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ABSTRACT: The triglyceride lipase (EC 3.1.1.3hermomyces lanuginosiipase (TLL) binds with high

affinity to unilamellar phospholipid vesicles that serve as a diluent interface for both lipase and substrate,
but it displays interfacial activation on only small and negatively charged such vesicles [Cajal, Y., et al.
(2000)Biochemistry 39413—-423]. The productive-mode binding orientation of TLL at the lipidater
interface of small unilamellar vesicles (SUV) consisting of 1-palmitoyl-2-oleoydlycero-3-phosphati-
dylglycerol (POPG) was previously determined using electron spin resonance (ESR) spectroscopy in
combination with site-directed spin-labeling [Hedin, E. M. K., et al. (20BR)chemistry 4114185~

14196]. In our investigation, we have studied the interfacial orientation of TLL when bound to large
unilamellar vesicles (LUV) consisting of POPG, and bound to SUV consisting of 1-palmitoyl-2-oleoyl-
snglycero-3-phosphatidylcholine (POPC). Eleven single-cysteine TLL mutants were spin-labeled as
previously described, and studied upon membrane binding using the water soluble spin-relaxation agent
chromium(lll) oxalate (Crox). Furthermore, dansyl-labeled vesicles revealed the intermolecular fluorescence
guenching efficiency between each spin-label positioned on TLL, and the lipid membrane. ESR exposure
and fluorescence quenching data show that TLL associates closer to the negatively charged PG surface
than the zwitterionic PC surface, and binds to both POPG LUV and POPC SUV predominantly through
the concave backside of TLL opposite the active site, as revealed by the contact residues K74C-SL, R209C-
SL, and T192C-SL. This orientation is significantly different compared to that on the POPG SUV, and
might explain the differences in activation of the lipase. Evidently, both the charge and accessibility
(curvature) of the vesicle surface determine the TLL orientation at the phospholipid interface.

Triglyceride lipases (EC 3.1.1.3, triacylglycerol lipase) are are useful as catalysts in organic chemistry for the biotrans-
enzymes that hydrolyze long-chain triglycerides at a kpid  formation of biologically active compounds or building
water interface. Lipases are ubiquitous in nature, and haveblocks Q).
been isolated from many sources, including animals ( Lipases belong to the/s hydrolase group10), sharing
plants @), bacteria 8), moulds @), and fungi 6). The  several traits of this family, such as thé3 hydrolase fold
hydrolysis products of lipase action (di- and monoglycerides, (11), and an active-site catalytic triad consisting of Ser, His,
glycerol, and free fatty acids) are readily taken up by an and Asp/Glu, despite a relatively high degree of diversity in
organism, whereas triglycerides are unable to pass cellularthe amino acid sequences of lipases. Indeed, lipases have
membranesq), and the intestinal barrier in higher animals long been viewed as a special group of esterases that have
(7). Thus, lipases are essential for the metabolization of fats the additional ability to hydrolyze the ester bond of long-
in living organisms, and are also responsible for the chain fatty acid glycerol esters. Unlike esterases, how-
circulation (flow) in nature of the large biomass that lipids ever, lipases display low activity on monomeric substrates
comprise {). Lipases have many interesting industrial in aqueous solution, but become highly activated when
applications §), and are furthermore often highly active on substrates aggregate near their critical micellar concen-
unnatural substrates, such as monoesters, displaying protration (cmc)t This dependence of an interface for full
nounced regio- and stereoselectivities. Consequently, lipasesictivity was termed in 1958 by Sarda and Desnuelle

“interfacial activation” (L2). Other interfaces, such as glass
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(23—27). In addition to showing the typical fold and the 38). Furthermore, TLL was shown to display interfacial
active-site residues, the structures have revealed that mosactivation on small unilamellar vesicles (SUV) of POPG,
(but not all) lipases have a “lid”, i.e., a sherthelix covering with a 100-fold increase in activity for substrates partitioned
the active-site cavity of lipases in the closed conformation at the vesicle interface, compared to the activity with the
(10). The lid can rotate open around its hinges, granting monomeric substrates. Interestingly, this activation was not
access of the active site to the substrate, at the same timeseen on large unilamellar (LUV) POPG, or on the zwitte-
that a large hydrophobic patch is formed, facilitating adsorp- rionic vesicles, independent of vesicle sii8,(398).

