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ABSTRACT. Small unilamelar vesicles of anionic phospholipids (SUV), such as 1-palmitoyl-2-oleoylglycero-
sn-3-phosphoglycerol (POPG), provide an interface whEnermomyces lanuginogeglyceride lipase

(TIL) binds and adopts a catalytically active conformation for the hydrolysis of substrate partitioned in
the interface, such as tributyrin prnitrophenylbutyrate, with an increase in catalytic rate of more than
100-fold for the same concentration of substrate [Berg et al. (1B&fhemistry 376615-6627.]. This
interfacial activation is not seen with large unilamelar vesicles (LUV) of the same composition, or with
vesicles of zwitterionic phospholipids such as 1-palmitoyl-2-oleoylglyser8-phosphocholine (POPC),
independently of the vesicle size. Tryptophan fluorescence experiments show that lipase binds to all those
types of vesicles with similar affinity, but it adopts different forms that can be correlated with the enzyme
catalytic activity. The spectral change on binding to anionic SUV corresponds to the catalytically active,
or “open” form of the enzyme, and it is not modified in the presence of substrate partitioned in the vesicles,
as demonstrated with inactive mutants. This indicates that the displacement of the lid characteristic of
lipase interfacial activation is induced by the anionic phospholipid interface without blocking the
accessibility of the active site to the substrate. Experiments with a mutant containing only Trp89 in the
lid show that most of the spectral changes on binding to POPG-SUVs take place in the lid region that
covers the active site; an increase in Trp anisotropy indicates that the lid becomes less flexible in the
active form, and quenching experiments show that it is significantly buried from the aqueous phase. On
the other hand, results with a mutant where Trp89 is changed to Leu show that the environment of the
structural tryptophans in positions 117, 221, and 260 is somehow altered on binding, although their mobility
and solvent accessibility remains the same as in the inactive form in solution. The form of TIL bound to
POPC-SUV or -LUV vesicles as well as to LUV vesicles of POPG has the same spectral signatures and
corresponds to an inactive or “closed” form of the enzyme. In these interfaces, the lid is highly flexible,
and Trp89 remains accessible to solvent. Resonance energy transfer experiments show that the orientation
of TIL in the interface is different in the active and inactive forms. A model of interaction consistent with
these data and the available X-ray structures is proposed. This is a unique system where the composition
and physical properties of the lipid interface control the enzyme activity.

Lipases (triacylglyceride esther hydrolase, EC 3.1.1.3) are serine activated by a hydrogen bond in relay with histidine
enzymes that hydrolyze triglycerides at a lipidater and aspartate or glutamats, (7). In addition, the crystal
interface and have interesting industrial and medical ap- structures of many uncomplexed lipases had the active site
plications (—3). They differ from classic esterases in that covered by a helical surface loop or “lid” that renders it
their activity increases dramatically upon binding to the lipid inaccessible to substrate. This is referred to as closed
surface formed by their water-insoluble substratys This conformation and corresponds to the lipase in agueous
phenomena of interfacial activation is observed in lipases solution, in the absence of an interface or organic solvent,
of different origin, including microbial lipases, and was and has a very low lipolytic activity. On the other hand,
attributed to a conformational change in the enzyme leading crystal structures of lipases complexed with inhibitors show
to an increase in activity5), as supported by X-ray a large rearrangement of the lid, rendering the active site
crystallography studies. The three-dimensional structures ofaccessible for substrate binding, in what is assumed to be
several lipases have been reportéd11), some of them the open conformation of the enzyme at the lipid interface.
complexed with inhibitors or cocrystallized with micelles In this conformation, lid movement not only opens access
(12—16). All lipases have in common the—f hydrolase to the active site, but in addition it exposes a large
fold (17) and a catalytic triad composed of a nucleophilic hydrophobic patch at the same time that a previously exposed
hydrophilic domain becomes buried in the protel, (19).
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phiphilic lid interacts with both the lipid interface and the 50
surface of the enzyme molecul2)( 21). Fungal lipase from
Thermomyces lanuginog&lL)* hydrolyzes substrate parti-
tioned in the interface of anionic sonicated vesicles, such as
POPG vesicles, at a rate that is severalfold higher than that
for monodispersed substrate at the same concentr&®n (

In this paper, we show that the interfacial activation of TIL
takes place only in small anionic unilamelar vesicles with a
diameter around 40 nm, but not in larger vesicles of the same
composition. Also, no activation is seen with zwitterionic
vesicles, such as POPC or DMPC. To explain these differ-
ences, the spectroscopic properties of TIL native lipase and
several mutants, both in solution and bound to the different Ficure 1. Vesicle size distribution measured by dynamic light
lipid interfaces, are studied. TIL has four tryptophan residues (2 8820 ENo0RG SV vesicles: (Diagonal ines) POPG-LUV
in positions 89, 117, 221, and 260 of the chain. Residues ggjcles.

Trpll7, Trp221, and Trp260 are located in regions not

directly involved in the interfacial activation process, whereas mutations Trp117-Phe, Trp221-His, and Trp260-His; iTILw89,
Trp89 is common to other pancreatic and fungal lipases andwith mutations Ser146-Ala, Trp117-Phe, Trp221-His, and
is located in the central part of the li@3). In the crystal Trp260-His; TILw89I, with Trp89-Leu. All enzymes were
structure of the open form of TIL, Trp89 is in close contact obtained from Novo Nordisk A/S. The gene from

with the acyl moiety of a transition state analogue bound to lanuginosa encoding TIL was cloned, sequenced, and
the active site13) and is important for enzyme activit24). expressed as described elsewhe2®).(Site-directed mu-

By the use of tryptophan fluorescence, anisotropy, and tagenesis in the lipase expression plasmid and purification
resonance energy transfer techniques, we study the bindingf the produced wild-type and variants were conducted as
of TIL to the different interfaces. Mutants containing only described 1). Protein concentration was determined spec-
Trp89, or only the structural tryptophans 117, 221, and 260, trophotometrically at 280 nm; for TIL and iTIL, a molar
allow to dissect the contribution of the lid region or other extinction coefficient of 43 000 M cm™! with My of 32
regions of the enzyme on binding, and results are comparedkDa was used26); the extinction coefficient for iTILw89

to the native enzyme. By the use of inactive mutants, the was 20 800 M* cm™t and for TILw89l was 32 640 M
effect of substrate partitioned in the lipid interface can be cm™! (data from Novo Nordisk).

studied without interference from product formation. Results ~ PNPB, PNPL, and TB were from Sigma. DPPC, DPPG,
show that TIL binds to POPC and POPG vesicles in different NBD-PE, POPC, and POPG were from Avanti Polar Lipids
forms that have different activity. In the active form obtained (Alabaster, AL); DPH and TMA-DPH were purchased from
in POPG-SUVs, the lid becomes buried in the membrane Molecular Probes (Eugene, OR). Dithionite (sodium hypo-
and loses its motional freedom, leaving the entrance of the disulfite) was from Fluka.

