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ABSTRACT. p-NitrophenyIN-alkylcarbamates with different alkyl chains were used as substrates to determine
separately the carbamylation and decarbamylation rates of the lipaseStapimylococcus hyicumndS.

aureus Both enzymes are reversibly inhibited by these compounds due to a rapid carbamylation of their
active site serines followed by a slow decarbamylation. The carbamylation reaction is strongly pH-
dependent and the pH profile suggests that an unprotonated histidine is required for this reaction. In
contrast, the decarbamylation is pH-independent suggesting the presence of a hydrogen bond between the
active site histidine and the carbamyl moiet$. hyicuslipase preferably reacts with medium to long
chain carbamates with an optimum for eight carbon atoms. In conBaatireudipase is highly specific

for short chain carbamates. These results are in agreement with the respective substrate preferences of
both lipases toward natural lipids. The decarbamylation rates of both enzymes hardly depend on the
alkyl chain length, and from this it is concluded that chain length selectivity is expressed in the first step
of catalysis. Both the carbamylation and decarbamylation reaction ragshgfcudipase are enhanced

in the presence of micelles, the activation effect being most pronounced in the first step. For the
aureuslipase only a small influence of interfaces on both reaction steps was observed. These results are
discussed in view of a possible role of a lid covering the active site. Kinetic experiments in the presence
and absence of calcium strongly suggest that calcium ions are important for the structural stabilization of
the unmodified as well as of the carbamylated enzymes. This structural function of calcium was supported
by urea unfolding experiments, from which it appeared that for both enzymes the free energy for unfolding
is significantly lower in the absence of calcium. In conclusion our results show that the kinetic differences
between both lipases reside in the acylation step, and that calcium is important for the structural stabilization
of the unmodified, and moreover, the acylated enzymes.

Lipases (EC 3.1.1.3) are specialized to hydrolyze under can hydrolyze monomeric substrate molecules, but only after
physiological conditions the ester bonds present in long chainbinding to the interface conversion of aggregated substrate
triacylglycerols (). Because of the low solubility of these can take place. This initial binding step of the lipase to the
compounds in an aqueous environment, lipases are activesubstrate interface, followed by binding of a single substrate
under extraordinary conditions as compared to other water-molecule in the active site of the enzyme and catalytic
soluble enzymes and encounter their substrate at aipid turnover, results in complex kinetics as compared to the
water interface formed by oil droplets, (mixed) micelles or situation where both enzyme and substrate are water-soluble.
bilayer structures. Consequently, one of the central themes  go\eral models have been proposed to explain the so-
in interfacial enzyme kinetics is the phenomenon of activation ¢eq “interfacial activation” of lipolytic enzymes, and these
at a substrate interface, which was experimentally demon-,,qe|s have been grouped into substrate models and enzyme
strated for the first time for porcine pancreatic lipase in the models ). In the substrate models it is assumed that the
classical experiments of Sarda and Desnu@)e After the lipids in the aggregate are in an optimal orientation
appearance of this pioneering paper, several authors observeg, o mation, and/or hydration state for enzymatic break-

i!mlltar efffec;ts thlth many othetr tl'hpmyt'tc fenzyrples. ghe down. A common feature of all substrate models is that the

dlne K':t? 3. |goty_||cber{/zymes ad de |_||n gr ac% aved (Iaen enzyme is thought to be structurally invariant, both in the

i eZC”i et c;nm Za;] r% irg(z anrdine ta tﬁienm %"ﬁi € absence and in the presence of a substrate interface. In the

S depicte cheme 1. According fo this model lipases enzyme models it is thought that the enzyme undergoes
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Scheme 1. Model for the Action of Lipases at an Interface
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2 The following symbols are used: E, enzyme in water phase; E*,
enzyme adsorbed to the interface; S, substrateSEfnterfacial
enzyme-substrate compleX2°F, apparent three-dimensional affinity
constant; Ky* interfacial (two-dimensional) affinity constantcas
catalytic rate constant; P, products of hydrolysis [model adapted from
Verger and de Haa8)]. Note that the enzymatic conversion of substrate
into products (E*S— E*+P) is represented as a one-step process for
reasons of simplicity.

for lipases structural information was obtained only recently.
The X-ray structure of human pancreatic lipa§eqontains

Simons et al.

that not only binding to a substrate interface but also binding
of a substrate molecule into the active site can induce
conformational changes of lipases resulting in the “activated
form”.

Proteins or enzymes with a comparable structure that
display differences in biochemical properties are useful tools
to elucidate structurefunction relationships. An example
is the lipase isolated from guinea pig pancrebd.( This
enzyme has a smaller lid than the homologous human
pancreatic lipase, and it was suggested that this is the
structural basis for the observation that guinea pig lipase does
not display interfacial activation. Another example of a
protein that illustrates the usefulness of two highly similar
enzymes are the lipases | and Il (85% sequence identity)
isolated fromGeotrichum candidumAlthough these lipases
have an almost identical three-dimensional structure, lipase
I has a high preference farissA9-unsaturated long chain
fatty acids whereas lipase Il has a much broader specificity
(12). Subtle structural differences are probably responsible
for this selectivity in fatty acid profile13). Both the study
with the mammalian pancreatic lipase couple and the fungal
lipase couple have contributed to a better understanding of
differences in lipase substrate selectivity and also to the
physiological importance of these differences.

Recently, we reported the purification and characterisation
of two highly similar lipases from bacterial origin4). The
lipase fromStaphylococcus hyicSHL) degrades both short
and long chain triacylglycerols and in addition has a high

an active site which is blocked by large surface loops. These activity toward phospholipids. In contrast, i aureus

Io_ops prevent substrate molecules from_reaching the active"paSe (SAL) degrades only short chain lipids and is inactive
site, and the authors suggested that important structuralioward phospholipids. In view of this difference in specific-

rearrangements have to take place before substrate molecul

&%y and because of the fact that both enzymes need calcium

can enter. The X-ray structure of human pancreatic lipasefoy fu|| catalytic activity, it is unlikely that calcium ions are

in the presence of its cofactor colipase and mixed phospho-

only involved in the binding of phospholipids. On the basis

lipid/detergent micelles revealed that such structural rear- of innibition studies with hexadecylsulfony! fluoride, Leu-

rangements indeed take place upon binding to a substrate,ejing Tjeenk and co-workers concluded that calcium might
interface {). The predominant change is the displacement pe involved in SHL stability 15). The precise role of
of the surface loop which blocks the entrance to the active caicium, however, is not yet known. Also the structural basis
site, in literature often referred to as the “lid” or the “flap”,  for the differences in substrate and chain length selectivity
thereby making the active site triad accessible for substratepetween SHL and SAL are not understood. In an attempt
molecules. Furthermore, rearrangements take place thagg find answers to these questions and to study the influence
result in an optimization of the oxyanion hole. of interfaces on kinetics, we decided to make use of
This information at the molecular level provided a p pitrophenylN-alkylcarbamates of different chain length.
structural basis for the observed enhancement of activity of carhamates have been used successfully as substrate analogs
pancreatic lipases at the substrate interface. The inductionys shed light on the kinetic behavior of esterases, proteases,
of such conformational changes is not restricted to the gpg lipoprotein lipasel—20). These studies showed that

presence of an interface, since they were also reported forthese compounds are poor substrates that act as inhibitors
lipases that have an inhibitor covalently bound in the active