tion to the lipid interface 28, 29). It is believed that the Electron spin resonance (ESR) spectroscopy combined
open and closed lipase conformations, reflected in the X-ray ith site-directed spin-labeling (SDSL) of proteins has
structures, exist in equilibrium in aqueous solution [mostly proven to be a powerful technique for studying protein
shifted toward the closed stat&(j] and that they represent  jnteractions and dynamic89). Our group has previously
the start and end structures in the interfacial activation presented several single-cysteine mutants of TLL, for which
pathway @9, 31). The mechanism of interfacial activation we employed SDSL to introduce a spin-label at specific sites
or its discrete intermediate steps are not fully elucidated at in the protein 40). We used ESR spectroscopy in conjunction
present. However, evidence for some intermediate, activatedyith spin-relaxation agents and electrostatic-potential-
forms of lipase has recently been reported through new X-ray hased modeling4(l) to study the orientation of the productive
structures§2), and through conformers “trapped” in solution  mode of TLL bound to the POPG SUV. This afforded the
using rapid freeze-drying3@). first experimental evidence of the detailed molecular orien-

Although the X-ray structures provide important structural tation at the lipid-water interface for a triglyceride lipase
data of lipases, the protein crystals are grown under extreme(40).

conditions and provide only static information. However, | this paper, we have studied the orientation of TLL when
using spectroscopic methods, enzyme dynamics and interactound to the negatively charged, large unilamellar vesicles
tions can be studied under conditions that are physiologically consisting of POPG, or to the zwitterionic, small unilamellar
relevant. The lipase from the filamentous fungifsermo-  yesicles consisting of POPC. The aim was to elucidate how
myces lanuginosudLL, is one of the well-studied lipases, these binding orientations differ from the active-mode
and displays classical interfacial activatiodd). TLL has  pinding orientation previously found for TLL on the POPG
been cloned and overexpresses,(36), and several TLL  syy (40). We also wanted to discover the way in which
X-ray structures have been determin@, 26, 32). TLL is the vesicle phospholipid composition dictates the binding
a glycosylated, 33 kDa, 269-amino acid enzyme that has agrientation of TLL, and how this is related to the observed
pH optimum of 1+12 (37), and displays maximal in vitro  yariations in lipase activation. As in our preceding study,
activity for triglycerides with a chain length of 12 carbons 17 sjngle-cysteine mutants with the mutations scattered
(32). Since triglycerides are not amphiphilic molecules, and around the surface of TLL have been spin-labeled with a
are poorly soluble in water, they do not form well-defined pjtroxide spin-label (SL), and studied by ESR spectroscopy
aggregates of known morphology and surface at8a This  (40). The accessibility of each spin-label to the aqueous
is a severe complication in studying the kinetics and syrroundings was mapped for the membrane-bound SL-
dynamics of triglyceride lipases. However, Berg et @B)( T s, utilizing the water-soluble spin-relaxation agent chro-
developed a system in which unilamellar vesicles, consisting mium(l11) oxalate, Crox 42). In addition, the interaction of