active site free for the binding and hydrolysis of substrate  Vesicle Preparation and CharacterizatioBmall unila-
partitioned at the lipid interface. In POPC vesicles and also melar vesicles (SUVs) of POPG, POPC, DPPG, or DPPC,
in large anionic vesicles (POPG-LUV), lipase binds in a alone or with substrate PNPB or PNPL, or with the
different form or with a different orientation, which is fluorescent probes NBD-PE, DPH, or TMA-DPH, were
inactive and where the lid remains highly flexible and prepared by evaporation of a mixture of the lipids in CKCI
accessible from the aqueous phase. RET experiments shovCH;OH (2:1 v/v), except PNPL and PNPB that were added
that binding to the interface takes place through a different from stock solutions in tetrahydrofuran. The dried film was
side of the enzyme. Results suggest that the open lidhydrated for a lipid concentration of 20 mM, and then
conformation of lipase is achieved by a combination of sonicated in a bath-type sonicator (Lab Supplies, Hickesville,
electrostatic stabilization of the lid and hydrophobic interac- NY, Model G112SPIT) above the gel-fluid transition tem-
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tions with a highly curved anionic interface.

MATERIALS AND METHODS

Enzymes used were TIL wild-type, and mutants: iTIL, in
which the catalytic Ser146 is changed to Ala; TILw89, with

1 Abbreviations: TIL, Thermomyces lanuginosipase; TILw89,
mutant with only Trp89; iTIL, inactive mutant (Ser146Ala); iTILw89,
inactive mutant with only Trp89; TILw89I, mutant with Trp89 mutated
to Leu; DMPM, 1,2-dimiristoylsn3-phosphomethanol; DPH, 1,6-
diphenylhexa-1,3,5-triene; DPPC, 1,2-dipalmitoylglycere3-phos-
phocholine; DPPG, 1,2-dipalmitoylglycesm3-phosphoglyceroKsy,
Stern-Volmer quenching constant; LUV, large unilamelar vesicles;
NBD-PE, N-(7-nitro-2-1,3-benzoxadiazol-4-yl) dioleoylphosphatidyle-
thanolamine; PNPB p-nitrophenyl-butyrate; PNPLp-nitrophenyl-
laurate; POPC, 1-palmitoyl-2-oleoylglyceso-3-phosphocholine; POPG,
1-palmitoyl-2-oleoylglycerasn3-phosphoglycerol; RET, resonance
energy transfer; SUV, small unilamelar vesicles; TB, tributyrin; TMA-
DPH, 1-[4-(trimethylammonium) phenyl]-6-phenyl-1,3,5-hexatriene
p-toluenesulfonate.

perature until a clear dispersion was obtained (typicatiy 2
min). To obtain large unilamelar vesicles (LUVs) of the same
composition, the hydrated lipid film was submitted to five
freeze-thaw cycles to ensure homogeneous mixture of the
multilamellar vesicle suspensions (MLVs). The MLVs were
extruded 8 times through a series of three polycarbonate
filters (Nucleopore), one of 200 nm and two of 100 nm pore
size, in a high-pressure extruder (Lipex Biomembranes,
Vancouver, BC). Vesicles were annealed for 30 min above
their transition temperature before use. In this paper, we show
that both the charge and the size of the vesicles are important
for the control of the lipase activity, thus the parameters are
controlled for the different vesicle preparations. Vesicle size
was measured by dynamic light scattering with a Malvern
[I-C autosizer. As shown in Figure 1, SUV vesicles have a
mean diameter of 40 nm, and a narrow size distribution
(polydispersity< 0.1), whereas LUVs mean diameter is 105
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nm. The percentage of lipid present in the outer monolayer always less than 3%. Quenching of tryptophan fluorescence
of the vesicles was calculated by the dithionite mettdg ( of the enzymes by iodide and acrylamide was recorded at
28) with some modifications 29). Briefly, an aliquot of 320 nm (excitation 280 nm). Appropriate amounts of POPG
vesicles (SUVs or LUVs) of POPC or POPG containing or POPC vesicles were added to a solution ofdMlenzyme
0.6% NBD-PE was added to a cuvette containing 1.5 mL of and aliquots of quencher were added with continuous stirring.
10 mM Tris, pH 8.0, saturated with nitrogen, with constant Acrylamide was added in increasing amounts from a 3.3 M
stirring (lipid concentration 110M). When a stable baseline  stock solution in water, and potassium iodide was added from
was obtained, the reaction was initiated by adding dithionite a 2 M stock solution containing 0.25 mM B&0Os to avoid
from a stock solution to a final concentration of 10 mM, I3~ formation. Final quencher concentration ranged from 0
and NBD-fluorescence was monitored with time (excitation to 350 mM. Quenching results were analyzed according to
460 nm, emission 535 nm). Dithionite selectively reduces Stern—Volmer equation for collisional quenching:

the NBD groups present in the outer monolayer of the

vesicles, eliminating the fluorescence signal. Stock solutions FJ/F =1+ Kg,[Q]

of dithionite were freshly prepared in 0.5 M MzO; buffer,

pH 11, saturated with nitrogen, and stored in ice for a whereF, andF are the fluorescence intensities in the absence
maximum of 1 h. Total loss of fluorescence was achieved and presence of quencher, [Q] is the molar concentration of
by addition of deoxycholate. The percentage of lipid present quencher, anésy is the Stera-Volmer quenching constant.

in the outer monolayer was calculated as described elsewhereét this range of concentrations, there is no deviation from
(30, 31) and was in the range of 658% for sonicated linearity (r> = 0.99).

vesicles (SUV), and 4850% for extruded vesicles (LUV); Binding Stoichiometry Binding of lipase enzymes to
both values are expected for unilamelar vesicles of 40 andPOPG and POPC vesicles containing 2.5% of NBD-PE was
100 nm diameter, respectively. determined as the increase of the resonance energy transfer