site 8,9. The inhibitors were small organophosphates or
n-alkylsulfonates mimicking the transition state of acyl
enzyme hydrolysis an®-methylhexylphosphonate which

might be considered as an analogue mimicking the transition

state of substrate hydrolysit(d). These observations suggest

1 Abbreviations: BSA, bovine serum albumin; BSF, butylsulfonyl
fluoride; CMC, critical micelle concentration; EDTA,N,N,N-ethyl-
enediaminetetraacetic acid; PNPgnitrophenyl butyrate; PNPBC,
p-nitrophenyl N-butylcarbamate; PNPDQg-nitrophenyl N-dodecyl-
carbamate; PNPECp-nitrophenyl N-ethylcarbamate; PNPOCp-
nitrophenyIN-octylcarbamate; PL4 porcine pancreatic phospholipase
Az SAL, Staphylococcus auredipase; SHL,Staphylococcus hyicus
lipase; BC-SAL and BC-SHL, SAL and SHL after inhibition with
PNPBC; BS-SAL and BS-SHL, SAL and SHL after inhibition with
BSF; Gs.1-PN, n-oleylphosphocholine; OPOmB;octyl-poly-oxyethyl-
eneglycol; TDOC, taurodeoxycholic acid; TX100, Triton X-100.

by reversible carbamylation of the active site serine.

We synthesizedp-nitrophenyl N-alkylcarbamates with
different alkyl chains to study the remarkable difference in
chain length selectivity between SHL and SAL. Here we
report the kinetics of carbamylation and decarbamylation of
SHL and SAL in relation to the hydrolysis pfnitrophenyl
butyrate as a substrate. Using this approach we studied the
influence of interfaces on the rates of both steps of catalysis.
Moreover, we show that carbamates can be used to inves-
tigate the influence of calcium ions on both carbamylation
and decarbamylation steps.

MATERIALS AND METHODS

Chemicals. gNitrophenyl butyrate (PNPB) was purchased
from Sigma. n-Octyl-poly-oxyethyleneglycol (OPOE), tau-
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rodeoxycholic acid (TDOC), and Triton X-100 (TX100) were
from Alexis Corporation, Sigma and Serva, respectively.
n-Oleylphosphocholine (5..-PN) was synthesized analogu-
ous to Gg¢PN (21). Bovine serum albumin (BSA) was

obtained from Boehringer.N,N,N,NEthylenediaminetet-

raacetic acid (EDTA) was purchased from Acros Chimica.
p-Nitrophenyl chloroformate, butylamine, dodecylamine,
ethylamine, and octylamine were from Sigma. Butylsulfonyl

fluoride (BSF) was prepared from the corresponding chloride

analoguous to hexadecylsulfonyl fluorid?j. Small-scale
gel filtration PD-10 columns (Sephadex G-25) were pur-
chased from Pharmacia.

Enzymes.Recombinant histidine-tagged SHL and SAL
were isolated fronEscherichia coliby affinity chromatog-
raphy on nickel-nitrilotriacetic acid as described befd (
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calculations a K, of 7 for p-nitrophenol and an extinction
coefficient of 18577 M! cm™ for p-nitrophenolate were
used. This assay contained 250 PNPB, 50 mM Hepes,
pH 7, and 10 mM CaGlin a total volume of 1 mL. The
reaction temperature was 1€, and the spectrophotometer
used was a Pharmacia LKB-Ultrospec Ill or a Shimadzu UV-
150-02. In this assay the activities of SHL and SAL are 75
and 14 units/mg, respectively. To obtain specificity constants
(keafKnm) the activity was determined at PNPB concentrations
between 0 and 1 mM. The solubility limit of PNPB is 1.1
mM under these conditions. For both SHL and SAL a linear
relationship between activity and [PNPB] was found, from

which the specificity constants were calculated. To obtain

the pH-activity profile of both lipases with PNPB as a
substrate the following buffers were used: formate (pH 3

The presence of a short N-terminal extension containing six and 3.5), acetate (pH 4 up to 5.5), succinate (pH 6 and 6.5),
successive histidines does not alter the kinetic properties ofHepes (pH 7 and 7.5), and Tris/HCI (pH 8 and 8.5), all at
these enzymes as compared to the wild-type forms. Proteinconcentrations of 50 mM. The increase in absorbance was
concentrations were determined by measuring the absorbancéollowed at the isosbestic point, and the activities were

at 280 nm using calculatdel!*,g0,m values of 14.5 for SHL
and 15.8 for SAL 23).

Synthesis of Carbamate InhibitorsThe p-nitrophenyl
N-ethyl, -butyl, -octyl, and -dodecyl carbamates (PNPEC,

PNPBC, PNPOC, and PNPDC) were synthesised from their continuous approach.

respectiven-alkylamine andp-nitrophenyl chloroformate
essentially as described befof®(20. The crude products
were purified by column chromatography using silicic acid
gel followed by crystallization from diethylether/hexane at
4 °C. The identity and purity of the carbamates were
checked by determination of their melting points and by TLC,
proton NMR, and mass spectrometry.

Determination of Concentration, Solubility, and Stability
of Carbamates.Stock solutions of carbamates were prepared
in acetonitrile by dissolving weighted amounts of dry powder.
The concentration of-nitrophenyl carbamate was then
checked spectrophotometrically as follows. An aliquot of
the stock solution was hydrolysed for 245 M sodium
hydroxide. This solution was diluted 10-fold, and the

calculated using an absorption coefficient of 5150 m™2.

Carbamylation Kinetics.To determine the carbamylation
rate constants of SHL and SAL two types of inhibition
experiments were used: a discontinuous approach and a
In the discontinuous approach the
enzyme was incubated in the presence of at least a 10-fold
molar excess of carbamate over enzyme in a total volume
of 500uL. Unless otherwise stated, the inhibition mixture
contained 50 mM Hepes, pH 7, 10 mM CaGind 0.5 mg/
mL BSA at 18°C. BSA was included to prevent adsorption
of the lipase to the cuvette wall, while it does not influence
the enzymatic activity of the lipase. The carbamate was
added from a concentrated stock in acetonitrile; the final
volume fraction of acetonitrile in the mixture never exceeded
0.04. At regular time intervals an aliquot was taken to
determine the remaining activity in the PNPB assay. From
the resulting data the pseudo-first-order rate constant for
carbamylation K-°°9 was obtained as follows.

