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Abstract

The role of the C#&" ion that is present in the structure Béirkholderia glumadipase was investigated. Previously, we
demonstrated that the denatured lipase could be refolded in vitro into an active enzyme in the absence of calcium. Thus, an
essential role for the ion in catalytic activity or in protein folding can be excluded. Therefore, a possible role of'the Ca
ion in stabilizing the enzyme was considered. Chelation of th& Gen by EDTA severely reduced the enzyme activity
and increased its protease sensitivity, however, only at elevated temperatures. Furthermore, EDTA induced unfolding of the
lipase in the presence of urea. From these results, it appeared thaftheCm B. glumadipase fulfils a structural role by
stabilizing the enzyme under denaturing conditions. In contrast, calcium appears to play an additional r&lsendoenonas
aeruginosdipase, since, unlik8. glumasdipase, in vitro refolding of this enzyme was strictly dependent on calcium. Besides
the role of the C&" ion, also the role of the disulfide bond B glumadipase was studied. Incubation of the native enzyme
with dithiothreitol reduced the enzyme activity and increased its protease sensitivity at elevated temperatures. Therefore, the
disulfide bond, like calcium, appears to stabilize the enzyme under detrimental conditions.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction plications[1]. Especially, lipases of bacterial origin
received much attention for their ability to function
Because of their capacity to hydrolyze a wide vari- in extreme environments, such as high temperatures.
ety of triacylglycerols and to synthesize acylglycerol Therefore, many bacterial lipases, such as those pro-
esters, lipases are important in many industrial ap- duced byPseudomonasnd Burkholderia species,
have been characterized. The active-site of these
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considerable sequence similarity. Furthermore, the li- required for the catalytic activity of the enzyme and
pases from families | and Il are secreted by a two-step demonstrating that it is also not required for the fold-
secretion pathway, the type Il secretion path\\&g]. ing of the enzyme. In contrast, the in vitro refolding
These lipases are synthesized as precursor protein®f lipase fromP. aeruginosal E3285 was dependent
with a signal sequence, which directs them to the Sec on calcium[19]. Like B. glumaelipase[13], the in
machinery in the inner membrane. After translocation vitro refolded lipase fronP. aeruginosal E3285 was
across the inner membrane by the Sec translocasefound to form a complex with its cognate L[i9], but
lipases fold into an active enzyme in the periplasm. the formation of this complex was dependent on the
Periplasmic folding of the lipases and of other type presence of calciurfi9]. After addition of EDTA, the
ll-secreted proteins is a prerequisite for their sub- refolded lipase lost its activity immediately, and this
sequent translocation across the outer membrane.was accompanied by the dissociation of the complex.
Proteins that fail to fold are not secreted but rapidly Thus, calcium appears to play another or an additional
degraded in the periplasi{¥,8]. The translocation  role inP. aeruginosdipase as compared ®. glumae
across the outer membrane is mediated by a complexlipase, although one cannot exclude a priori that the
translocation machinery, called Xcp seudomonas  different results were caused by the different experi-
aeruginosal9]. The lipases of families | and Il are  mental conditions.
substrates for periplasmic folding catalysts, such as In this study, we investigated whether the different
the Dsb system, which is involved in the formation roles reported for calcium in the folding of lipase from
and isomerization of disulfide bond40,11] Fur- B. glumaeand fromP. aeruginosaare related to the
thermore, they depend on a dedicated helper protein, different experimental conditions. Therefore, we stud-
designated Lif (lipase-specific foldase) for obtaining ied the refolding of lipase fron®. aeruginosaunder
their active conformation. The Lif protein is anchored the conditions, previously applied fd&. glumaeli-
in the inner membrane by its N-terminal hydropho- pase. Furthermore, we studied the possibility that cal-
bic segment, whereas the majority of the protein is cium and the disulfide bond iB. glumaelipase fulfil
located in the periplasifl2]. It functions as a steric  structural roles by stabilizing the protein under condi-
chaperone that helps lipase to overcome an energetictions that challenge their conformation.
barrier in the folding pathwaja3].

