcium is bound by the confirmed for SHL by a 30-fold decrease in affinity as a
enzyme. That very year a paper appeared from the sameresult of the single amino acid substitution Asp357 to Glu.
group where the influence of calcium ions on the titration Although the negatively charged glutamate partially takes
efficiency of liberated fatty acids was described in det)( over the function of the aspartate, the exact position of the

of the variants D354N and D354K are similar to WT-SHL
in the absence of calcium ions, suggesting that the calcium
binding site indeed has been removed, resulting in a
destabilized structure. The observation that mutations at
position 354 give rise to apoenzyme activity while mutations
at position 357 result in activities higher than apoenzyme
activity will be discussed in the next section.

DISCUSSION
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charge appears to be very important for efficient binding of in all otherPseudomonakpases and they can be observed
the calcium ion. This result illustrates the high specificity either directly in the X-ray structure or from sequence
of these calciumprotein interactions. In PGL the second alignment 29, 41—43). The conflicting results that have been
aspartate is located remote from the active site, and thepublished for many lipases with respect to their requirement
calcium ion probably stabilizes the structure by bridging the for calcium as a cofactor have so far mainly been ascribed
active-site region to a second subdomain of the protein, thusto an increased titration efficiency of fatty acids. We propose
maintaining the integrity of the complete enzyme and that calcium may be involved in the stabilization at the
conferring resistance against proteolysi$)( The finding protein level of many more lipases than recognized so far.
that the two calcium ligands of SHL (Asp354 and Asp357)

both are localized in the active-site loop, rather than being ACKNOWLEDGMENT
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shown).

The presence of stabilizing calcium binding sites is not REFERENCES
restricted to lipolytic enzymes. An example is the coagulation .
protease protein C. For this enzyme it has been shown that 1'32§g|-|eéh\|/<é|£|\'/i Rair:jsﬁﬂci’ssi't' 8”'2%3@;,\'/'!%8853?’@& van
replacement of one of the two calcium binding glutamates 15 29-63. T S
by a lysine yielded a calcium-independent enzy3®).(On 2. Zaks, A., and Klibanov, A. M. (1984$cience 2241249~
the basis of this experiment the authors proposed that this 1251.
mutation probably resulted in a salt bridge that fixed the 3. Ortaggi, G., and Jaeger, K.-E. (1997) Microbial Lipases in

. S . — e Biocatalysis,J. Mol. Catal. B: Enzymatic 3special issue).
enzyme in a conformation identical to the calcium-stabilized 4. Brady, L., Bizozowski, A. M., Derewenda, Z. S.. Dodson, E..

conformation. Also in SHL the mutation of both Asp354 Dodson, G. G., Tolley, S., Turkenburg, J. P., Christiansen,
and Asp357 resulted in calcium-independent enzymes, but L., Huge-Jensen, B., Patkar, S. A., and Thim, L. (1994ajure
it is unlikely that these calcium-independent activities result 343 767-770.

from the formation of a salt bridge. The latter conclusion is - Winkler, F. K., D'Arcy, A., and Hunziker, W. (1990yature
based on two observations. First, we have constructed the 6.36}%5,73_'17& eah, E., Cygler, M., Dijkstra, B., Frolow, F.,
control variants D354N-SHL, D357N-SHL, and D357A-SHL Franken, S. M., Harel, M., Remington, S. J., Silman, I., Schrag,
demonstrating calcium-independent activity, and second, we J., Sussman, J. L., Verschueren, K. H. G., and Goldman, A.
showed that both D354K-SHL and D357K-SHL have (1992) Protein Eng. 5197-211. _ _
reduced thermostabilities. The different stabilities of the D354 7. Van Tilbeurgh, H., Egloff, M.-P., Martinez, C., Rugani, N.,

: . . . . Verger, R., and Cambillau, C. (199B)ature 362 814—820.
variants and the D357 variants might reflect the orientation 8. Hermoso, J., Pignol, D., Kerfelec, B., Crenon, I.. Chapus, C..

of the side chains, which is probably internal for Asp354 and Fontecilla-Camps, J. C. (199B)Biol. Chem. 27118007~
and more exposed for Asp357. 18016.

Our observation that the three calcium-independent vari- 9. Brzozowski, A. M., Derewenda, U., Derewenda, Z. S., Dodson,
ants D357K, D357N, and D357A are as active as WT-SHL ?e- rigkaévs";‘gfk’éﬁ”' :STUAfke;nb durgﬁiﬂr-l P %Jfg;&'{ggdrg-é ';gge-
at room temperature raises the question why this enzyme  ,5,"40,"" e T
has evolved a calcium binding site. The advantage of calcium 10, Egloff, M.-P., Marguet, F., Buono, G., Verger, R., Cambillau,
binding becomes evident at higher temperatures. Under such  C., and Van Tilbeurgh, H. (19953iochemistry 342751
conditions WT-SHL is strongly stabilized by the binding of 2762. o
calcium, and both the activity and the thermostability of the  11- ;oargfé—l_gzimd Desnuelle, P. (19%8pchim. Biophys. Acta
holqenzyme by far exceed th_ose of the cr_;llcium-indep_endent 12 Lée, Y. P. Chung, G. H., and Rhee, J. S. (19@ychim.
variants. These results confirm our earlier hypothesis that Biophys. Acta 1169156-164.