For the carbamylation reaction as depicted in Scheme 2

absorbance was measured at 348 nm, which is the isosbestithe first equilibrium is fast relative to the carbamylation step

point of thep-nitrophenolp-nitrophenolate couple. From this
absorbance the concentration of liberageditrophenolp-

k.. Sincek; andk, were not obtained independently, their
ratio Kc (= ko/ky) is used in the calculations below. When

nitrophenolate was calculated using a molar absorption we definek°?s= k.C/Kc + C, whereC is the concentration

coefficient of 5150 M* cm™ (24). To determine the

of carbamate present, we can write the rate equation (eq 2)

solubility of the carbamates, an aliquot of the concentrated for the carbamylation/decarbamylation reaction:

stock solution in acetonitrile was diluted 25-fold in 50 mM
Hepes, pH 7 containing 10 mM Cafind 0.5 mg/mL BSA.
After centrifugation (14006, 10 min) the concentration of

d(EC)/d = kE, — (k™ + ky)(EC) 2)

carbamate in the supernatant was determined as describedhereE, and EC represent total enzyme and carbamylated
above. The stability of the carbamates was determined byenzyme concentrations, respectively. Because carbamate

diluting an aliquot of the carbamate stock solution into 1

concentrations §) were always in excess over enzyme

mL of 50 mM Hepes at pH 7. The increase in absorbance present Eg), the amount ofC bound to the enzyme was

at 348 nm was followed in time, and the first-order rate
constant for basic hydrolysi&,, was calculated by fitting
the data to the equation

A= A, exp¥q)

In this equatior”; andA, are absorbances at 348 nm at times
t and O, respectively.
Enzyme Actiity Assays. The enzymatic activity of SHL

1)

neglected in the calculations discussed below. Equation 2
can be integrated when the carbamate concentratin (
remains approximately constant during the carbamylation
reaction. We then obtain

(EQ), = k™ E(1 — expl— (k> + k)t/(k*°+ k) (3)

This equation predicts that the carbamylation reaction relaxes
to a plateau value folHC) at infinite time. From this plateau

and SAL with monomeric PNPB as a substrate was routinely value the ratio of the carbamylation and decarbamylation
determined by following the increase in absorbance at 400 rate constants (i.d.°°Ykq) can be found. Fitting experimental

nm due to the release op-nitrophenol. For activity

relaxation data to eq 3 by nonlinear regression methods also
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Table 1: Solubility and Stability of Carbamates Used in this Study column equilibrated ?n water to remove expess_ unreacted
carbamate, formeg-nitrophenol and carbamic acid, Hepes
and CaCJ). The absence of unreacted carbamate after the

carbamate solubility.(M) 10%ky (s79) ty/2 (Min)

E“EES 1588 11-855 118 PD-10 column was verified by dilution of an aliquot in 5 M
PNPOC 0 b b sodium hydroxide and measuring the absorbance at 400 nm.
PNPDC 10 b b The concentration of eluted protein was determined spec-

a Solubility and stability were determined in 50 mM Hepes, pH 7, tr_OphotO_metrlqally at 28_0 nm. The Carbamyol-enzyme was
at 18°C. The stability is represented as the first-order rate constant divided 'nto_ ?‘“qUOtS which were storeq ak0°C. Under
obtained by fitting to eq 1kg) and for reasons of clarity the half-life  these conditions a slow decarbamylation occurs, but when

time (tu2) in minutes is given as well. Further details are described in ysed within 5 days the percentage of free enzyme never
Materials and Method$.Upon incubation fo 8 h at pH 7less than exceeded 15%.

5% of the maximum release @fnitrophenol was observed.

Decarbamylation Kinetics.To determine rate constants
of decarbamylation, a fraction of 5@L of carbamylated
allowed us to obtain values fork{* + ki) from the  enzyme was thawed and the total volume was diluted to 500
exponential term, thereby yielding values fiof’s and ky ul with Hepes buffer (50 mM) containing 10 mM CaCl
separately. When carbamylation experiments are repeatecand 0.5 mg/mL BSA at pH 7. This resulted in a concentra-
for different carbamate concentrations, the constinénd tion of carbamylated enzyme of approximately 0.8 for
Kc can be derived fronk>*s = k.C/Kc + C. It was noted  SHL and 0.5uM for SAL. To study the influence of an
that a plateau is not always reached, particularly when interface and the cofactor calcium on the decarbamylation,
carbamylation reactions were relatively slow (see e.g. Figure incubations were done in the presence of different detergents
2). Such behavior is only observed when the carbamateor 10 mM solutions of EDTA, calcium, strontium, or barium.
concentratiorC drops during the carbamylation reaction due The decarbamylation reaction was followed by taking
to nonenzymatic hydrolysis. In that case integration of eq aliquots at regular time intervals and measuring the activities
2is not allowed. Indeed it was noted that several carbamatesn the PNPB assay. The percentage of carbamylated enzyme
are slowly hydrolyzed nonenzymatically under our conditions at each time point was determined by calculating the
(see data in Table 1). Therefore, enzymatic carbamylation concentration of active enzyme from the measured activity
data were collected only for those conditions where the drop and subtracting this value from the total enzyme concentra-
in carbamate concentratiol€) is negligible. Using eq 2 tion (carbamylated and non-carbamylated) which was de-
and the half-life times of the carbamates it was verified termined spectrophotometrically. Subsequently the first-
whether this was allowed under our experimental conditions. order rate constant for decarbamylation was calculated from

In the continuous approach the carbamylation rate constantthese data.
was determined in the presence of substrate, essentially as Preparation of Sulfonylated EnzymeBS-SHL and BS-
described by Hosiet al. (25). These experiments were SAL were prepared by addition of 150 of 50 mM BSF,
performed in a total volume of 3 mL containing 5aM dissolved in acetonitrile, to 2.5 mL of 50 mM Hepes, pH 7,
PNPB, 50 mM Hepes, pH 7, and 10 mM Ca@hd different 10 mM CaC} containing 254M of either SHL or SAL.
concentrations of carbamate which were varied between OReactions were allowed to proceed for 24 h at room
and 10uM. When these experiments were performed in temperature, and then the reaction mixtures were applied to
the presence of 100 mM TX100, the PNPB concentration a PD-10 column, preequilibrated with 50 mM Hepes, pH 7,
was 2 mM and the carbamate concentration was varied1 mM CaCh, and 50 mM NaCl. The concentrations of the
between 0 and 60M. For these experiments a double beam eluted, sulfonylated lipases were determined by measuring
Varian Cary 04E UV/vis spectrophotometer interfaced to an the absorbances at 280 nm. Experiments indicated no
IBM personal computer for data collection was used. The changes in molar absorptivities of both SHL and SAL on
reaction was started by adding SHL at a concentration of forming BS-SHL and BS-SAL. Less than 2.5% residual
5.5 nM to the cuvette. At this low enzyme concentration, activity was detected in the sulfonylated preparations of both
the release op-nitrophenol resulting from carbamylation is  lipases by use of PNPB as a substrate. After the sulfony-
negligible compared tg-nitrophenol released by PNPB lation, BS-SHL and BS-SAL still migrated as one single band
hydrolysis. In the absence of carbamate the slope wason SDS-PAGE gel electrophoresis (data not shown),
constant for at least 10 min. When the experiment was demonstrating the purity of both preparations.
repeated in the presence of inhibitor the slope of the curve Urea Denaturation. The reversible folding of SHL, SAL,
decreased with time and at regular time intervals the first BS-SHL, and BS-SAL was monitored by fluorescence
order derivative of the curve was calculated and divided by spectroscopy using a Perkin-Elmer LS-5 luminescence spec-
the value obtained without inhibitor. From the remaining trophotometer (Perkin-Elmer, Beaconsfield, U.K.). The
activities the first order carbamylation rate constant was measurements were performed at°T8using an excitation
calculated by fitting the data to eq 3. wavelength of 280 nm while the emission was measured at