The three-dimensional structures of some of these
lipases have been resolvEt—17] These structures 2. Experimental
revealed the presence of a disulfide bond between the
two cysteine residues in the sequences and the pres2.1. Purification of lipase
ence of a bound G4 ion. The role of the C& ion
is not entirely clear. On one hand, substitution of one  B. glumadipase was a generous gift from A.J. Slot-
of the calcium ligands in th&urkholderia glumae boom (Utrecht University)P. aeruginosdipase was
or Burkholderia cepacidipases by alanine prevented purified from the extracellular medium d¢ésB mu-
the formation of active enzymdg44,18] suggesting tant strain PAN1J20]. For overproduction of the li-
an important role in catalysis. On the other hand, the pase, plasmid pBBLT721], a pPBBR1MCS derivative
distance between the &aion and the active-site ser-  [22] containing the structural genes for lipase and the
ine [15,16] made a direct role of the €& ion in the lipase-specific foldase, was introduced into this strain.
catalysis unlikely. The active-site residue His28Bin PAN10 (pBBL7) was grown for 20 h at 3T in tryp-
glumaelipase is located in a loop containing three of tic soy broth supplemented with 3p@/ml chloram-
the calcium ligands, i.e. Asp287, GIn291, and Val295 phenicol for the maintenance of the plasmid. Cells
[14]. Therefore, binding of calcium may be required were removed from a 400 ml culture by centrifugation
to stabilize the architecture of the molecule around the for 10 min at 5000 rpm in SLA-1500 rotor (Sorvall),
active-site. However, we demonstrated recently that and the cell-free culture supernatant was concentrated
denaturedB. glumaelipase refolded in vitro into an  20-fold in a concentrator unit (Schleicher & Schuell),
active conformation in the presence of Lif but with- equipped with a membrane with a molecular weight
out any calciun13], confirming that calcium is not  cut off of 10 kDa. The concentrated supernatant was
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washed in 20mM Tris—HCI (pH 8.0) on the same was added at a final concentration ofddml and in-
device, and the lipase was purified after loading the cubation was continued for 30 min at room tempera-
total sample on a Q-sepharose column (Pharmacia)ture. Addition of 1 mM phenylmethylsulfonyl fluoride
equilibrated with 20 mM Tris—HCI (pH 8.0). The col-  stopped trypsin degradation, and the samples were an-
umn was washed with the same buffer, and the bound alyzed by SDS-PAGE.

proteins were eluted with a gradient of 0-2 M NaCl

in 20mM Tris—HCI (pH 8.0) in a total volume of 2.5. Circular dichroism spectroscopy

300 ml. The eluted protein fractions containing lipase

were concentrated and the solvent was exchanged for Denaturation of the lipase was monitored by cir-
20 mM Tris—HCI (pH 8.0), 100 mM NacCl. Fractions of  cular dichroism (CD) spectroscopy at 220nm on
1 ml were loaded on a Sephacryl S-300 column (Phar- an AVIV spectropolarimeter, using a 0.1 mm path
macia), and the proteins were eluted with the same cell and a bandwidth of 1 nm. The spectra were ob-

buffer. tained by heating a sample of WM lipase in 20 MM
sodium-phosphate buffer (pH 7.0), 8 M urea, 45mM

2.2. Unfolding-refolding of the P. aeruginosa NacCl, containing or not 10 mM EDTA, over a temper-

lipase ature range from 25 to 6@. Sampling was done at

every degree Celsius with an equilibration time of 6 s

Unfolding—refolding reactions were performed as and an averaging time of 10s. Each sampling point
described previously foB. glumaelipase [13], ex- was measured three times.
cept that dithiothreitol (DTT) was omitted during the
unfolding procedure and refolding was carried out in 2.6. N-terminal sequencing
Tris buffer instead of phosphate buffer. These changes
in the procedure did not influence the unfolding Protein fragments were separated by SDS-PAGE
and refolding efficiencies (unpublished observation). with 0.4 mM thioglycolic acid included in the sepa-
Briefly, 20l of lipase stock solution (12g) were rating gel. After blotting on polyvinylidene difluoride
added to 10Q. of 20mM Tris—HCI (pH 8.0), 8M membranes and staining of the blots with Coomassie
urea, 12.5mM EDTA, and incubated at 86 for Brilliant Blue, protein bands were cut from the mem-
1h. The refolding was started by diluting {0 of branes and used for N-terminal sequencing by Edman
unfolded lipase into 1 ml of 20mM Tris—HCI (pH degradation, using a protein sequencer model 476A
8.0), containing or not 1Qg Lif of P. aeruginosa (Perkin-Elmer).
and/or 5mM CaCl as described isection 3 TheP.
aeruginosalif used in these experiments (a generous
gift from K.-E. Jaeger) is a recombinant Lif, in which 3. Results
the N-terminal membrane anchor was replaced by a