Kinetic Protocols The kinetics of hydrolysis of PNPB or  (RET) signal from Trp residues in the enzyme to the labeled
PNPL were monitored as the change in the optical density phospholipid in the interface at 535 nm (excitation 285 nm).
(OD) at 400 nm, corresponding to the absorption maximum Vesicles in buffer (26.7M lipid) were titrated with enzyme
of the p-nitrophenolate anion with molar extinction coef- from a stock solution 23.2M in water, and stoichiometry
ficient of 14 000, as described elsewhe?@)( Data acquisi- was determined directly from the plot 6F vs lipid—enzyme
tion and manipulation were carried out in a Shimadzu (mol:mol) as the cross-point between the line formed by the
spectrophotometer (model UV-2401PC)hwit s acquisition points at low-enzyme concentration, and the line defined by
time. Measurements were done in 0.7 mL of 10 mM Tris, the points at high-enzyme concentration where the RET
pH 8.0, at 25°C in a quartz cuvette. Vesicles of POPG or signal reaches saturation. The relative change in fluorescence,
POPC were added to the cuvette followed by PNPB from a oF, is defined ask—F,)/F, whereF, andF are the intensities
stock solution in tetrahydrofuran, and the reaction was without and with enzyme, respectively. Since the lipid
initiated by addition of the lipase and gently mixing of the concentration was very low, the contribution from light
cuvette. Also in some cases, vesicles were prepared containscattering was negligible.
ing 19% of PNPB or 10% PNPL incorporated in the lipid Resonance Energy Transfer Experimentssolution 2.5
film. In the experiments done without vesicles, special care uM of lipase in 10 mM Tris at pH 8.0 was titrated with
was taken in the stirring of the samples, since vigorous aliquots of POPG or POPC vesicles labeled with 2.5% of
stirring creates bubbles that provide an-airater interface the fluorescent probe TMA-DPH or DPH. Excitation wave-
for the partition of substrate and enzyme, as described inlength was at 280 nm and fluorescence emission was
detail 22). Kinetic measurements by the pistat protocol measured with excitation and emission slit widths of 4 nm
were carried out only in the presence of excess diluent each. The relative decrease in fluorescence emission intensity
vesicles, using TB as substrate in a 718 Stat Titrino unit of the enzymedF) at 340 nm was plotted as a function of
(Metrohm, Switzerland). The reaction mixture containing 50 lipid concentration. These experiments give information on
uM vesicles and 3ZM TB in 4 mL of 50 mM NacCl solution the depth of penetration in the membrane of different Trp
was equilibrated at pH 8.0 in a stream of nitrogen, and the residues of the enzyme.
reaction was initiated by adding the enzyme from a stock Fluorescence AnisotropySteady-state tryptophan fluo-
solution. rescence anisotropy measurements were carried out on an

Tryptophan Fluorescence and Quenching Experiments AB-2 spectrofluorimeter (SLM-Aminco), with L-format
Fluorescence measurements were carried out in 10 mM Trisfluorescence polarizers. Excitation wavelength was set at 285
at pH 8.0 and 25C on an AB-2 spectrofluorimeter (SLM-  nm, and the emission at 340 nm with excitation and emission
Aminco) with constant stirring. Tryptophan fluorescence slit widths at 4 nm. Titrations were carried out at 26,
spectra were recorded with an excitation wavelength of 280 adding aliquots of POPG or POPC vesicles and/or TB to a
nm over an emission range of 29850 nm, with 4 nm slit solution 2.47uM of lipase in 10 mM Tris pH 8.0. All
widths. The enzyme was added from a stock solution in water solutions were stirred continuously during the measurements.
to a final concentration of 2.4iZM and titrated with POPG  The fluorescence anisotropr) (vas calculated automatically
or POPC vesicles, either SUVs or LUVs, and TB was added by the software provided with the instrument, according to
at the end. The sensitivity (PMT voltage) was adjusted to
1% for the Raman peak from the buffer blank at the same r=_(~y — )/l + 2l
excitation wavelength. Spectra of vesicles alone at the same
lipid concentrations were obtained and subtracted, althoughwherely, andly, are the intensity of the emitted polarized
the contribution from scattering due to the vesicles was light with the emission polarizer parallel or perpendicular
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07 TIL. This effect is also seen with anionic vesicles of different
ool A .l...--""' compositions such as DPPG or DMPM (not shown). As also
o shown in this figure, the same concentration of DPPG or
05F a I,-" - POPG but in the form of vesicles obtained by extrusion
£ ol l.l' through 100 nm filters (LUVS) does not have any effect on
g M ._,..--" . the rate of hydrolysis in any of the three enzymes. In addition,
gf 03r I|' ....-"' c unilamelar vesicles of zwitterionic phospholipids, such as
ool l.' o POPC or DPPC, either sonicated or extruded, do not have
Foet e any effect of the rate of hydrolysis of PNPB (same as curve
O1F \."" .................. Frreeeaes d). Increasing the vesicle concentration does not increase the
ool p— . , . . rate of hydrolysis, except in the case of anionic SUVs. As
0 10 20 30 40 50 60 controls, mutants iTIL and iTILw89 do not show hydrolysis
fime (sec) even in the presence of anionic SUVs, confirming that we
0.4 are monitoring lipase hydrolysis by the consensus catalytic
B triad Serl46-Asp201-His258, and not some unspecific hy-
drolytic activity. PNPB in the aqueous phase is in equilibrium
= o3r with PNPB partitioned at the lipid interface, with a dissocia-
E a tion constanK's = 2 mM for POPG-SUV 22). The effect
- o2l of vesicles on the rate of hydrolysis by TIL of long-chain
3 substrate, such as PNPL, incorporated in the lipid film is
& . useful to avoid artifacts related to substrate partitioning in
o1f the different vesicles. POPG-SUV vesicles containing 10%
PNPL incorporated during vesicle preparation activate TIL-
. . . . . . , catalyzed hydrolysis, for example the rate increased around
0 20 40 60 80 100 120 140 60-fold for 0.4 mM POPG-PNPL vesicles (38 PNPL)

tine (sec)) compared to the same concentration of PNPL alone; also,
Ficure 2: (A) Reaction progress curves monitored as change in no activation was observed for POPC-SUV vesicles.

optical density at 400 nm, for the hydrolysis of 0.312 mM PNPB ; i
in 10 mM Tris, pH 8.0, in the presence of 0.054 mM POPG-SUVs . rifzinrtr']aelxﬁe;arcg ;%S”Itss.ire ::tsa'gigabty t;ye%m
by 4 pmol of @) TIL; (b) TILW89; (c) TILw89l; (d) TILw89 without itratl (Figu ), using u Qu ’

vesicles or with 0.054 mM POPC SUVs, POPG-LUVs, or DPPG- Well below its solubility limit of 0.8 mM. In this assay, the
LUVs. (B) Reaction progress monitored by pH stat, for the rate of hydrolysis is much higher in the presence of POPG-
BygéglySil\SA of TB |(0-03]Za()m|';4())gX/GT|SLU(\7/-8 pfg?'%biggee Féfﬁ\slence of SUV as compared to POPG-LUV, or POPC-SUVs. However,

. mM vesicles o -SUVs or - s or : : - -
POPG-LUVS. Reaction was at pH 8102 4 mL of 50 mMNaCl. in th_e_ absence of any vesicles rates are_lrreprodumble and
In all cases, vesicles were added first, followed by substrate and Significantly higher that the ones obtained by the UV
reaction was then initiated by addition of enzyme. technique, probably due to hydrolysis at interfaces offered

o ] . ~ by the reaction vessel or the air bubbles formed due to

cally correcteq for dependenpies i_n the detection system (G- The possibility that some small percentage of lipid
factor correction). Changes in anisotropy were representedpoducts of hydrolysis or oxidation generated in the process
as ( — ro)/ro wherer, andr are the anisotropy values before o sonication were responsible for the activating effect was
and after ad_dlthn Qf vesicles, respectively. All measurements v jed out because extruded vesicles prepared from a sample
were done in triplicate. of sonicated vesicles submitted to several cycles of freeze

and thawing did not induce the enzyme activation. Likewise,
RESULTS : :

sonicated vesicles prepared from a sample of extruded

Catalytic Actiity of TIL, TILw89, and TILw89l is En- vesicles did induce the expected activation.