of phospholipids, served as a diluent interface of well-defined each spin-label with the lipid membrane was assessed by
composition, to which both the lipase and various (codis- njtroxide quenching of fluorescence, for the SL-TLLs bound
persed) substrates could bind and then react. Phospholipidgg dansyl-labeled vesicles. The data revealed that the binding
themselves are not substrates of lipases, since the phosphqyrientation of TLL differs significantly between the vesicles
lipid molecule has a poor affinity for the active site, due o haying different surface charge or membrane curvature,
its negative chargel@). Using fluorescence spectroscopy, despite the fact that TLL binds to these vesicles with similar
Berg et al. and Cajal et al. showed that TLL binds to vesicles gjssociation constant (38). Spectral data are compared
consisting of 1-palmitoyl-2-oleoysnrglycero-3-phosphati-  for the three vesicle systems, and the prerequisite driving
dylglycerol (POPG) or 1-palmitoyl-2-oleogrglycero-3-  forces for the interfacial activation of TLL on the diluent
phOSphatIdylchOhne (POPC) with similar h|gh aff|n|ty3, phospho||p|d interfaces are discussed.

! Abbreviations: CAT 16, 4X,N-dimethylN-hexadecyl)ammonium- EXPERIMENTAL PROCEDURES
2,2,6,6-tetramethylpiperidine-1-oxyl-iodide; cmc, critical micellar con- ] )
centration; Crox, chromium(l1l) oxalate; CW, continuous wave; dansyl- ~ General The spin-labeling reagent (1-oxyl-2,2,5,5-tet-
DHPE, N-[5-(dimethylamino)naphthalene-1-sulfonyl]-1,2-dihexadecanoyl- - ramethylA3-pyrroline-3-methyl) methanethiosulfonate (MTSL)

snglycero-3-phosphatidylethanolamine triethylammonium salt; DTT, ;
pL-dithiothreitol; EDTA, ethylenediaminetetraacetic acid; ESR, electron was from Toronto Research Chemicals Inc. (Toronto, ON).

spin resonance; GA, gum arabicum; HEPBS(2-hydroxyethyl)- The lipid fluorophoreN-[5-(dimethylamino)naphthalene-1-
piperazineN'-2-ethanesulfonic acidKsy, Stern-Volmer quenching sulfonyl]-1,2-dihexadecanowrglycero-3-phosphatidyletha-
constant; LU, lipase unit; LUV, large unilamellar vesicles; MLV,  nolamine triethylammonium salt (dansyl-DHPE) and the C16

multilamellar vesicles; MS, mass spectrometry; MTSL, 1-oxyl-2,2,5,5- . . . .
tetramethylA3-pyrroline-3-methyl methanethiosulfonate; POPC, 1-palm- alkyl-chain quartenary amine spin-label, N:{-dimethyl-

itoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine; POPG, 1-palmitoyl- ~ N-hexadecyl)ammonium-2,2,6,6-tetramethylpiperidine-1-
2-oleoylsnglycero-3-phosphatidylglycerol; SBRAGE, sodium dodecyl oxyl-iodide (CAT 16), were from Molecular Probes Europe

sulfate-polyacrylamide gel electrophoresis; SDSL, site-directed spin- ; . _ i
labeling; SL, spin-labeled; SUV, small unilamellar vesicles; Tris, tris- BV (Lelden’ The Netherlands)' The phOSphollpIdS 1 palml

(hydroxymethyl)aminomethane; TLII,. lanuginosudipase; SL-TLL toyl-2-9leoyl5ngchero-3-phosphatidylglycerol (POPG) and
(and TLL-SL), spin-labeled". lanuginosugipase. 1-palmitoyl-2-oleoylsn-glycero-3-phosphatidylcholine (POPC)
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were from Avanti Polar Lipids (Birmingham, AL). The spin-
relaxation agent chromium(lll) oxalate (Crox) was synthe-
sized by the method of Bailar and Jone&3)( PD-10

Hedin et al.

lipids were dissolved in a 1:1 (v/v) chloroform/methanol
mixture. The organic solvent was evaporated under a weak
stream of nitrogen, and the samples were kept under vacuum

desalting columns were from Amersham Pharmacia Biotech overnight. Buffer [20 mM sodium-HEPES (pH 7.0)] was
(Uppsala, Sweden), and Slide-A-Lyzer dialysis cassettes (10added to the dried lipid film for hydration, forming multi-

kDa molecular mass cutoff) were from Pierce (Boule Nordic
AB, Huddinge, Sweden). Ultrapure water (resistivity>
18.2 MQ cm!) was used in all analyses, and all bulk
chemicals were analytical grade or better.