poly-histidine tag. 3.1. Purification of the P. aeruginosa lipase
2.3. Lipase assay The production of lipase by a wild-type aerug-
inosa strain was low. However, introduction of a
Lipase activity was measured by usipgra-nitro- plasmid containing the structural genes for lipase and

phenyl caprylate as the substr§?8]. One lipase unit  the lipase-specific foldase resulted in the secretion of
(U) was defined as the amount of lipase that degradeshigh amounts of lipase into the extracellular medium.

1 umol of the substrate per min. Therefore, we decided to use this overexpression sys-
tem to purify the lipase. Plasmid pBBL7 was trans-
2.4, Trypsin digestion ferred into the strain PAN10, which is deficient in the

production of the major secreted protease elastase,
PurifiedB. glumaedipase was incubated for 15min  due to alasB mutation. The supernatant of PAN10
under various conditions (as describedSaction 3 (pBBL7), which contained lipase as the major protein
in a reaction volume of 2@l. Subsequently, trypsin  (Fig. 1, lane 1), was loaded onto an anion-exchange
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6 9 To exclude the possibility that the different calcium
= . dependency is caused by the different experimental
g — conditions, we decided to study the refolding Rf

. aeruginosdipase under the same experimental condi-
™ o tions as applied foB. glumasdipase. Therefore, puri-

. fied P. aeruginosdipase was unfolded by incubation
~ - " S <—Lipase for 1 h at 56°C in 20 mM Tris—HCI (pH 8.0) contain-
.\ - ing 6.5M urea and 10 mM EDTA. Refolding of the

- denatured lipase was initiated by diluting the sample
- , - 100-fold in 20 mM Tris—HCI (pH 8.0), containing or
not CaCp andP. aeruginosalLif, and lipase activity
Fig. 1. Coomassie-stained SDS-PAGE gel showing the purifica- Was measured after 2 h incubation at room tempera-
tion of P. aeruginosdipase. Proteins from the culture supernatant ture. In the absence of CaCind Lif, almost no Iipase
of PAN10 (pBBL7) (lane 1). were loaded on an anion-exchange activity was recoveredr{g. 2, bar 1), demonstrating
column. T‘he unbound proteins (lanes 3-5) were washed from the that the lipase was unfolded and did not refold under
column with 20mM Tris—HCI (pH 8.0), and the bound proteins e . . .
were eluted with a 0-2M NaCl gradient. Peak fractions contain- the conditions used in this experiment. In the pres-
ing lipase were pooled (lane 6), concentrated and loaded on a ence of Lif but in the absence of CaCkimilarly low
gel-filtration column. The protein profiles of the eluted fractions amounts of lipase activity were regainefid. 2, bar
gucfggg_ 5,15 Ia”dlaer aef ehsth;gr”k": '?”fes_n7—?rvoﬁstpe°:ivi'y-n'-i“e 2). However, more than 50% of the initial lipase ac-
Ins m u wel | . P - .
68, 4D, 30 and 215 kDa)g. The poesitinJr? of tshl(a Iipaszpisoindoic:ted tivity (Fig. 2, bar 8) was recovered when the lipase
with an arrow at the right. was refolded in the presence of both Lif and CacCl
(Fig. 2 bar 3), confirming the dependency®faerug-
inosalipase on calcium for regaining its activity. Also
column on which lipase was retained, whereas severalif was essential for the refolding of the lipase, since
other major proteins eluted during the washing with almost no lipase activity was recovered when the un-
column buffer Fig. 1, lanes 3-5). The column was  folded lipase was diluted into refolding buffer contain-
subsequently eluted with a salt gradient, and the major ing CaCp alone €ig. 2, bar 4).
lipase-containing fractions were pooleid. 1, lane To study whether the Lif and calcium stimulated se-
6). The lipase was further purified by gel filtration. quential events during refolding, the two compounds
Remarkably, whereas the molecular weight of lipase were added sequentially during refolding of lipase.
is 30kDa, the enzyme eluted before a 60 kDa protein \WWhen CaCj} and Lif were added together 2h after
(Fig. 1, lanes 7-9), indicating that it formed high initiation of refolding, the same amount of lipase ac-
molecular weight aggregates or that it was associatedtivity was recovered, as when they were present im-
with other compounds, such as lipopolysaccharides, mediately at the initiation of refoldingF{g. 2, bar
as described earlig24]. The peak fractions contain-  5). This result shows that Lif oP. aeruginosalike
ing highly pure lipase (fractions 5-20; for example, that of B. glumag[13], does not act by preventing an
seeFig. 1, lanes 7 and 8) were pooled, and the purity off-pathway reaction during folding, but that it adds