hanced by POPGUVs but not by POPG LUVs or by POPC Spectral Signatures of TIL Aeg and Inactie Forms are
VesiclesThe rate of hydrolysis of PNPB below its solubility  Different The fluorescence emission spectra of TIL is due
limit by TIL is very low (<10 s %) as expected because this to its four Trp residues in positions 89, 117, 221, and 260
interfacial enzyme is not active in monodispersed substrates.of the chain, and it has a maximum at 335 nm upon excitation
The rate of hydrolysis of PNPB below its solubility limit at 280 nm (Figure 3 curve a), which is in the range of-330
increases dramatically in the presence of small vesicles 0f340 nm expected for semi-exposed tryptophadl. (TIL
anionic phospholipids, such as POPG, because the vesiclesind the majority of lipases of different origin bind to lipid
act as a diluent interface to which substrate partitions, andinterfaces with the side that surrounds the catalytic site
TIL binds in an active form for the catalytic turnovez?). directed toward the lipid, and the catalytically competent,
The same is true for the TILw89 mutant, where all Trp open conformations, show a distinctive characteristic, that
residues except Trp89 have been mutated, and the TILw89lis the movement of the loop of amino acids that covers the
mutant, in which Trp89 is mutated to Leu. In Figure 2A, active site to expose it and leave it available for substrate
enzyme activity is shown as OD change; activity using 0.312 hydrolysis. This loop, usually referred to as “lid”, is an
mM PNPB (curve d) is very low because the substrate is amphipathicx-helix, and in TIL is formed by residues 84
below the solubility limit, but is greatly enhanced in the 93, including one tryptophan residue in position 89. Since
presence of POPG-SUVs for all three enzymes (curvey,a  most of the changes upon activation at the interface are
although TILw89 and TILw89l mutants are less active than believed to take place in this lipid-contact region, the spectral
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Ficure 3: Normalized fluorescence emission spectrd.danugi- wavelength (nm)

nosawild-type lipase and mutants in solutiora) (TIL; (b) iTIL;

(c) iITILw89; (d) TILw89Il. Enzyme concentration 2.4/ in 10

mM Tris pH 8.0. Excitation 280 nm.

signatures of iTILw89 mutant, containing only Trp89, as well
as those of TILw89I mutant, in which Trp89 is substituted
by Leu, were obtained and compared to the spectra of iTIL.
The mutants used for the spectroscopic studies are inactive,a
(Serl146 in the catalytic triad mutated to Ala), so that substrate 5
could be added without interference from product formation,
except for TILw89I, where no substrate was added. As shown
in Figure 3 (curve b), the spectra of iTIL has an emission
maximum at 337 nm, slightly different from the wild-type
due to the modification in the environment of Trp89 when -30k . :
Ser146 was changed by Ala. This is consistent with molec- 300 350 400 430
ular dynamics simulations, where the lid in the wild-type Waveiength (nm)

: ; : ; FiIGURe 4: Change in the fluorescence emission spectral.of
enzyme proved to be more flexible than in the inactive lanuginosalipase mutants bound to the lipid interface. (A) POPG-

mutant 82). iTILw89 emission spectra is shifted to 344 nm gy vesicles, 4) iTIL, (b) iTILW89, (c) TILw89I; (B) POPC-SUV
(curve c), suggesting that Trp89 is a more exposed to thevesicles with &) iTIL, (b) iTILW89, (c) TILw89l; (b)) POPG-LUVs
bulk aqueous phase (peripheral tryptophans have an emissiomvith iTILw89; (bz) POPC-LUV with iTILw89. Enzyme concentra-
maximum from 340 to 350 nm), in agreement with the high tion 2.47uM; lipid concentration 322 mM. Other conditions as in
flexibility predicted for the lid in the inactive or closed form  '9ure 3-
of lipase in aqueous solutio,(32). In the case of TILw89I, TILW89l mutant on binding are very different, characterized
emission maximum at 323 nm (curve d) indicates that the by an increase in fluorescence at 326 nm, with no decreases
structural tryptophan residues 117, 221, and 260 are es-at higher wavelengths (curve c). In all cases, the magnitude
sentially buried in the protein. Fluorescence properties of of the fluorescence change depends on the lipid concentra-
the different enzymes are summarized in Table 1. tion, and a well-defined isosbestic point suggests that the
The spectral changes on binding of the three enzymes tofluorescence change is due to a one-step equilibrium between
POPG-SUV vesicles (322M lipid, 2.47 uM enzyme) are two forms of the enzyme, the free form in solution and the
shown in Figure 4A as difference spectra, and the change inform bound to the interface (for example, see r&f.33).
fluorescence intensity at 340 nm at lipid-to-lipase mole ration At the end of the titration of the two inactive mutants with
of 185:1 are in Table 1. For iTIL, binding to POPG-SUVs POPG-SUVs, 0.2 mM TB was added and the spectra was
results in a characteristic spectral change with an increaseexactly the same as in the absence of substrate. The same
in the emission intensity at 320 nm and a decrease at 360results were obtained when vesicles were prepared containing
nm (curve a). The difference spectra for iTILw89 in the same 19 mol % PNPB included during vesicle preparation (not
conditions (curve b) shows the high contribution of Trp89, shown). Also, some experiments without added substrate
with a decrease in intensity at 354 nm and a small increasewere done with TIL (wild-type), and essentially the same
at 310 nm. Finally, changes in fluorescence emission for spectral changes were obtained, indicating that the Ser146-

escence

(difference spectra)

Table 1: Tryptophan Fluorescence Properties of iTIL, iTILw89, and TILw89l Mutants

Aem (NMP OF (340 nm¥y Kg (MM)P anisotropy ()¢
conditions iTIL iTILw89 TILw89l iTIL iTILw89 TILw89l iTIL iTILW89 TILw89l ITIL iTILw89 TILw89I
buffer 337 344 323 0.053 0.002 0.045+ 0.007 0.09G+ 0.011
POPG-SUV 331 334 323 —0.087 —0.404 +0.308 0.065+- 0.014 0.438t 0.026 0.331 0.020 0.12G+ 0.007 0.124+ 0.007 0.108+ 0.009
POPG-LUV 337 344 —0.197 —0.134 0.3674 0.025 0.432+ 0.032 0.075 0.004 0.069+ 0.008