Production of Lipase VariantsThe gene encoding the
lipase fromT. lanuginosuswvas cloned, sequenced, trans-
formed intoAspergillus oryzagexpressed, and purified as
described elsewherg&%, 36, 44). We employed the same
lipase variants as in our previous study, with the single-
cysteine mutations scattered around the surface of AOL (

lamellar vesicles (MLV) at 55C for at least 30 min with
extensive vortexing every 10 min. SUV were formed by
extrusion twice through two stacked 100 nm size polycar-
bonate filters and 10 times through two stacked 50 nm size
polycarbonate filters. LUV were prepared by extrusion twice
through two 200 nm filters and 10 times through two 100
nm filters, with all filters stacked. The size distribution of
the vesicles was analyzed by dynamic light scattering, using
a Malvern Zetasizer (Malvern Instruments Ltd., Malvern,
U.K.).

Thus, substitution of a chosen surface residue with cysteine Fluorescence Quenching Experimentstermolecular

yielded the following variants: P42C (proline 42 exchanged quenching of the fluorescence from dansyl-labeled phos-
for cysteine), G61C, K74C, D96C, T123C, D137C, T192C, pholipid vesicles by the spin-labeled TLL mutand$) was
R209C, T231C, 1252C, and T267C. The presence of the monitored in 20 mM sodium-HEPES buffer at pH 7.0 and
correct cysteine mutation in each variant was verified by gene 25°C. The unlabeled (reference) or spin-labeled TLL mutant
sequencing. Required purity, folding, and lipolytic activity (the quencher) was titrated & 1 mMsuspension of small

of the produced recombinant proteins were confirmed by lipid vesicles (SUV) consisting of POPC and dansyl-DHPE
SDS-PAGE, electrospray MS, fluorescence spectroscopy, in a 99:1 molar ratio, ord a 1 mMsuspension of large lipid

and pH-stat activity measurements.

Site-Directed Spin-Labeling of TLL Single-Cysteine Mu-
tants The spin-labeling procedure for the TLL single-
cysteine mutants has been described in detail previoddly (

vesicles (LUV) consisting of POPG and dansyl-DHPE in a
99:1 molar ratio. The fluorescence was monitored at 500
nm with the excitation set at 350 nm, using a SLM DMX-

1100 spectrofluorimeter (SLM Instruments Inc., Urbana, IL).

Briefly, each recombinant protein was gently reduced [1 mg/ The final concentration of protein was less thanM. The