of the final preparation was over 90%, as estimated steric information necessary for the correct folding of
from Coomassie Brilliant Blue-stained SDS-PAGE the lipase. When refolding was initiated in the pres-

gels. ence of CaC, and Lif was added after 2 h, only half
the amount of lipase activity was recovered after an-
3.2. In vitro refolding of the P. aeruginosa lipase other 2 h incubation at room temperatukeg( 2, bar

6). This result suggests that €aions stimulate an
Previously, we reported th&. glumasdipase could off-pathway folding reaction in the absence of Lif,
efficiently be refolded in the presence of its Lif in the leading to the irreversible loss of lipase molecules. On
absence of calciurflL3]. In contrast, calcium was re-  the other hand, when the refolding was initiated in the
ported to be essential for efficient folding in vitro of presence of Lif, and Caglwas added after 2h in-
the lipases oP. aeruginosgd19] andB. cepacig18]. cubation, about 55% of the native lipase activity was
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Fig. 2. In vitro refolding ofP. aeruginosdipase. UnfoldedP. aeruginosdipase (1.g) was refolded for 2 h at room temperature in 20 mM
Tris—HCI (pH 8.0) in the presencerj or absence (-) of 1ag His-taggedP. aeruginosalLif and 5mM CaC}, and lipase activities were
measured. The letter ‘d’ indicates that the addition of Lif or Ga@hs delayed, i.e. 2h after initiation of refolding, in which cases
incubation was continued for another 2h before lipase activities were measured. The lipase activities regained were compared with that
of 1 g native lipase (bar 8). Each value represents the average of three independent experiments, and error bars are indicated.

regained Fig. 2, bar 7). These results suggest that Lif was incubated for 15min with either 10 mM EDTA
activity precedes the incorporation of calcium into the or 10 mM CaC} at various temperatures, and the en-

lipase. zyme activity was subsequently measured at room
temperature. The preincubation with EDTA at tem-

3.3. Structural role of the C& ion in the peratures up to 50C did not affect the lipase ac-

B. glumae lipase tivity (Fig. 3A, horizontally hatched bars), consistent

with the notion that the G4 ion is not essential

The B. glumaelipase could be refolded efficiently  for enzymatic activity. However, preincubation with
in vitro in the presence of the steric chaperone Lif EDTA at 70°C drastically affected the enzyme activity
[13]. The kinetics of folding appeared to be very fast, (Fig. 3A), indicating that calcium has a structural role
either in the presence or absence of calcium. Thus, and prevents the lipase from loosing its active con-
the C&* ion, which was found in the structure of formation at high temperatures. This notion was sup-
the lipase, is neither required for the catalytic ac- ported when the protease sensitivity of the enzyme
tivity nor essential for the proper folding of the en- was assesseé#ig. 4. When preincubated with Cag;|
zyme. Hence, we considered the possibility that the the lipase remained resistant to trypsin independently
Cat ion contributes to the stability of the protein. of the preincubation temperature applied. However,
To test this possibility, the purified native enzyme whereas the enzyme remained resistant to the protease
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Fig. 3. Activity of B. glumaeand P. aeruginosalipases after preincubation in the presence of EDTA or DTT. Navegylumaelipase
(1g) (A) or P. aeruginosdipase (1.5.g) (B) were dissolved in 20mM Tris—HCI (pH 8.0) containing 10 mM GaQiblique hatched
bars), 10mM EDTA (horizontally hatched bars), 10mM DTT (black bars) or 10mM DTT and 10mM EDTA (white bars) and incubated

at the temperatures indicated for 15 min. RT: room temperature. Subsequently, lipase activities were measured at room temperature. Eacl

value represents the average of three independent experiments, and error bars are indicated.