POPC-SUV 337 344 323 —0.130 —0.174 —0.082 0.308+ 0.037 0.555+ 0.034 0.498+ 0.083 0.06H= 0.007 0.058+ 0.007 0.130+ 0.018

a ¢ ipid-to-lipase mole ratio 185:1, lipase 2.4F. ® Values obtained from hyperbolic fitting of data of the type in Figure 4, excitation 280 nm,
emission 340 nm¢ Tryptophan anisotropy at 285/340 nm.
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covered with the protein. The higher increase in NBD
o 0—0—0=0—0—0 fluorescence observed for the iTIL mutant is due to the
o° additivity of the effect of the four Trp donors in this
150 S molecule, whereas the other mutants have either one (Trp89,
A—b—b which has a higher quantum yield) or three (Trp117, 221,
d /A/A/A’A/ and 260). From the plot, a stoichiometry of around 80 POPG
1.0r . ﬂ/§7n4ﬁ-ﬂ—n—-l:l molecules per enzyme was calculated for both iTIL and
v _oEa” TILw89I, compared to 40 POPG per molecule of iTILw89.
/ e If we consider the size of the SUV vesicles, with a diameter
05re /A of 40 nm, then the number of lipid molecules that form each
S(a" . vesicle is approximately 8000; according to this calculation,
s _ the stoichiometry is 96 lipase molecules bound per vesicle
O0meesbeso®e —e—0—-0-0—-e—-90 . . X
000 002 0.04 006 008 for iTIL and TILw89l, and 200 molecules of iTILw89 per
Enzyme/Lipid vesicle. Thus, the mutation of the structural tryptophans
Ficure 5: Change in the resonance energy transfer intensity at Wwilz, W221.’ and W.260’ affects binding to the vesicles, in
535 nm (excitation at 285 nm) resulting from the addition@j (  @greement with the highé for this mutant calculated from
iTIL, () ITILW89, (O) TILW89I to 26.7uM POPG-SUVs contain-  the change in Trp fluorescence signal on binding (Table 1).
'(n.% %-(5)‘? éJfS'\llJEi/D(-ZPGE-Q'v)l)gla\é\/gg'tg(;deg |t1?' Zodzg&?ﬁlg/c\gisti;ﬁi A surprising observation is that on binding of TIL, iTIL,
- . IX .
0.31 M TILWEO! ang‘ POPC. Uy Zg_&M @) or 123MM (b)l;l 9 iTILw89, and TILW89l enzymes to POPG-LUVs or POPC-
the value in the absence of PC vesicles is (c). SUVs, there was a very weak or no RET signal to NBD
groups in the vesicle interface (Figure 5, closed circles). The
Ala mutation does not affect the spectral changes in lipase possibility that the lipase does not bind to these vesicles is
on binding to lipid vesicles. ruled out from the results described previously, where the
Taken together, the activity and spectroscopic results Trp fluorescence emission spectra of all the enzymes changes
(Figures 2 and 4) suggest that TIL lipase bound to POPG- in the presence of these vesicles in a concentration-dependent
SUV vesicles is in a catalytically competent or open form, manner. In addition, when the RET experiments were done
even in the absence of substrate. The spectral changes fowith vesicles labeled with 2.5% TMA-DPH, energy transfer
the three mutants in the presence of 322 POPC-SUV was very efficient for binding of iTIL and iTILw89 to POPG-
vesicles, which do not support hydrolysis by TIL (Figure SUV, and to POPC-SUVs, with fluorescence changes at 430
2), are shown in Figure 4B. These spectra are very differentnm of 6F = 1.93 andSF = 0.91 respectively at an enzyme-
from the ones obtained with POPG-SUVs; in all cases, they to-lipid mole ratio of 0.09 for iTIL. This differences between
show a decrease in fluorescence intensity with the lipid NBD and DPH acceptors cannot be analyzed, since many
concentration and no shift on the position of the emission factors are at play including the different overlap between
maximum. Interestingly, essentially the same spectra werethe tryptophan emission and the excitation of the probes
obtained on binding to POPG-LUV or POPC-LUV vesicles (RET efficiency is smaller for the Trp/NBD pair, due to a
(see for example spectra bnd b for iTILw89 in Figure smaller overlap), and the different location in the bilayer,
4B), two lipid interfaces where TIL, TILw89, and TILw89l  where NBD is exposed and DPH is in the hydrophobic core
are not active (Figure 2). This indicates that lipase binds to of the membrane, but the main conclusion to be drawn is
the vesicles, at least partially, but it is in a different form that lipase binds to the anionic and the zwitterionic interfaces.
that in POPG-SUVs, and that this form corresponds to a Moreover, direct evidence for binding under the conditions
catalyticaly incompetent enzyme. From the experiments of Figure 5 was obtained from the same experiment; when
shown in Figure 4 at different lipid concentrations, the POPG-SUV labeled vesicles were added to a premixed
dissociation constantK{) were calculated by hyperbolic = sample containing any of the mutants with POPG-LUVs, or
fitting and are summarized in TableKg values shown here  POPC-SUVs, there was no increase in the RET signal to
correspond to the total number of lipid molecules, both inner NBD, as it would be expected if lipase was free in solution.
and outer monolayers, thus the real value is about half the An example is shown in Figure 5, where we added POPG-
estimated number. Binding affinity for POPG-SUVs is higher SUV (26.6uM) to a mixture of POPC-SUV (26.6M) with
for the iTIL mutant, whereas iTILw89, with only one Trp  TILw89I (0.31 uM); in this case,0F was 0.23 (point a),
residue, as well as TILw89I, without the Trp in the lid, have compared to 0.62 in the absence of the PC vesicles;
lower binding affinities. These results suggest that residuesincreasing the amount of PC vesicles to 1338 resulted in
Trp89, Trpll7, Trp221, and Trp260 somehow influence 6F = 0.04 (point b), indicating that the mutant was
binding. Binding affinities for large PG (phosphoglycerol) effectively bound to the PC vesicles. Similar results were
vesicles and small PC (phosphocholine) vesicles are of theobtained with the other mutants. Thus, we can conclude that
same order in all the enzymes. iTIL and iTILW89 are bound to SUV and LUV vesicles in a
Binding StoichiometryThe stoichiometry for high-affinity ~ different form, and the absence of a RET signal to NBD in
binding of iTIL, iTILw89, and TILw89I to the vesicles of the POPC-SUV or POPG-LUV vesicles were TIL does not
POPG or POPC containing 2.5% of NBD-PE was determined show catalytic activity must be related to the distance
by the increase of resonance energy transfer (RET) from thebetween the Trp residues and the NBD groups at the
Trp donor(s) of the mutants to the acceptor NBD at the interface, so that the efficiency of the energy transfer is very
interface. As shown in Figure 5, the RET intensity at 535 low.
nm increases with the amount of protein added, and the Tryptophan in the Lid is Shielded from Water in the Aeti
intensity reaches a maximum when the surface is essentiallyForm. To determine if the changes that take place in the
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Table 2: SteraVolmer Quenching Constant&g, M~1) for the Quenching of Trp Fluorescence of iTIL, iTILw89, and TILW89I

iodide quenching

acrylamide quenching

conditions iTIL iTILW89 TILw89l iTIL iTILW89 TILw89I
10 mM Tris, pH 8.0 1.92 3.52 0.73 10.57 10.70 9.14
POPG-SUV 0.97 1.15 0.64 9.03 7.73 8.04
POPG-LUV 1.56 3.15 9.50 8.75
POPC-SUV 1.65 (1.68 3.45 0.63 9.77 (9.7§ 9.80 9.05