SHL binds calcium to stabilize its structure, which is 13.Lesuisse, E., Schanck, K., and Colson, C. (198@). J.
especially significant at higher reaction temperatures. A Biochem. 216155-160. _
strong decrease in thermostability was also observed upon 14- Muraoko, T., Ando, T., and Okuda, H. (198Z)Biochem.

engineering of calcium-independent variants of the protease ;g (’;ll'glgl)/eo)'\?ZEl9s/|3—é€|9§§éby A., Johnson, L. N., Egmond, M

subtilisin BPN by removing the calcium binding sit@9). R., and Frenken, L. G. J. (1998EBS Lett. 331123-128.
Interestingly, for this enzyme it was recently shown that this  16. Simons, J.-W. F. A., Adams, H., Cox, R. C., Dekker, N:tZGo
loss in thermostability can successfully be overcome by using F., Slotboom, A. J., and Verheij, H. M. (199B)r. J. Biochem.
an approach of directed evolution, hereby introducing 25?%07&0_\]7_6\/% F. A., van Kampen, M. D., Riel, S-G¢
additional, stabilizing mutg_tlons4()). By using a similar Egmonci, M. R. and Verheij, H. M. (199&éur. J. Biochem.
approach the thermostability of our calcium-independent 253 675-683.
SHL variants might also be further improved. Alternatively,  18. Simons, J.-W. F. A, Boots, J.-W. P., Kats, M. P., Slotboom,
to construct a thermostable calcium-independent lipase, one ééJﬁES%r&)lnféE':/(l)' R., and Verheij, H. M. (199B)ochemistry

I rt from the therm le BTL. i : .
Colu dts.tatt 3 the :1 ermostab et ted taohv | 19. Gaz, F., Popp, F., Korn, E., and Schleifer, K. H. (1985)
_In this study we have concentrated on staphylococca Nucleic Acids Res. 15895-5906.
lipases with the structure of PGL, which contains a high- 20 Studier, F. W., and Moffatt, B. A. (1986) Mol. Biol. 189

affinity calcium binding site, as a lead. These sites are present ~ 113-130.



10 Biochemistry, Vol. 38, No. 1, 1999

21.
22.

Hanahan, D. (1983). Mol. Biol. 166 557—580.

Sambrook, J., Fritsch, E. F., and Maniatis, T. (1986)ecular

cloning: a laboratory manual2nd ed., Cold Spring Harbor

Laboratory, Cold Spring Harbor, NY.

. Sanger, F., Nicklen, S., and Coulson, A. R. (199c. Natl.

Acad. Sci. U.S.A. 746463-5467.

Fischer, C. L., and Kui Pei, G. (199iotechniques 23670~

574.

Wiseman, T., Williston, S., Brandts, J. F., and Lin, L.-N. (1989)

Anal. Biochem. 179131-137.

Van Oort, M. G., Deveer, A. M. Th. J., Dijkman, R., Leuveling

Tjeenk, M., Verheij, H. M., de Haas, G. H., Wenzig, E., and

Gotz, F. (1989)Biochemistry 289278-9285.

Schmidt-Dannert, C., Luisa’RuM., Atomi, H., and Schmid,

R. D. (1996)Biochim. Biophys. Acta 130105-114.

Gregory, D. S., Martin, A. C. R., Cheetham, J. C., and Rees,

A. R. (1993)Protein Eng. 6 29—-35.

Kim, K. K., Song, H. K., Shin, D. H., Hwang, K. Y., and

Suh, S. W. (1997Btructure 5 173-185.

Verheij, H. M., Volwerk, J. J., Jansen, E. H. J. M., Puijk, W.

C., Dijkstra, B. W., Drenth, J., and de Haas, G. H. (1980)

Biochemistry 19743-750.

Scott, D. L., Otwinowski, Z., Gelb, M. G., and Sigler, P. B.

(1990) Science 2501563-1566.

32. Benzonana, G. (1968jochim. Biophys. Acta 15137-146.

33. Benzonana, G., and Desnuelle, P. (198®)chim. Biophys.
Acta 164 47-58.

34. Brockerhoff, H., and Jensen, R. G. (19Z&olytic Enzymes

pp 19-21 and 75-77, Academic Press, New York.

23
24.
25.
26.

27.
28.
20.

30.

31.

Simons et al.

35. Gubenator, K., Miler, K., and Winkler, F. K. (1990) in
Lipases: structure, mechanism and genetic enginedtg
berghina, L., Schmid, R. D., and Verger, R., Eds.) pfl8,
VCH, Weinheim/New York.

Wickham, M., Garrod, M., Leney, J., Wilson, P. D. G., and
Fillery-Travis, A. (1998)Lipid Res. 39623-632.

Deveer, A. (1992) Mechanism of activation of lipolytic
enzymes, Thesis, Chapter 3, Thesis, Utrecht University, The
Netherlands.

Rezaie, R. A., Mather, T., Sussman, F., and Esmon, C. (1994)

J. Biol. Chem. 2693151-3154.

Gallagher, T., Bryan, P., and Gilligand, G. L. (1998p-

teins: Struct., Funct., Genet. 1805-213.

Strausberg, S., Alexander, P., Gallagher, D. T., Gilliland, G.
L., Barnett, B. L., and Bryan, P. N. (199BioTechnology
13, 669-673.

Svendsen, A., Borch, K., Barfoed, M., Nielsen, T. B., Gormsen,
E., and Patkar, S. A. (19998iochim. Biophys. Acta 1259

9-17.

. Lang, D., Hofmann, B., Haalck, L., Hecht, H.-J., Spener, F.,
Schmid, R. D., and Schomburg, D. (1996)Mol. Biol. 259
704-717.

. Schrag, J. D., Li, Y., Cygler, M., Lang, D., Burgdorf, T., Hecht,
H.-J., Schmid, R., Schomburg, D., Rydel, T. J., Oliver, J. D.,
Strickland, L. C., Dunaway, C. M., Larson, S. B., Day, J.,
and McPherson, A. (1998tructure 5 187—202.

BI1981869L

36.

37.

38.

39.

40.

41.