after preincubation with EDTA at room temperature, these results demonstrate that thé Cin stabilizes

it was degraded after preincubation with EDTA at the the lipase and, hence, that calcium plays a structural
higher temperatured={g. 4). Finally, we determined role.

by CD measurements whether the?Caon stabi-

lizes the enzyme in the presence of a denaturant. For3.4. Role of the disulfide bonds in B. glumae

this purpose, the enzyme was incubated in 8 M urea lipase

in the presence or absence of 10mM EDTA over a

temperature range from 25 to 60, and the ellip- The disulfide bond iB. glumaelipase is not re-
ticity at 220 nm was determined. In the presence of quired for enzymatic activity13]. However, it might
EDTA, the lipase had lost its structure already at@5 still contribute to the stability of the enzyme. To test
whereas the protein was stable up to approximately this possibility, the native lipase was incubated for
43°C in the absence of EDTAFg. 5. Together, 15min at various temperatures with 10mM DTT,
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Fig. 4. Protease resistance Bf glumaelipase. NativeB. glumaelipase (3wg) was dissolved in 20mM Tris—HCI (pH 8.0) containing

10mM CaCh, 10mM EDTA, and/or 10 mM DTT as indicated and incubated for 15min at room temperature (&), (BY, 50°C (c) or

70°C (d). Samples were subsequently digested with trypsin for 30 min at room temperature and analyzed by SDS-PAGE and Coomassie
staining. Lane 1 contains the undigested lipase.

and lipase activity was subsequently measured atlike the C&* ion, fulfils a structural role ifB. glumae

room temperatureHg. 3A). The lipase activity did  lipase.

not decrease by preincubation with DTT, except at

70°C, when about 50% of the lipase activity was 3.5. Effect of EDTA and DTT on P. aeruginosa

lost (Fig. 3A, black bars). Furthermore, also the pro- lipase activity

tease sensitivity of lipase changed after preincubation

at these high temperatures in the presence of DTT The effect of preincubation at different tempera-

(Fig. 4). This result indicates that the disulfide bond, tures with EDTA and DTT on the activity d®. aerug-
inosalipase was also investigated. Similar results as
described foB. glumaelipase were obtained witR.

0 [T e aeruginosdipase, except that this lipase was less sta-
] ble at 70°C even in the presence of &a The activity
2 . of the enzyme was even further reduced after preincu-

bation at 70C in the presence of DTT, EDTA or both

(Fig. 3B). Furthermore, its activity was severely re-
duced at 50C in the presence of both EDTA and DTT
(Fig. 3B, white bars). These results indicate that, like
in B. glumaelipase, both the disulfide bond and the
C&t ion fulfil a structural role irP. aeruginosdipase.

ellipticity

3.6. Protease sensitivity of lipase in the presence
of Lif

It was previously reported th& aeruginosdipase,
Temperature (°C) refolded by and associated with its cognate Lif, was
more sensitive to Ga chelation by EDTA than was
Fig. 5. Loss of the secondary structure Bf glumaelipase in the native enzymf19]. This result suggests that tha
urea in the presence or absence of EDTA. NaBvglumadiipase  jong gre essential for complex formation between the
(10pM), contained in 20 mM sodium-phosphate buffer (pH 7.0), Lif and its cognate lipase, or alternatively, that lipase
8 M urea, 45mM NacCl and either 10mM EDTAY) or no EDTA ’ ’
(O)’ was heated over a temperature range from 25 w(hnd |S |n a d|ﬁ:erent COﬂfOI’matlon When aSSOC'ated W|th
the ellipticity at 220 nm was recorded on a spectropolarimeter.  the Lif. Since its cognate Lif could refold unfold&i
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Fig. 6. Stability of theB. glumaelipase in the presence of EDTA aid glumaeLif. B. glumaelipase was digested with trypsin (4@/ml)