Preparative Carbamylation and Isolation of Carbamylated 330 nm. Both slit widths were 5 nm. Two protein stock
Enzyme. Preparative carbamylation was done using an solutions were prepared, one containing folded and the other
enzyme concentration of @M for SHL or 10uM for SAL containing unfolded enzyme. The former solution contained
in a total volume of 2.5 mL containing 50 mM Hepes, pH 3 uM SHL or SAL, 50 mM Hepes, and either 10 mM CacCl
7, 10 mM CaCJ, and one of the carbamates PNPEC (1.6 or 10 mM EDTA at pH 7.0, while the latter contained in
mM), PNPBC (20QuM), PNPOC (40uM), or PNPDC (10 addition 8 M urea to denature the protein. With each of
uM). The enzymatic activity was followed in time in the these protein stock solutions a complete curve was measured.
PNPB assay as described above. When the lowest activityThus the denaturation profile was determined by unfolding
was reached, the reaction mixture was passed over a PD-1@s well as refolding the protein. For unfolding experiments
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Chart 1: Chemical Structures of Carbamates Used 60 T T T T T T 400
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a Ester substraten = 1, p-nitrophenyl butyrate (PNPB). Carbam-
ates: n = 1, p-nitrophenyl N-ethylcarbamate (PNPECH = 3,
p-nitrophenyl N-butylcarbamate (PNPBC)y = 7, p-nitrophenyl N-
octylcarbamate (PNPOCH;= 11, p-nitrophenyIN-dodecylcarbamate  Figure 1: pH dependence of ester hydrolysis for SHD) (and
(PNPDC). SAL (a) with PNPB as a substrate. Activities were determined in

. o . 50 mM buffer, 10 mM CaGlat 18°C. The substrate concentration
a sample of the solution containing folded enzyme was mixed was varied between 0 and 25fM, and ke/Ky values were

with a buffer containing urea. The urea concentration was determined from the slopes of these curves as described in the text.
varied between 0 and 8 M. The same procedure wasNote the difference in scaling for théaxes.

followed for refolding experiments using the solution ) ) ) )

containing unfolded enzyme. All samples were incubated soluble than the isosteric butyric acid ester PNPB (Ch_art 1,
for at least 15 min before measuring the fluorescence. For" = 1). Furthermore, these carbamates are susceptible to
the unmodified as well as the sulfonylated lipases, the SPontaneous hydrolysis by water, and therefore we deter-
resulting unfolding and refolding profiles overlapped, indi- Mined their stability in the absence of enzyme. With the
cating that each sample had reached equilibrium. The freef@te constants given in Table 1 we were able to verify the
energy of unfolding at each point of the denaturation profile obtained carbamylation rate constants taking into account

was calculated using the equation this nonenzymatic hydrolysis (see Materials and Methods).
Like most lipases both SHL and SAL can hydrolyze
AG,= —RTInK, (4a) p-nitrophenyl acyl esters in the presence of TX100). Both

) ) . SHL and SAL also rapidly hydrolyze monomeric PNPB and
where AG, is the free energy of unfoldingR is the gas  the reaction is linear with time without a burst. In the

constantT the absolute temperature, aidis the equilib-  concentration range below 1.1 mM a linear increase in
rium constant for the unfolding reaction. The equilibrium  activity was observed with substrate concentration (data not
constantk, was calculated using the equation shown). These experiments were carried out at varying pH
. values and from the slopes of the curves the specificity

Ky = (Fn = Fopd/(Fops = Fu) (4b) constantsk.a/Kn, were determined. In Figure 1 the pH

profiles of SHL and SAL with PNPB as a substrate are given.
At a pH value of 7 or higher the catalytic efficiency of SHL
is about 7-fold higher compared to SAL. The enzymatic
activity of both enzymes strongly depends on pH resulting
in sigmoidal curves. From the shapes of the curves it was
concluded that a group with aKp of 5.0 controls the
substrate hydrolysis by SAL whereas this value is 5.6 for
AG, = AG, — mlurea] (4c) SHL. With triacylglycerols as a substrate a similar difference
! in activity and a lower pH optimum for SAL compared to
whereAG, is is the free energy of unfolding in the absence SHL has been observgid). Thusp-nitrophenyl esters may
of urea andm is the slope of the curvé26). be used as substrate mimics for these lipases.
Initial experiments showed that under conditions where
RESULTS p-nitrophenyl esters are rapidly hydrolyzed, little or no
We synthesized differeqtnitrophenyIN-alkylcarbamates  hydrolysis occurred when SHL or SAL was added to a
that are structurally similar to acptnitrophenyl esters (Chart ~ solution of PNPBC. Only when the amount of added
1), but in which the methylene group adjacent to the ester enzymes was increased at least 100-fold was an initial burst
function has been replaced by an amide function. This of p-nitrophenol observed, but the rate of hydrolysis rapidly
change makes the carbamate a poorer substrate than the esteslowed down (data not shown). Such behavior can be
In addition, the introduction of the NH function increases explained by a slow carbamylation of the active site serine
the hydrophilicity of the carbamates compared to the esters.and an even slower decarbamylation (as depicted in Scheme
This is important since we intended to study the kinetics of 2), in analogy with the well-known acylation/deacylation that
lipases on monomeric and aggregated substrates, and theresccurs in serine esterases. To investigate this reaction in
fore we determined the solubility of these carbamates undermore detail, SHL was incubated at pH 6.5 with an excess of
the assay conditions. The solubilities of different carbamates PNPBC and at regular time intervals the remaining activity
are given in Table 1. It is obvious that the water solubility was determined. A typical curve of the enzymatic activity
decreases when chain length increases. With a solubility ofas well as the carbamate concentration, obtained in the
1.6 mM the ethyl carbamate PNPEC is about 1.5-fold more presence of an initial concentration of a® PNPBC, is

whereF,, Fy, andFq,s represent the quantum yield of the
native protein, the unfolded protein, and the observed
quantum yield at that point of the denaturation profile,
respectively. To obtain the free energy of unfolding in the
absence of urea\G, was plotted versus the urea concentra-
tion and fitted to the equation
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Scheme 2: Mechanism for Carbamylation and 2 ; . ; ; . " 2
Decarbamylation of SHL and SAL
P1 P2 9 .
K /‘ & 15 415F
E + PNPC =————= E - PNPC EC E A N
a The following symbols are used: E, enzyme; PNB@ijtrophenyl e r 1! =
carbamate; PNPC, enzyme-nitrophenyl carbamate complex; EC, MU =
carbamylated enzyme; ;P first product; B, second productk;, e -
association rate constant forENPC;k;, dissociation rate constant for - 05 - 05
E-PNPC; k., carbamylation rate constark;, decarbamylation rate <|Lr‘
constant.
0 & 0
100 100 5 55 6 65 7 75 8 85
pH
z 80 80 | Ficure 3: pH profiles of carbamylationd) and decarbamylation
g . (O) for SHL. The reactions were performed in 50 mM buffer, 10
< 60 60 g mM CaCl, and 0.5 mg/mL BSA at 18C. The specificity constants
§ g for carbamylation and rate constants for decarbamylation were
5 3 obtained as described in the text.
=9
R 40 40 gi_
IO § Table 2: Specificity Constants for Carbamylation of SHL and SAL
20 20 & with Different Chain Lengttp-Nitrophenyl N-Alkylcarbamate%
k/Kc (M~ts™?)
0 L : : . : 0 carbamate SHL SAL
0 1 2 3 4 5
Time (hours) 6 PNPEC 314 3%
o _ PNPBC 930 o
FiIGure 2: Inhibition of SHL with PNPBC. SHL (5uM) was PNPOC 31200 d
incubated with an initial concentration of 50M PNPBC in 50 PNPDC 11 600 d

mM succinate, pH 6.5, 10 mM Cagand 0.5 mg/mL BSA at 18
°C. Both the decrease in SHL activityD) and the decrease in
carbamate concentration due to nonenzymatic hydrolysjsafe
given. Percent remaining activities in time were determined with
the discontinuous assay as described in Materials and Methods.