2 Enzyme concentration 1/4M; lipid concentration 26 %M; quencher 8-350 mM; results are:10%. P Vesicles (267uM) with TB (40 uM).

enzyme, and particularly in the lid region, on binding to the 25

vesicles include shielding from the aqueous phase, the A

accessibility of Trp to aqueous quenchers was measured. 20

Charged quenchers, such as iodide, will be bound to the 15l

headgroups of lipid vesicles with opposite chargd) (but £ i g 98

repelled from headgroups of like chardg5). To avoid the K 1ok i @

possibility of any artifacts due to charge effects using iodide, L [

parallel experiments with acrylamide as neutral quencher osl §

were conducted. The Sterivolmer quenching constants 2 i I & 1

(Ks,) for the quenching of iTIL, iTILw89, and TILw89I by o.ogg ‘g.i---Q---g---i,--g-_ﬁ__ﬁ____

iodide and acrylamide are given in Table 2. In buffer, 13 - :

iTILw89 has a high iodide quenching constalit, = 3.52 B

M™%, as expected due to the dynamic motion of the lid in 20t

aqueous solution, and in agreement with the red-shifted { }

tryptophan emission spectra for this mutant (Figure 3). In o 157

TILW89I, Ksy is 0.73 M™%, because iodide is considered to P [ ¥

access only surface Trp residues. This differences are r oo

significantly reduced for acrylamide in the same conditions, ~ }

because this quencher has a good access to all four Trp 0.5r E }

residues; however, a highkg, is obtained for Trp89 in the %ﬁé % % i i

lid, Ly e e Lemooeeeeees
On binding to POPG-SUVs, Trp89 is shielded from the

aqueous phase, witKs, values that are significantly lower 20k C

than for the enzyme in solution for both quenchefs, &

1.15 M for iodide, and 7.73 M! for acrylamide). Thus, o 15+

the lid in the active form of the enzyme is less exposed to s

water, which is consistent with either penetration in the © 10+

bilayer or the lid being “sandwiched” between the lipid <

interface and other regions of the lipid binding zone of the os} é

enzyme. The same quenching constants were obtained if the &% % i % }

POPG-SUV vesicles containing TB, in agreement with the 0.0FFL = -% -------------- R

previous observation that no additional spectral changes for
the lipases bound to POPG-SUVs were induced in the
presence of SUbS'Frate (TB or PNPB)' Essentially, the S_ameFIGURE 6: Fluorescence anisotropy changelofanuginosdipase
results were obtained for the iTIL mutant, but the relative mutants as a function of lipid concentratidl)(POPG-SUVs, &)
decrease in the accessibility was smaller. This is expected ifPOPG-LUVs, ©) POPC-SUVs. (A) iTIL; (B) iTILw89; (C)
On|y Trp89 becomes protected from water in the active form7 T|LW89| Excitation 285 nm,_ emission 340 nm. Titratio_ns were
as also confirmed by the experiments with TILw89I mutant, cz;/rlnefdl_out at_251(8, aﬁf'{‘Q a"a“gtg of vesicles to a solution 2.47
where almost no change in accessibility of Trp117, 221, ang ' Ot tPase in 15 mVLTNS PR 6.5,
260 to quenchers occurs after binding to the anionic vesicles.was determined by measuring the anisotropy changes in Trp
Interestingly, Trp89 accessibility to iodide is only slightly residue(s) on binding; values are summarized in Table 1.
smaller or does not change significantly in the presence of Anisotropy of iTILw89 in solution is low,r, = 0.045, as
POPG-LUVs or POPC vesicles (Table 2), indicating that in expected due to the partially disordered structure of the lid
these interfaces where TIL binds in a catalytically inactive under these condition28). A slightly higher value for iTIL,
form, Trp89 in the lid is less shielded from the aqueous phaser, = 0.053, indicates that the other Trp residues have less
than in anionic SUVs. rotational freedom. This is confirmed with the TILw89I
Lid Mobility is Restricted in Anionic SU\Reported X-ray mutant, withr, = 0.090. Anisotropy changes for the three
structures of several known lipases complexed with inhibitors enzymes titrated with vesicles are shown in Figure 6.
(12—16) suggest that on binding to the interface formed by Incorporation of iTILw89 in POPG-SUVs results in a gradual
substrate aggregates, the lid is stabilized in the open form;increase in fluorescence anisotropy (Figure 6B, closed
in this form, the rotational freedom of the lid is likely to be squares), indicating that the tryptophan residue in the lid is
reduced as compared to the enzyme in the closed form. Thislocalized in a motionally restricted region in the active

Lipid (mM)



420 Biochemistry, Vol. 39, No. 2, 2000 Cajal et al.

conformation of lipase. The relative increase in anisotropy
(or) is larger than for iTIL (Figure 6A), for example at lipid

to peptide mole ratio of 185:Dy is 1.14 for iTIL, and 1.76

for the double mutant (from values in Table 1). Also as
expected, almost no changes in anisotropy take place on
binding of TILw89I to PG-SUV (Figure 6C), confirming that
the mobility of structural tryptophans 117, 221, and 260 is L«‘E
practically the same as in solution. This reinforces our
previous conclusion that most of the conformational changes
on lipase activation at the interface take place in the lid
domain. When the same experiment was done with POPC
vesicles, or with POPG-LUVs, the change in anisotropy was
very small or insignificant for iTILw89, iTIL, and TILw89I
(Figure 6, circles and triangles, respectively). Since the
possibility of a lack of binding to these vesicles is ruled out,
a plausible explanation is that in the inactive form adopted
by lipase at the interface of POPC or POPG-LUVs, the
flexibility of the lid domain is the same as in solution. No
additional anisotropy changes are induced by the presenceL«F
of TB added at the end of the titration with vesicles for the
inactive enzymes.