at 37°C in the presence of EDTA (lane 4) and in the presence of EDTAEngdlumaeLif (lane 5) and compared to trypsin digestion

of the lipase in the absence of EDTA and Lif (lane 6) or in the absence of EDTA but in the presence of Lif (lane 7). Lane 1 contains
untreated Lif. Lane 2 contains Lif, that was digested with trypsing@0nl) at 37°C. Lane 3 contains untreated lipase. In each reaction,
3ng of lipase and @ug of Lif were used. EDTA was used at 10 mM. Protected proteins were analyzed by SDS-PAGE and Coomassie
staining. The positions of the Lif, the lipase, the 26 kDa Lif fragment and the 20kDa lipase fragment are indicated at the right.

glumaelipase even in the absence of calcium, it was 4. Discussion

of interest to study whether the Lif affects the confor-

mation of lipase in the presence or absence of calcium.  Folding of lipase is a complex event requiring
Therefore, nativ8. glumadipase was incubated with  several steps. Before secretion, secondary and ter-

trypsin in the presence or absenc@oflumad.if and tiary structure is acquired, a disulfide bridge and a
EDTA. In the absence of EDTA and Lif, the lipase was cis-peptide bond are formed, and a%taion is in-
resistant to trypsin digestion at 3C (Fig. 6, lane 6), tegrated into the structure. Various chaperones and

whereas the 37 kDa LifHig. 6, lane 1) is completely  folding catalysts, such as Ljfi3,19] and DsbA[25],
degraded by trypsin in the absence of lipaSig( 6, are involved in these events. Also, a peptidyl—peptidyl
lane 2). Trypsin treatment of the lipase in the presence cistransisomerase might be involved, since the pep-
of the Lif resulted in the appearance of a 26 kDa frag- tide bond between GIn291 and Leu292Bnglumae
ment of Lif (Fig. 6, lane 7), as reported previough3], lipase is in thecis-configuration. Thiscis-peptide
whereas the lipase was not degraded. In the presenceébond was found in all lipases from bacterial origin
of EDTA at 37°C, the lipase was largely degraded by with resolved three-dimensional structu[&s,17,26]
trypsin, leaving only a small proportion of the undi- However, in vitro refolding studies demonstrated that
gested full-length lipaseF{g. 6, lane 4). When both  only the Lif protein is essential for the refolding of
the Lif and EDTA were present, the mature form of B. glumaelipase[13]. Calcium appeared to be dis-
lipase almost disappeared, whereas a fragment of ap-pensable in these studies, demonstrating that it is
proximately 20 kDa appeared in addition to the 26 kDa required neither for the catalytic activity nor for the
Lif fragment (Fig. 6, lane 5). The N-terminal sequence appropriate folding of this lipase. In contrast, it has
of this 20kDa fragment was Ala-Asp-Thr-Tyr-Ala, been reported that calcium is required for the in vitro
which corresponds to amino acids 1-5 of the mature refolding of P. aeruginosdipase[19]. To exclude the
lipase. Thus, whereas the lipase is sensitive to trypsin possibility that the different requirement for calcium
when calcium is chelated by EDTA, an N-terminal is due to different experimental conditions, we have
20kDa fragment of the enzyme is protected under now refoldedP. aeruginosalipase under the same
these conditions by the presence of the Lif. This result experimental conditions as applied Br glumaeli-
indicates that the lipase undergoes a conformational pase. Our results confirmed that calcium is required
change by its interaction with Lif in the presence of for folding of this enzyme. Apparently, the €aion
EDTA. fulfils different roles in these two related lipasesHAn
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aeruginosdipase, the C&" ion might be involved in nativeB. glumadipase protected a large 26 kDa frag-
the correct positioning of the histidine residue of the ment of its cognate Lif, lacking the N-terminal 71
catalytic triad, since three of the €aion ligands are  amino acid residue§l3], from trypsin degradation.
contained in a loop together with the histidine residue This protected fragment probably contains the entire
[26]. However, in spite of the similar architecture of domain of the Lif required for chaperone activity, since
B. glumaelipase [14], this enzyme refolded in the a slightly longer fragment dP. aeruginosdl.if, lack-
absence of calcium, suggesting that the active-site ing the N-terminal 61 residues, has been reported to
histidine is correctly positioned even without the help retain its chaperone activit28]. On the other hand,
of calcium. Subsequently, we investigated whether in the presence of EDTA, which rendeBs glumasi-
calcium has a stabilizing role in the caseBofglumae pase sensitive to trypsin degradation, the cognate Lif
lipase. Indeed, calcium was found to stabilize this protected a 20kDa fragment of lipase from trypsin
enzyme under denaturing conditions, such as the pres-digestion. This result suggests a physical interaction
ence of urea or high temperatures. Previously, it has between the proteins, which leads to conformational
been demonstrated that the substitution of one of the changes in both proteins, consistent with the function
calcium ligands oB. glumaedlipase, Asp24114], by of the Lif as a steric chaperone.
Ala abolished the production of active lipase in vivo In vitro refolding of B. glumaeiipase into its active
[2]. This result suggested that the Asp241 residue, conformation occurred in the absence of an oxidizing
and therefore the Ga-binding site, is important  agent, and we confirmed that the disulfide bridge be-
for catalytic activity. However, it was also noticed tween the two cysteines was not formed under these
that this mutation resulted in a drastically decreased conditions. Apparently, the disulfide bond is impor-
amount of lipase produceff], suggesting that the tant neither in catalysis nor in the folding of the lipase
enzyme is less stable when it cannot bind calcium into its active conformation. FurthermorB, aerug-
and is therefore degraded by proteases produced ininosalipase variants, in which one or both cysteine
the bacteria. Consistently, in our studies, the enzyme residues were replaced by a serine residue could still
became sensitive to trypsin when the?Caons were be folded in vitro into an active enzyme, indicating
chelated with EDTA at 37C, i.e. at a physiological that the disulfide bond is not required for the activ-
temperature. ity of this lipase[25]. However, when the formation