a|nhibitions were performed in 50 mM Hepes, pH 7, 10 mM GaCl
and 0.5 mg/mL BSA at 18C. P k°bsvalues obtained by the discontinu-
ous approach were plotted against the concentration of carbamate, and
kJ/Kc was calculated from the linear portion of this plbis for b but
now the continuous approach was us€d@ihe very low rates of

. . . . . . carbamylation for SAL with these long chain carbamates did not allow
depicted in Figure 2. After an initial rapid decrease in an accurate determination of the specificity constants.

activity, the residual activity levels off around a minimum
value of 15-20%. Next, the activity slowly returns as a 32 uM. To determine decarbamylation rates we carbamy-
consequence of carbamate depletion due to nonenzymatidated SHL on a preparative scale and isolated it as described
hydrolysis. At higher PNPBC concentrations the initial slope in Materials and Methods. Subsequently the carbamyl-
is steeper, the minimum activity is lower, and the regenera- enzyme was incubated at varying pH values and recovery
tion of activity is slower (data not shown). Since upon of activity was followed in time. Between pH 5.5 and 8 the
incubation of SHL in the absence of carbamate no loss in decarbamylation rate is within experimental error indepen-
activity was observed, even after 24 h, we concluded that dent of pH (Figure 3).
inhibition was due to reversible carbamylation. Incubation  The chain length selectivity of SHL and SAL was studied
of SAL with PNPBC resulted in similar curves, albeit with  with carbamates of different chain lengths. The reactions
lower rates (data not shown). From these results we concludewere all performed at pH 7 in the presence of 10 mM GacCl
that carbamates are useful substrate analogs to study thand 0.5 mg/mL BSA. A neutral pH was chosen because
acylation and deacylation steps of enzymatic ester hydrolysis.under these conditions both SHL and SAL have a high
To study the pH-dependence of the acylation and deacy-reactivity while the carbamates have a good chemical
lation steps separately we used PNPBC. The specificity stability. SHL is rapidly inhibited by PNPEC: if the enzyme
constant of carbamylatiork{Kc) was determined by mea- is incubated with a 2@&M solution of PNPEC a half-time
suring the carbamylation rate constaltt) at varying of inactivation of 2 min is observed. If the chain length of
concentrations of PNPBC. For SHL the rate of reaction over the carbamate is increased to eight carbon atoms as in
the pH range from 5.5 to 8 is faster than spontaneous PNPOC, the specificity constant of SHL increases 100-fold
hydrolysis of PNPBC and therefore we used SHL rather than and remains high even with the dodecyl compound PNPDC
the slower reacting SAL for these experiments. It appeared(Table 2). The carbamylation of SAL is at least 9-fold
that the carbamylation of SHL with PNPBC is strongly pH- slower than that of SHL (Table 2), and in sharp contrast to
dependent, and a sigmoidally shaped curve was obtainedthe behavior of SHL the specificity constant for SAL
(Figure 3). It was estimated that a group withk&,jaround decreases upon increasing the chain length of the carbamate.
7 controls the carbamylation reaction. The increase in As a result the specificity constant of SAL for PNPBC could
specificity constant at higher pH results from an increase in still be measured, but the carbamylation rates with the long
both the carbamylation rate (high&) and an increased chain carbamates PNPOC and PNPDC are too slow to be
affinity for the carbamate (lowekc). For example, when  determined.
the pH is raised from 6 to 7 the value kfincreases from To study the decarbamylation more accurately, both SHL
9.1x 103t029.8x 10 3standKc changes from 120to  and SAL were isolated after preparative carbamylation with
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Ficure 4: Decarbamylation of EC-SHL. Preparative carbamylation
and isolation of the carbamyl-lipase were done as described in
Materials and Methods. The reaction conditions for decarbamylation
were 50 mM Hepes, pH 7, 10 mM Caghnd 0.5 mg/mL BSA at
18°C. Percent activities were determined on the basis of thgg©D
of carbamylated enzyme and the specific activity of unmodified
SHL.
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Table 3: Decarbamylation Rates of SHL and SAL in the Absence
and Presence of TX180

SHL SAL
10¢ ke* (579 100k (s71)
carbamyl- 10%kq (s79) 100 mM 10t kg (s7Y) 100 mM

enzyme nodetergent TX100 no detergent  TX100 0 0.04 0.08 0.12 0.16 0.20
ethyl 45 10.4 0.32 0.88

bun e 92 030 111 A,0: [PNPBC] (mM) A@: [PNPBC] (mole %)

octyl 1.0 2.0 ND ND FiGure 5: Carbamylation rates of SAL and SHL at different

dodecyl 4.4 22 ND ND concentrations of carbamate in the absence and presence of an

aSHL and SAL were carbamylated on a preparative scale and the interface. SAL (panel A) was carbamylated with increasing
carbamyl-lipases were isolated as described in the experimental sectionconcentrations of PNPBC in buffer (open symbols) or in the
Decarbamylations were performed in 50 mM Hepes, pH 7, 10 mM Presence of a fixed concentration (100 mM) of TX100 (closed
CaCh, and 0.5 mg/mL BSA at 18C, either in the absence of detergent  Symbols). In the first case the carbamate concentration is expressed
or in the presence of 100 mM detergent. NDnot determined. in mM; in the second case as mole percentage relative to TX100.
Carbamylation reactions took place in 50 mM Hepes, pH 7, 10

. . mM CacCl, and 0.5 mg/mL BSA at 18C. For SHL (panel B) the
carbamates of different chain length. At the start of the conditions were identical. The observed rate constants for car-