Tryptophan Depth in Membrar®ound T lanuginosa
Lipase Interaction of proteins with membranes can be
monitored by RET 86). This method is based on the
nonradiative transfer of the excited state energy from a donor
to an acceptor molecule. The extent of energy transfer
depends mainly on the extent of overlap between the
emission spectrum of the donor and the absorption spectrum 0.6
of the acceptor, and on the orientation and distance between
them. To gain a better understanding of lipase interfacial
activation in phospholipid vesicles, the penetration depth of L«{S 0.4
Trp residues of the different mutants was qualitatively
determined by RET. The donor molecules where the Trp
residue(s) from lipases, and as acceptors for the enzyme 02
excitation energy 2.5% of the membrane probes DPH and
TMA-DPH were incorporated to POPG or POPC vesicles.
This will give useful information on the depth of penetration 0 ol 02 03 04 o5 o8 o
in the bilayer of particular regions of the lipase where Trp Lipid (mM)
residues are Iocate_d, bgcause of the dllﬁerent location of thes$IGURE 7: Penetration of. lanuginosamutants (2.4%M) in the
two probes. DPH is oriented predominantly parallel to the pijaver determined by RET. Enzymes were titrated with vesicles

fatty acid chains of the bilayer, and the distance of the containing 2.5% of the internal label DPH (open symbols) or the
shallow end of the group to the bilayer center in PC vesicles interfacial label TMA-DPH (closed symbols); POPG-SUW, ©O);

is around 13 A; in TMA-DPH, the cationic TMA group is POPC-SUVs M, 0). (A) iTIL; (B) iTILw89; (C) TILw89l.
located near the membrane surface, so that the distance of*citation: 280 nm; emission 340 nm.
the shallow end of the DPH group to the bilayer center is headgroups; in this form, structural tryptophans 117, 221,
16.5 A (37). The RET from enzyme molecules that remain and 260 do not participate in the energy transfer to the DPH
free in solution can be considered negligible, because thegroup, suggesting that only the lid region penetrates the
critical distance for RET to occur is in the range of-15) membrane. Addition of TB to the inactive lipaseesicle
A depending on the donor/acceptor pair. system did not modify the energy transfer, indicating that
As shown in Figure 7 (panels A, B), this small difference the presence of substrate in the active site does not change
in depth results in a large difference in transfer efficiency the orientation of the enzyme in the interface.
foriTIL and iTILw89 bound to POPG-SUVs. Whereas a high A different picture emerges from the results with POPC
degree of energy transfer is seen for POPG-SUVs labeledSUVs, as also shown in Figure 7 for the three mutants. The
with TMA-DPH (closed circles), efficiency is lower when behavior of the iTIL mutant (Figure 7A) shows that the
the same vesicles where labeled with DPH (open circles). enzyme penetrates the membrane and also remains prefer-
Surprisingly, no energy transfer takes place when the entially close to the interface, although here the differences
TILW89l mutant was titrated with POPG-SUVSs, either between DPH (open squares) and TMA-DPH (closed squares)
containing DPH or TMA-DPH probes (Figure 7C, circles). labeled vesicles are smaller than in the POPG-SUVs. One
These results clearly indicate that in the form of lipase that possibility is that in anionic vesicles, due to electrostatic
is bound to small anionic vesicles, or open form, the lid attraction, the cationic TMA group is located closer to the
containing Trp89 partially penetrates the membrane, and isanionic headgroups of the phospholipids than in zwitterionic
located at a shallow interfacial region close to the polar PC, so that the attached DPH group is in a more shallow
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location than in PC where the difference between DPH and the closed form, and the rest are structural residues located
TMA-DPH is only 3-4 A (37). In the case of iTILw89 in different regions of the enzyme. Tryptophan fluorescence
(Figure 7B), no differences are seen, indicating that in this spectroscopy gives information on the molecule structure and
interface the structural tryptophans, and not only Trp89 in dynamics, since it depends on the physical properties of Trp
the lid are involved in the energy transfer with the membrane. local environment, such as solvent exposure and interactions
This is confirmed with results from the TILw89] mutant with other residues in the protein or with the lipid interface.
(Figure 7C), with high efficiency of RET to PC vesicles. By using mutants containing all four Trp residues (TIL, iTIL),
These results are consistent with the interaction of the only Trp89 (TILw89, iTILw89), or only the structural trypto-
enzyme trough a different side of the protein, involving one phans (TILw89l), we are able to dissect the domains of the

of several structural tryptophans as well as Trp89. enzyme that are involved more directly in the interaction
with the lipid interface. Also, inactive mutants where the
DISCUSSION catalytic Serl46 is mutated to Ala allow the study of the

. . spectroscopic changes that take place in the presence of sub-
In this paper, we demonstrate that not only conformational gate such as TB. Tryptophan fluorescence emission spectra,
rearrangements in the enzyme, but also the molecular,nisoropy measurements and quenching experiments in
composition and physical properties of the lipid interface ,q,e0us solution in the absence of an interface, reveal that
can le"’,‘q to an optimized active site geomgtry in _T“-' thu.s the lid is highly flexible and quite exposed to the solvent, in
reconciling the substrate and enzyme theories for interfacial agreement with the X-ray crystals of TIL at 1.85 A resolution
activation of lipases38—40). The complexity of the mech- 93 "o the other hand, Trp117, 221, and 260 are more
anism of interfacial activation of lipolytic enzymes, and the p, ieq in the interior of the protein and have lower mobility.
contribution from both the enzyme and the interface to this £, 5rescence spectroscopy shows that TIL wild-type and
unique behavior has been the object of elegant stuB&s (1 ants bind with high affinity to the different vesicles
41). We have previously shown TIL hydrolyzes PNPB or - ,jieq: pPOPG-SUVS, POPG-LUVS, and POPC-SUVs (Table
TB substrate partitioned in the interface of anionic small 1). However, the enzyme binds in different forms with dif-

unilamelar vesicles with a mean diameter around 40 nm, such : i ;
: . ' ferent spectroscopic characteristics and that have different
as POPG-SUVs, at a rate that is 100-fold higher than that activities depending on the lipid interface. There are at least

f_or thde. monodi;pgrssgsgbgtrz\a/t; or Aqur the Ssui)/st;altﬁl parti'two functional forms of the bound lipase that we can distin-
tioned In zwitterionic -SUVP). Anionic SUVs fulfi guish: one is the form bound to anionic small vesicles, such

the requirements of a neutral diluert2), because they 5 popG-SUVS, which is a catalytically competent or open
provide an interface for the partitioning of both substrate form of the enzyme; the other is the form bound to POPC-

and enzyme, but at the same time do not block the enzyme’sg jy/5 or to POPG-LUVs, which is a catalytically incompe-
active site. In this well-defined system, the primary rates and tent form of the enzyme. Both forms, the active or open