In the absence of its Lif, the folding competence of the disulfide bond was prevented in vivo, either by
of the unfoldedP. aeruginosalipase was lost more  substitution of the cysteind&5] or by inactivation of
rapidly in the presence of calcium. This suggests that thedsbAgeng[11], the amount of lipase produced was
either the Lif-mediated folding step should occur be- drastically decreased. Therefore, the enzyme might be
fore calcium can be incorporated into the enzyme or unstable in the absence of the disulfide bond and de-
that Lif is directly involved in the productive interac- graded by cellular proteases. Alternatively, disulfide
tion between lipase and calcium, similarly as in the bond formation might increase the kinetics of fold-
case of the propeptide of subtilisin, which was sug- ing, thereby reducing the time of exposure of the un-
gested to regulate the binding of calcium to the mature folded or partially folded lipase to detrimental pro-
proteasg27]. Consistently with the latter possibility, teases. We show in this study that disruption of the
calcium was found to be required for the interaction of disulfide bond decreased the enzyme activity and sta-
Pseudomonasp. 109 lipase with the cognate Lif and bility of the B. glumasdipase at high temperatures. Al-
formation of the lipase-Lif complex was important though the destabilizing effect of DTT dB. glumae
for regaining enzymatic activitjd 9]. However, the in- lipase was relatively small, it might be possible that the
corporation of calcium cannot be the primary role of disulfide bond is only accessible to the reducing agent
Lif, since refolding ofB. glumaelipase, which is in- in the presence of a second denaturant, such as SDS or
dependent of calcium, was still dependent on its Lif. high temperature, as suggested previously in the case
Furthermore, interaction d8. glumaeandP. aerug- of P. aeruginosdipase[25]. In conclusion, both the
inosalipases with their cognate Lif's occurred inde- C&" ion and the disulfide bond are not essential for
pendently of calcium[(3] and results not shown). In  the enzymatic activity oB. glumaelipase, but they
protease protection experiments, the protease-resistanhave a stabilizing role under detrimental conditions,
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whereas the G4 ion in P. aeruginosdipase has an
additional role, possibly in the correct folding of the
active center of the enzyme.
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