experiment about 15% activity is found because slow bamylation,k?" at the different carbamate concentrations were
decarbamylation takes place during isolation and storage (se€btained by fitting curves of percent activity versus time to eq 3.
Materials and Methods). Upon incubation the activity '\Ot€ the difference in scaling for théaxes.
gradually returns and within a few hours activity is almost | . i _
completely recovered. In Figure 4 the decarbamylation lation rates of 1.4« 10°* s* for SAL and 30x 10 s
profile of SHL after reaction with PNPEC is given, from for SHL andKc values of 16Q‘M.(SAL) and .BO“M (SHL)
which a first-order rate constant for decarbamylatiky) ¢f were calculated_. !n_ the previous experiments we used
4.5% 10 s was calculated. The decarbamylation curves mo_nomolecul_ar_ |n_h|b|t0r solutions. To stud_y_ the influence
for SHL after inhibition with PNPBC, PNPOC, and PNPDC of interfaces it is important to choose conditions where all
are similar (not shown), and the correspondiagalues are ~ €NZyme is present in the bound form (E* in Scheme 1). In
given in Table 3. Decarbamylation of SAL is about 10 times & Previous article we showed that in the presence of 100
slower than decarbamylation of SHL, and the decarbamy- MM TX100 all SHL or SAL is present in the interface as
lation rate hardly depends on chain length. E* (14). Therefore we_used a fixed concentration of 100
Because interfaces influence the kinetic behavior of lipases, MM TX100 and we varied the mole percentage of PNPBC
we tested the effect of TX100 on carbamylation. To this in the interface from 0 to 0.2. The presence of TX100 only
end we used PNPBC because it has a low solubility in water, has a minor effect on the carbamylation rate of SAL (Figure
a good miscibility with micelles, and a good reactivity with 5A), and ak:* of 2.3 x 1073 s~ and aKc* value of 0.2 mol
both SHL and SAL. The solubility of PNPBC is still % were obtained. For SHL the rate of inhibition increased
sufficient to determine inactivation ratdg®9 as a function  linearly with the mole fraction PNPBC, indicating that in
of its concentration in the monomeric region in the absence this (two-dimensional) concentration range SHL cannot be
of detergent. The results for SAL and SHL are depicted in saturated with carbamate (Figure 5B) and hence the maximal
Figures 5A and 5B, respectively. The maximum carbamy- rate of inactivation cannot be calculated. Although this
lation rates K;) were determined by fitting the data to the observation makes a quantitative estimate impossible, Figures
equationk.bs = k.C/Kc + C as described in Materials and 5A and 5B clearly show that the presence of detergent
Methods. From the curves in Figure 5 maximum carbamy- dramatically enhances the reactivity of SHL whereas it hardly
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Table 4: Effect of Detergents on the Decarbamylation Rate of
20 BC-SHL?
0 ) ! | ! L detergent 10ky(*) (574 ta2 (min)
0 2 4 Timi (hours) 8 10 none 1.74 60
TX100 9.10 12
Ficure 6: Decarbamylation of BC-SAL and BC-SHL in the OPOE 8.44 13
absence and presence of an interface. Preparative carbamylation Cis:-PN 4.16 26
and isolation of the carbamyl-lipases was done as described in the TDOC 3.83 29

experimental section. Decarbamylation of SAL (panel A) was
performed in the absence (open symbols) and presence (closeqh
symbols) of 100 mM TX100 in 50 mM Hepes, pH 7, 10 mM CaCl
and 0.5 mg/mL BSA at 18C. For SHL (panel B) the conditions
were identical. Percent activities were determined on the basis of
the ODygo Of carbamylated enzyme and the specific activity of
unmodified enzyme.

a SHL was carbamylated on a preparative scale with PNPBC, and

e carbamyl-lipase was isolated as described in Materials and Methods.
The decarbamylation conditions are given in the legend of Table 3,

but the detergent concentrations were 10 instead of 100 mM.

of BC-SHL is slow, and, as can be seen in Figure 7, upon
addition of TX100 a continuous curve is obtained which
levels off around a value of % 10* s'. The critical
_micelle concentration (CMC) of TX100 is 0.25 mN\2%).
Surprisingly, already below the CMC of the detergent the
maximum rate enhancement was reached. These data
suggest that either monomeric TX100 can activate SHL or
that TX100 can induce the formation of enzyrraetergent

does so for SAL. Despite the observed rate enhancements
an exact interpretation of the magnitude of the change in
the kinetic constants is hampered by the fact that concentra
tions have to be expressed in a three-dimensional way for
monomeric substrates and in a two-dimensional way when
an interface is present.

After we determined the effect of detergents on the ’ X o :
carbamylation, we studied the effect of micelles on the 299regates. “Premicellar aggregation” has been extensively

kinetics of decarbamylation for different carbamates. The demonstrated before for PLA28,29, but for lipases thus

decarbamylation reaction is a first-order process quantified f& little experimental support was foundQ). We also
with the rate constarks (Scheme 2). In the presence of studied the effect of other detergents on the decarbamylation

100 mM TX100 the interfacially bound enzyme is defined 'at€ of SHL. The detergents tested were neutral (OPOE),

as E* (Scheme 1), and hence we defined the interfacial rate@nonic (TDOC), and zwitterionic (-PN), each at a
constant of decarbamylation &g. From Figures 6A and concentration of 10 mM, which is at least two times thglr
6B it is clear that the decarbamylation rates of both BC- respective (_ZMC vaI_ues._ In a separate experiment we verified
SAL and BC-SHL are enhanced by the presence of Tx100 that SHL is not inactivated by these detergents. The
micelles. The rate enhancement for BC-SHL is slightly decarbamylation curves obeyed first-order kinetics and
higher compared to the rate enhancement of BC-SAL. For Yielded complete recovery of activity, showing the enzyme
SHL we also carried out these experiments with carbamatesStaPility in the presence of detergent once more. From the
of longer chain lengths. Fitting of these curves yiekds values presented in Table 4, it is obvious that these fou'r
values which are summarized in Table 3. The decomposition détergents enhance the rate of decarbamylation. This
of the ethyl and butyl derivatives of SHL is clearly enhanced €nhancement is dependent on the type of detergent added,
by Triton X100, but interestingly this activation effect of and & maximum activation effect of about a factor 5 was
TX100 is lost if the chain length of the carbamate is increased S€en for the neutral detergents TX100 and OPOE.

(Table 3). Since C&" is a cofactor of both SHL and SAL, it was of
We used SHL to investigate the influence of detergent interest to test the influence of this ion on both the
concentration on decarbamylation as well as to test the carbamylation and decarbamylation rates. From the data
influence of other detergents than TX100. First, we deter- presented in Table 5 it is evident that for SHL the presence
mined the decarbamylation rate as a function of the TX100 of calcium increases the carbamylation specificity constant

concentration. In the absence of TX100 the decarbamylationk,/K¢ by a factor of 4. This effect can be mainly attributed
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Table 5: Effect of Divalent Cations on Carbamylation and 1.2
Decarbamylation Rate Constants of SHL with PNPBC 18
carbamylation decarbamylation
kd/Kc Kc 10¢k. 10k  recovery 5 08
M7s™)  @M)  (sH) (s (%) 2
calcium 930 32 300 174 100 & 0.8
EDTA 250 18 45 1.89 40 2
strontium 878 49 430 181 100 g 04
a Experiments were performed in 50 mM Hepes, pH 7, 0.5 mg/mL . 0.2
BSA at 18°C in the absence of detergent. Calcium, EDTA, or strontium
was present at a concentration of 10 mM. Further details are described 0
in Materials and Methods.
-0.2 1 1 1 1 i 1
- i i ini 0 1 3 4 6 7
to the 7-fold increase iik;, whereas the affinityKc) for [Urea] (M)

PNPBC in the presence of calcium is slightly lower. ) _ _
Calcium ions did not influence the rate of decarbamylation, F'G‘fJREBZdl_Jretﬁ"“dUCEd “”fof'dl'gg Oh;lsc:HIEiD-ghe ?tiﬁ“me“ts were

. . pertormea In the presence o m al or In the presence
aIthg)ugh the recovery of actl\{e enzym% IS qecreased_fromof 10 mM EDTA @). The SHL concentration was 03V in 50
100% in the presence of calcium to 40% without calcium. mm Hepes, pH 7, at 18C.