equilibrium constants for the interfacial catalysis by TIL were and the inactive or closed, have qualitatively different spec-
obtained 22), in an extension to the work on phospholipase y¢conic signatures. The same spectral change seen with
A2 catalyzed hydrolysis of micellar4), or vesicular  popG.suvVs was obtained with other anionic SUVs, such
phospholipids 44). as DMPM or DPPG,; this two types of vesicles are in the
In the case of TIL, there is an additional feature shared ge| phase at room temperature as opposed to the POPG vesi-
by many lipases of different origin: the presence of a loop cles that are in the liquid crystal phase; therefore, any effect
of amino acids or lid that covers the active site when the of the lipid phase in the interfacial binding and activation
enzyme is in solution, what is usually referred to as “closed can be ruled out. A model shown in Figure 8 emphasizes
form” of the enzyme. We suggested that the lid must move two membrane bound forms of TIL: the closed inactive form
away when the enzyme is bound to the POPG interface, orin PC-SUVs, and the open-lid active form in PG-SUVs.
displacement is induced by the substrate partitioned, so that characterization of the Open or Act Form of TIL in
the active site becomes accessible for the substrate. HerepopG.SUVs In the active form of TIL bound to POPG-
we show that the interfacial activation of TIL observed in syys, the helical lid becomes partially buried in the lipid
the POPG-SUV interface is shared by the TILw89 and pjlayer, becoming less accessible to the aqueous quenchers
TILw89I mutants, although their activity is lower, and that jodide and acrylamide (Table 2). In addition, the lid is
this activation does not take place in zwitterionic POPC stapilized in a fixed position even in the absence of substrate,
VesiCIeS, or in anionic |arge unilamelar vesicles of 100 nm as suggested by the increase in anisotropy of Trp89, |eaving
diameter, even tough the enzyme binds to these vesiclesthe active site free for substrate binding and hydrolysis.
Results show that binding of TIL to anionic sonicated vesicles structural Trp residues 117, 221, and 260, less flexible than
triggers lipase activation by promoting a conformational Trpg9 in the closed form in solution, do not change their
change in the lid region, that penetrates the bilayer and is rotational freedom and solvent accessibility in the active form
stabilized in a fixed position leaving free access of the of the lipase. RET experiments using acceptor groups located
SubStI’a'[e to the aCtiVe Site. On the Other hand, TIL bindS to at different positions in the membrane ShOW tha‘[ in the Open
anionic LUVs or zwitterionic SUVs in a different form that  form, the lid penetrates partially in the POPG-SUV bilayer,
is catalytically incompetent and has different spectroscopic and it stays close to the anionic lipid headgroups. The three
properties. structural Trp(s) are not involved in RET to acceptor groups
Molecular Model for the Binding of TIL to Phosholipid located in the hydrophobic core of the bilayers (DPH, TMA-
Vesicles: Open and Closed Forms of the Enzyftle has DPH), therefore, the distance of these residues to the interface
four Trp residues in positions 89, 117, 221, and 260 of the must be higher that the efficiency distance of this pair (around
chain. Trp89 is in the helical lid covering the active site in 15 A). On the basis of these results together with the X-ray
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Ficure 8: Model for the interfacial binding and activation Bflanuginosalipase. (Left) Lipase in solution is in the closed (inactive) form,

with the lid (in black) covering the active site (A); Binding of TIL to anionic SUVs (B) promotes lid displacement, exposing a large
hydrophobic concavity around the active site that must interact with the lipid interface, stabilizing the open active form; partitioned substrate
(shown in gray) can then access the catalytic triad (C). (Right) TIL binds to zwitterionic interfaces with a different orientation and without
penetration of the lid in the interface, in a catalytically incompetent form (D).

structure of the open form of another fungal enzyme, interfacial activation of TIL is the result of a delicate balance
Rhizomucor miehdipase, a model of binding and activation of electrostatic and hydrophobic interactions between the
is shown in Figure 8R. mieheihas a virtually identical three-  fungal lipase and the lipid interface. In a very different way,
dimensional structure to TIL2@), and its open structure the influence of curvature in the activation of a lipase has
complexed with an inhibitor has been solved by X-rag, ( also been reported for porcine pancreas lipasgipase-

45); it shows that the lid rolls away from the active site and micelles ternary complex, where a certain micelle size that
across the surface of the molecule moving its center of fits in a concavity formed by colipase and the C-terminal
gravity 8 A and rotating around its axis by 1§7thus part of the lipase is critical to yield the active forrh6j.
exposing a large hydrophobic surface of approximately 1739 Characterization of the Inacte form of TIL in POPC

Az formed by 12 amino acids among then Trp88 in the lid SUVs and POP@&UVs As stated above, TIL also binds to

(5, 39). Interfacial activation is, therefore, explained in terms POPC vesicles, as well as to POPG-LUVs, but adopting a
of the stabilization of this newly exposed hydrophobic face different form that is catalytically inefficient to hydrolyze
surrounding the active site due to lid opening by binding to substrate. The fluorescence emission spectra associated with
the interface 21). This would stabilize a completely devel- this form is qualitatively different from that of the active
oped oxyanion hole, which in turn stabilizes the transition form, and it is the same in POPC vesicles and POPG-LUVs,
state of the catalytic reactiodg, 46). The three-dimensional  with or without substrate partitioned in the vesicles. In this
structure of a Tlk=inhibitor complex (3) is very similar, inactive form of TIL, the accessibility of the four Trp residues
and it also has the hydrophobic cleft around the active site. to aqueous quenchers as well as the anisotropy are the same
Summarizing, our proposed model for the interfacial activa- as in the free form in solution, indicating that there is no
tion of TIL in POPG-SUVs is shown in Figure 8 (left). TIL  penetration of the lid or the other regions of the enzyme
binds to POPG-SUV interface and the lid is displaced away, around the Trp residues in the lipid membrane. RET
partially penetrating the bilayer and exposing a large experiments from Trp in the enzyme to DPH groups located
hydrophobic domain that will be interacting with the curved in the membrane interior show that not only Trp89 in the
POPG-SUV interface to avoid exposure to the aqueous phaselid, but also at least one of the structural Trp residues are
furthermore, the positively charged residues present in theclose to the lipid interface. We propose that the lid is not
hinge regions of the lid, such as Arg81, Arg84, and Lys98 displaced on binding to these vesicles, and the enzyme binds
may act as lockers that stabilize the open structure by to the interface with a slightly different orientation, as shown
electrostatic attraction to anionic PG groups at the interface.in the model in Figure 8 (right). In the surface of the closed
In this conformation, the distance of the Trp221 and 260 to conformation ofR. miehej there are two large hydrophobic
the interface will be more than 20 A, and that of Trp117 is patches 48) that together occupy about the same area as
estimated to be around 30 A from the crystal structure. the large patch in the open form; they are located in close
However, an electrostatic interaction is not sufficient to proximity to the lid and have also been found@andida
explain the interfacial activation of TIL, since in POPG- rugosalipase @1). Also in TIL, there is a quite hydrophobic
LUVs the enzyme does not adopt the active form. One patch in the triangle defined by Trp89, Trp221, and Trp260,
possibility is that the highly positively curved interface of and we suggest that this is the lipid-binding face of TIL in
sonicated vesicles also plays a role, causing the headgroupshe inactive bound form. This side will be in close proximity

to be further spread apart exposing more of the hydrocarbonto the interface but without insertion.

chains to the aqueous phasé7) This will favor the

hydrophobic interaction with the nonpolar lipid-binding face ACKNOWLEDGMENT
of TIL, which has a concavity complementary to that of the  Excellent technical assistance from Helena Carvajal (Uni-
interface as suggested by the X-ray structure of the com-versity of Barcelona) is gratefully acknowledged. We also
plexed form. Our results suggest that this open form of TIL thank Jesper Vind (Novo Nordisk) for preparation of lipase
is attained even in the absence of substrate. Thereforeyvariants.
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