mL protein in 50 mM Tris-acetate and 2 mM EDTA (pH

fluorescence data were analyzed according to the Stern

7.7)] with 0.3 mM DTT (from a freshly prepared stock Volmer equation for collisional quenching:
solution) fa 1 h atroom temperature. The DTT was removed
by dialysis, and then 45 molar equiv of the spin-labeling Fo/F =1+ Kg,[Q] (1)
reagent MTSL was immediately added to the stirred protein
solution from a freshly prepared stock solution in ethanol whereF, and F are the intensities of fluorescence in the
[final content of ethanol of 1.5% (v/v)]. After 1 h, the reaction absence and presence of quencher, respectikelyis the
mixture was purified by gel filtration on a PD-10 column Stern-Volmer quenching constant, and [Q] is the molar
pre-equilibrated with 20 mM sodium-HEPES (pH 7.0) concentration of quencher.
followed by extensive dialysis against the same buffer at 4 ESR SpectroscopW ESR spectra were recorded on a
°C. Wild-type TLL was used as a control in all reactions, Bruker (Rheinstetten, Germany) EMX ESR spectrometer
confirming that there was no unspecific insertion of spin- with a 12 kW 10’ magnet in the X-band at 9.75 GHz, using
label in the enzyme. The spin concentration of the spin- a Bruker ER 4102 ST standard resonator. The conversion
labeled TLL mutants was determined by continuous wave efficiency factor of the resonatos, was estimated to be 1
(CW) ESR spectroscopy against MTSL standard solutions, G/WY2, Spectra were recorded at room temperature with a
and the protein concentration was determined from the receiver gain of 4.48< 10* unless stated otherwise, and 1
absorbance at 280 nm using an extinction coefficient of G, 100 kHz magnetic field modulation for phase-sensitive
35920 cm! M1 based on amino acid compositiofA5]. detection. A field modulationfdl G ensures a well-defined
The degree of spin-label incorporation was found to range signal, and the line broadening due to overmodulation is less
between 0.1 and 1.0 (moles of spin-label per mole of protein) than 10% 47). All measurements were performed at sub-
for the different mutants. Lipase-specific hydrolytic activity —saturating microwave amplitudes (< 0.36 G), under critical
was assayed on an emulsion of glyceryl tributanoate (tribu- coupling conditions, and the spectra were recorded several
tyrin) and gum arabicum (GA), using the pH-stat method as times and summed to improve the signal-to-noise ratio. All
described elsewher&%). One lipase unit (LU) is defined  samples (5Q:L) were prepared in 20 mM sodium-HEPES
as 1umol of released titratable acid per minute. The spin- buffer (pH 7.0) and loaded into 1 mm (inside diameter)
labeled enzymes were stored as aliquots 2 °C and were quartz tubes sealed at one end. Reproducible positioning of
stable for several months. the quartz tubes in the resonator was ensured by use of a
Preparation of Unilamellar Phospholipid Vesicldgnila- Teflon stopper. Spectra of spin-labeled phospholipid vesicles
mellar phospholipid vesicles consisting of either POPG or were recorded at 100 mW for CAT 16 incorporated in small
POPC prepared to a diameter of 50 nm (SUV) and 100 nm and large POPG vesicles, as well as small and large POPC
(LUV), and labeled vesicles with POPG or POPC, containing vesicles. Crox was added to a 10 mM lipid suspension from
the lipid fluorophore dansyl-DPHE, or the lipid spin-label a 0.5 M stock solution, for a final Crox concentration of
CAT 16 (99:1 lipid:label molar ratio), were all prepared by 0—9.8 mM. Relaxation spectra were recorded for each spin-
the following procedure. Weighed amounts of the appropriate labeled TLL mutant (1xM) as a function of incident power
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Scheme 1: Representation of the Reaction between MTSL and a Protein Cysteinyl Side Chain
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(Po < 127 mW). First, spectra were recorded in the absence
and presence of phospholipid vesicles (3 mM POPG LUV
or POPC SUV). Subsequently, Crox was added from the
stock solution for a final concentration of 9.8 mM, and the

M
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samples were analyzed again. The spectral intensity of the

Crox-containing samples was corrected for dilution effects.
ESR Theory and Data Analysi$he peak-to-peak line
width of the central resonance line in the ESR spedcira,

e}
_'—*OVS\S i ’ °
; [‘:].;
o}

HC-S—H

to a lipid membrane, and is given by 48)
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+membrane
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—membrane
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(AC 1/2)—membrane [CI‘OX]

(4)

Spectral relaxation data were analyzed as follows. Propor-
tionality constantse, were attained by a linear regression

was used to determine the semiquantitative parameter entitlecanalysis of the central resonance amplitudes obtained as a

scaled mobility,Ms (39), for each protein-bound nitroxide
according to the relatioMs = (07 — 0 )/(0mt — 6i7Y).
The parameters,, and ¢; represent the line widths of the
most and least mobile nitroxide spin-labels, respectively,

function of incident power, using at least four data points
for each data set. Low-amplitude parametexs;?, were

obtained as the difference in the inverse square roat of
upon addition of Crox. Finally, exposure factors were

observed for a model system based on rhodopsin. Thecalculated using theAc ' obtained in the presence or

established values fa¥,, and ¢; of 2.1 and 8.4 G, respec-
tively, were used. ESR relaxation spectroscopy using Crox
was performed with the low microwave-amplitude method
(48), which employs only low and subsaturating microwave
amplitudes Iz < 0.36 G). The theoretical basis and
experimental considerations of this method have been
discussed in depth previousi8). In brief, at subsaturating
microwave amplitudes, the peak-to-peak height of the central
resonance line in the first-derivative ESR spectruy, is
given by @1, 48, 49)