It was shown before that strontium is the only divalent cation

that can replace calcium with full retention of enzymatic complete recovery of BC-SHL activity not only in the
activity (31). From the data in Table 5 it is clear that also presence but also in the absence of'Caln contrast, BC-
for the carbamylation and the decarbamylation reactions SAL recovered only around 5% activity in the absence of
strontium can replace calcium without significant changes calcium when TX100 is present (data not shown). These
in kinetic constants. For SAL not only strontium, but also results show that Gaions have a stabilizing effect on both
barium can replace calcium with retention of activify. SAL and SHL. However, TX100 micelles stabilize SHL
In line with that observation, the decarbamylation of SAL puyt destabilize SAL, an observation that is surprising for two
in the presence of calcium, strontium and barium gives quite homologous lipolytic enzymes.
comparable decarbamylation ratks# 0.3 x 10*s™) and The results presented above suggest that calcium is very
complete recovery of activity. Addition of EDTA resulted jmportant for the structure and stability of SAL and SHL.
in a recovery of SAL activity as low as-510% (data not  Thjs finding was further investigated with denaturation
shown). studies in the presence and absence of calcium. Upon
The fact that the carbamylation and decarbamylation ratesunfolding of SHL with urea the fluorescence quantum yield
are affected to only a minor extent by calcium indicates that decreases about 2-fold. Both in the presence and absence
Cat ions are not directly involved in the bond breaking/ of calcium the unfolding proceeds as a single transition over
bond making steps of the catalytic mechanism. Structurala narrow urea concentration range, indicating that the
instability of the carbamylated (and possibly the acylated) unfolding can be described as a two-state process. From
enzymes in the absence of €dons is suggested by the Figure 8 it follows that calcium indeed has a profound effect
fact that the recovery of active SHL is reduced and the fact on the stability of SHL. The midpoint of unfolding is shifted
that the recovery of active SAL is almost completely lostin from 4.6 M urea in the presence of calcium to 2.8 M urea in
the absence of calcium. In this respect it is important to the absence of calcium and the removal of calcium changes
stress that during the catalytic cycle the acylated lipase isthe AG, value of unfolding from 12.0 kcal/mol in the
present at the interface. Therefore we investigated in morepresence of calcium to 5.7 kcal/mol in the absence of
detail the influence of TX100 micelles on the decarbamy- calcium. For SAL an even bigger change AG, upon
lation. In the presence of €aions, but in the absence of removal of calcium is observed (Table 6), which can be
TX100, both SHL and SAL completely recover activity in  attributed mainly to an almost 5-fold decrease in the slope
decarbamylation experiments (Figures 6A and 6B). In the (m) of the denaturation curve.
presence of TX100 and calcium ions, both lipases behave Our observations that the rate of decarbamylation is
differently: whereas SHL again recovers complete activity, independent of the presence of calcium, whereas the percent-
SAL activity levels off around 80%, both for PNPEC- age of recovery is calcium-dependent, suggest that also for
inhibited (not shown) and PNPBC-inhibited SAL (Figure the carbamylated enzyme calcium plays an important struc-
6A). In the presence of 100 mM TX100 we found a turalrole. A technical complication in unfolding studies with

Table 6: Parameters Characterizing the Urea Unfolding of Unmodified and Sulfonylated SHL add SAL

10 mM calcium 10 mM EDTA
AGo m [ureal. AGo m [urea},
protein (kcal/mol) (kcal/mol M) (M) (kcal/mol) (kcal/mol M) (M)
SHL 12.0 2.6 4.6 5.7 2.0 2.8
BS-SHLb 10.2 2.2 4.6 2.0 0.77 2.6
SAL 15.0 3.6 4.2 1.6 0.84 1.9
BS-SALP 8.5 2.2 3.8 1.3 1.18 11

aMeasured in 50 mM Hepes at pH 7 and 48. The parameters were determined as described in Materials and Methods,,[ere®f/m
represents the midpoint of the urea unfolding cuA@ulfonylated enzymes were prepared as described in Materials and Methods.
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carbamylated enzyme is the fact that the carbamylated lipasefor acylation/deacylation. The higher reactivity of SHt/(

is not stable, and, as a result, the percentage unmodifiedKc = 930 M~* s71) compared to SALK/Kc = 9 M1 s?)
lipase will increase during the time course of the experiment. with this carbamate can be attributed mainly to the more
To overcome this problem we used sulfonylated SAL and than 20-fold increase ik, which is in good agreement with
SHL, which mimic the transition state of acyl enzyme the difference ink.y between SHL and SAL with the
hydrolysis, but in contrast to the carbamylated lipases are corresponding estefld). Furthermore there is a difference
irreversibly inhibited. The first interesting observation is that between both enzymes in affinity for PNPBC of a factor 5.
for both lipases the sulfonylated forms are less stable thanln good agreement with the strong preference for small
the unmodified lipases (see Table 6). Furthermore it is substrates of SAL, inhibition by the shorter carbamate
obvious that calcium also is important for the structural PNPEC is more efficient and upon increasing the chain
stabilization of the sulfonylated enzymes, since bAtB, length of the carbamate, the reactivity of SAL decreases
and the midpoints of unfolding are lowered upon changing dramatically. SHL has a preference for longer chains, and
from saturating (10 mM) calcium to the absence (EDTA) of an optimum carbamylation rate was found for PNPOC.

calcium ions. Because no saturation kinetics were observed for the long
chain carbamates, it is difficult to attribute this higher
DISCUSSION reactivity of SHL with longer inhibitors to either reactivity

(ko) or affinity (Kc). Because of the magnitude of increase

Comparative characterisation of the structurally highly ;. ky/Kc for longer chains (38:100-fold), this increase cannot
similar lipases SAL and SHL revealed important functional ¢t solely from a decrease ic, which should have

differences {4). The results can be summarized as follows. o ited in saturation kinetics. Therefore this high reactivity
SAL displays a pH optimum of 6.5, Kcz 0f 250uM, @ \yith jonger chains is mainly the result of an increasédn
strong preference for acyl chains of 4 carbon atoms and 11, se of the binding energy of larger substrates to increase
hydrolyzes neutral glycerides but not phospholipids. In | ather than to decreas&, has also been described for a
contrast SHL has a pH optimum of 8.5Kaz+ of 15 uM number of proteases?).

and is less sensitive to changes in acyl chain length. Ithas | <,mmar ; ; ;
Lo > ; ) y, the result of increasing the alkyl chain length
high lipase activity (510 times higher than SAL) and an o the catalytic power of both lipases is significant and in

even higher phospholipase activity. Acpnitrophenyl opposite direction: SHL reactivity increases upon increasing
esters are good s_,ubstrates for thh SHL and SAL, but thethe chain length with an optimum reactivity for the octyl-
two-step mechanism of hydroly3|s_of thes.e esters by b(?th carbamate, whereas SAL reactivity is lost almost completely
lipases dpeg 'not ShOW “burst’ klnetlcs. This leaves us with for the medium and long chain carbamates. In our opinion
two possibilities: (i) the acylation step and not the deacy- yqqq arge differences cannot be explained by small chemical
lation step is rate-limiting, and (ii) the deacylation step IS o5n4e5of the cleavable bond due to an increase in chain
rate-limiting but both the acylation and deacylation are very length. The differences in chain length selectivity between

fast. In either case itis difficult, if not impossible, to isolate  ,y jinases could, however, very well result from differences
ghe a}lcy[?lted %nzymeéo stusly th.|s g\{\;?-step rea;)cnon In rgorﬁ in the sizes of the acyl binding pockets, comparable to the
etail. To understand the kinetic difterences between both gy ation described recently for several mutants of the lipase

enzymes, their reactions with the stru_ctur_ally re_lap}d_ from Rhizopus delemdB3). If so, than SAL would have a
nitrophenylN-alkylcarbamates were studied in detail. With restricted, small acyl binding pocket that prevents larger

these carbamates.the second-order carbamylation latgs ( substrates to bind, or allows binding, but not in such a manner
Ke) are 16-1000 _t|mes slower compared to the acylat]on that the ester bond is in optimal orientation for catalysis. In
reaction Kea/Kw) with the PNPB ester. The decarbamylation  qirast SHL would have a more extended and/or flexible
rates are 5 orders of magnitude smaller thanfor PNPB i in o nocket permitting also the binding of medium to long
turnover. T.h'.s SIO.W turnover of the .cg_rbamyl-enzymes chains. Another possibility is that both lipases differ in the
enables their isolation, giving the possibility to study both \ay and in the extent in which they interact with the substrate
steps of the reaction separately. interface. That there are important differences between SHL
To study the strong pH-dependence of these lipases Weand SAL at this level of enzymesubstrate interaction is

used PNPBC as a substrate mimic. The decarbamylationc|ear|y shown by us in this Study (eg Figure 5) Because
reaction clearly is pH-independent, which might be caused the three-dimensional structures of SHL and SAL are not
by the presence of a hydrogen bond between the amideayailable yet, it is impossible at this moment to address the
function in the carbamate and the active site histidine, as difference in chain length selectivity between both lipases
suggested before by Shin and Quirg®) Activation of a  to either of these options. In contrast to the carbamylation
water molecule by the histidine is impaired and decarbamy- reaction, the decarbamylation rates for both SHL and SAL
lation probably results from direct nucleophilic attack by a only slightly depend on chain length. On the basis of these
water molecule, which explains the pH independence andfindings we therefore conclude that the difference in chain
the low rate of the decarbamylation step. In contrast, the |ength selectivity between both enzymes is expressed during
carbamylation reaction is strongly dependent on the pH and carbamylation, which corresponds to the acylation step in
the obtained pH profile with a Ky around 7 probably  ester hydrolysis.

represents the titration of the active site histidine. Ourresults The decarbamylation rate of SAL and SHL is enhanced
show that the pH dependence resides in the carbamylationthree to 5-fold upon addition of micelles, which strongly
step. suggests a direct effect on catalytic activity in the decar-

The inhibition of both SAL and SHL by PNPBC follows bamylation. How do we explain this similar behavior of

saturation kinetics and allows determination of the rate SAL and SHL in the decarbamylation step, where the effect
constantKc and k;, which are analoguous tidy and kea of micelles in the carbamylation step is that pronounced for
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SHL and almost absent for SAL? In most lipase structures from a decrease in the slope of the unfolding curves. This
a lid has been identified that blocks the active site, but moves latter phenomenon has been observed for other proteins as
away upon interfacial or substrate binding (see3&fand well, and it has been suggested that it results from the
references therein). On the basis of inactivation experimentspresence of more unfolding intermediates in the unfolding
with hexadecylsulfonyl fluoride incorporated in TX100 pathway 88—40). An alternative explanation for the lower
micelles, it was concluded that SHL also has a lif)( That m values in the absence of calcium is that the lipases are
SAL lacks a lid and has an exposed active site is unlikely already partially unfolded in the absence of their cofactor.
for two reasons. Firstly, the primary structures of SAL and As a consequence the amount of hydrophobic area which
SHL show high sequence homology, and no deletions arebecomes exposed upon unfolding is lower resulting in a
present that suggest the absence of a lid in SAL. Secondly,jower mvalue. We also studied the stability of sulfonylated
the effect of TX100 in the decarbamylation step of SAL SHL and SAL, which mimic the acylated enzymes. These
indicates that conformational changes take place uponsulfonylated enzymes are less stable than the unmodified
micellar binding/interaction. The absence of a rate enhance-forms, both in the absence and presence of calcium. This
ment in the carbamylation step for SAL might, however, be opservation is in contrast to the general notion that enzymes
explained by a difference in the flap region. As discussed gre stabilized by the presence of substrate or a substrate
before by Rubin 5), the model of a lipase existing either  mimjc. If SHL and SAL are saturated with substrate, they
in the closed or in the open conformation is probably too quickly react and form acylated enzymes with a
simple, and a whole range of intermediate conformations thatsubsequent loss in stability. For these lipases the concept
are in equilibrium should be considered. Possibly for SHL ¢ «spstrate stabilization” apparently does not apply.

?c?ivi?gglggﬁ?;rrﬁ aﬁggtfﬁ arr]n ]?Orre Siell_sny toward the open, Although both SAL and SHL have been classified as true
In a paper describing the kinetics of lipoprotein lipase with Ilﬁa§es Qtl))’ we showed thgt onI)(; SI—;lean kgdroly_ze !ong
carbamates, Shin and Quinn predicted a larger effect by theChain su strates (this study and ref 14). One _crlten_on to

classify an esterase as a member of the subfamily of lipases

addition of micelles on the hydrolysis of carbamyl-lipases . ; S
inhibited by longer chain0). This is the opposite of what 1S the capacity to degrade long chain triacylglycerdig)(
fObviously, SAL does not match this criterion. Another

we have found experimentally. Because of the absence of - : ;
a rate enhancement of SHL after inhibition with the dodecy! Critérion commonly used is to ascertain whether the enzyme
carbamate, it is tempting to conclude that binding of the I question displays interfacial activation. The disadvantage

longer chain yields an activated (open form) conformation. ©f this approach is that assays to measure interfacial
We suggest that a short chain lipid binds in the active site activation are subject to numerous artefacts and therefore

with minor conformational changes, but after introduction &re unreliable43). Our results with carbamates, however,
of the chain the enzyme may return to the closed form. In clearly show that SHL activity is enhanced upon addition
that case addition of an interface would result in the Of micelles and that this effect is most pronounced in the
generation of the activated form. Therefore, an effect by first step of the reaction. Therefore our results justify the
micelles on the decarbamylation rate will only be observed Previous classification of SHL as a true lipase with broad
with short acyl chains. substrate specificity. In sharp contrast the carbamylation rate
Many enzymes use metal ions as cofactors for either their Of SAL hardly increases in the presence of an interface.
structural stabilization, or in the catalytic mechanism, or in Again, classification of SAL as a true lipase does not seem
a combination of both functions. An example of an enzyme to be justified. We propose that SAL should be considered
that is dependent on calcium for its catalytic activity is BLA ~ as an intermediate between an esterase and a true, interfa-
and for this enzyme the calcium ion is directly involved in cially activated lipase, together with other hydrolases such
the catalytic mechanisn36). Both SHL and SAL also need  as theCandida antarcticaB lipase @4) and cutinase4p).
calcium for full catalytic activity, but it has been suggested In this respect, SAL and SHL provide an unigue system to
that the role of calcium in these lipases is structural rather study the (evolutionary) bridging between esterases and
than mechanistic 14,15,3). Our kinetic studies with  lipases.
carbamates support this proposal of a structural function and
therefore we further investigated the importance of calcium ACKNOWLEDGMENT
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