AY = cPy = ¢ T, P, )
wherec is an (adjustable) composite gain constamnt, is
the spin-spin relaxation time, andP, is the microwave
incident power. The constarmt is defined as 0dyshma,
whereq = A/(NKT), ye is the electron gyromagnetic ratio,
andhy, is the Zeeman modulation field amplitud4g( 49).
The microwave amplitude (in gaush), acting on the sample

absence of lipid vesicles1§).

RESULTS

Characteristics of Spin-Labeled Lipase MutarRsoteins
can be routinely spin-labeled at most desired positions in
the amino acid sequence by the approach of site-directed
spin-labeling $2). This involves introducing a cysteine into
the protein by site-directed mutagenesis and concomitant
spin-labeling with a sulfhydryl-specific reagent, such as
MTSL (Scheme 1). In our study, we used the same 11 single-
cysteine mutants of TLL presented previousB0) for
comparative purposes also. The single-cysteine mutations are
strategically placed to provide a near coverage of the protein
surface, as shown in Figure 1. Five of the single-cysteine
substitution mutations (T267C, 1252C, R209C, D96C, and
G61C) are positioned surrounding the active-site region on
the top half of the protein. On the lower half, P42C, T231C,
T192C, and T123C form a ring around the enzyme, and
K74C and D137C are placed right at the bottom of the central

is dependent on the conversion efficiency factor of the j.sheet core. Although all these positions are superficial in

resonatorg, according to the relation, = aPy*2 The spin-

spin relaxation rateR,, is related to the spinspin relaxation
time through the relatiolR, = (yeT2¢ * (41, 49). Hence,

the linear dependence AfY on the square root of the incident
power (at low microwave amplitudes) is given by the
proportionality constant;, asc = ¢'(Ryye) 2, Which means
thatc2is directly proportional to the spinspin relaxation
rate,R, (48). The presence of a spin-relaxation agent, e.g.,
Crox, changes the relaxation rates of a spin-label in a

the protein, they provide different topographies at the point
of attachment of the spin-label. Residues P42C, T123C, and
R209C are located im-helices. T192C is on #-sheet.
G61C, K74C, D137C, and T231C reside fturns or
B-hairpins. D96C, 1252C, and T267C are positioned in loops
(additionally, P42C and T267C are close to two different
disulfide bridges).

As reported previously, spin-labeling of the TLL mutants
with MTSL afforded correctly folded and highly functional

concentration-dependent manner through Heisenberg exyyoteins in all casesi(). The lipolytic activity of the cysteine

change %0, 51). Accordingly, with the addition of Crox, the
change irc™2is proportional to the local Crox concentration
(41, 48):

Ac 2=y ¢ Y2 [Crox] (3)
where y is the relaxivity of the spin-label. The exposure
factor, @, is defined as a measure of the exposure to the

mutants was comparable to that of the wild-type lipase (5700
LU/mg), before as well as after spin-labeling, with mutant
specific activities ranging between 3500 and 6500 LU/mg
when assayed by the pH-stat method on an emulsion of
tributyrin. This is consistent with the observation that the
nitroxide generally does not perturb protein structure,
enzymatic activity, or thermal stability, with the weakest
effects expected for solvent-exposed labeling s&&s (The

aqueous surroundings (and a water-soluble spin-relaxationspin-labeling was confirmed to be specific to the cysteine
agent) for a spin-label on the surface of a protein adsorbedside chain, and resulted in quantitative labeling or less, which
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Ficure 1: Structure ofT. lanuginosudipase (TLL) in the open 14 |
conformation showing the position of each single-cysteine mutation -
(black space-filling portion) and displaying the characterisf}¢- 13}
hydrolase fold of lipases. The active-site catalytic triad, consisting =" |
of Ser146, His258, and Asp201, is highlighted (black tube) together = 12 |
with the lid region containing the classical Trp89 in the lid. The =
complexech-dodecyl phosphonate inhibitor was omitted for clarity 8 11k
[the TLL atomic coordinates were provided by Lawson and E
Brzozowski @6)]. This cartoon representation was generated with 2, &l
POV-Ray and VMD T3). 2
was found to correlate with the accessibility of the attachment 00 I ﬂ l‘| h
site in the various recombinant proteind0)f. The ESR 08k L
spectra of the spin-labeled TLL mutants have been presented 00
previously @0). The spectra are representative of a nitroxide {f_,%\' RSl kc,f:“ & ,,,cr@}o"a'q, s K% 109\1«0‘6\‘
spin-label with rapid, nearly isotropic rotation, which is & & F TG TP
consistent with nitroxides attached to superficial sites in a
protein. Rotational correlation timess, are quantitatively 15Fc)
found to be in the range of 1 ns, characteristic of nitroxides
situated ono-helices or surface loopS89). 141
Large and small unilamellar phospholipid vesicles consist-
ing of POPG and POPC, respectively, were prepared, , 3
inspected by dynamic light scattering, and found to have a = o]
diameter of 84.5 with a polydispersity of 0.156 (POPG LUV) % )
and a diameter of 67.4 nm with a polydispersity of 0.075 2 11}
(POPC SUV), respectively. Next, the spin-label dynamics 3
of each spin-labeled TLL mutant were studied by ESR § 1.0}
spectroscopy upon binding to the negatively charged POPG®
vesicles, or to the zwitterionic POPC vesicles. The scaled 08
mobility, Mg, is a semiquantitative measure of spin-label - l-| s
mobility, determined from the peak-to-peak line width, 0.0 F— ML MY D0y Dl P b e e b b T
of the central resonance line in the first-derivative ESR B G S
spectrum 89). In principle, both the rate and the amplitude & @V & oS Qg,o"}:' Pt

of the nitroxide motion are manifested in _the vaIue_My‘, Ficure 2: Scaled mobility,Ms, of spin-labeled TLL mutants in
andM;s has been shown to correlate well withfor motions solution (dark gray bars) or bound to the unilamellar phospholipid
on helices §4). In Figure 2, values ols are shown for the  vesicles (light gray bars): POPC SUV (A), POPG LUV (B), and
spin-labeled TLL mutants in aqueous solution (dark gray POPG SUV (C). Values for POPG SUV were taken from4@f
bars) and adsorbed to vesicles (light gray bars) consistingEors inMs were determined as the error propagation of the ESR
of POPC SUV, POPG LUV, or POPG SUV (the latter values line width standard deviation of triplicate measurements.

taken from ref40). Values of 0 and 1 correspond to the least

and most mobile ESR line shapes, respectively, obtainedthe most mobile nitroxides seen in proteins. That some of
from the nitroxide side chain in proteins, based on a model the values exceed 1 is not surprising, since the reference
system with rhodopsin5@). As seen in Figure 2, the spin-  system is based on spin-labels positioned on a transmembrane
labeled TLL mutants have values d&fls ranging from protein, whereas TLL is an excreted peripheral protein. The
approximately 0.8 to 1.4, which means that these are amongleast mobile nitroxides in TLL are seen for mutants G61C-
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Chart 1: Molecular Structure of (A) the Lipid Fluorophore
Dansyl-DHPE and (B) the Lipid Spin-Label CAT 16

(A 0

/\/\/\/\/\/\/\)J\o
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POPG 50 nm

POPG 100 nm

Vg

POPC 50 nm

SL, K74C-SL, T123C-SL, R209C-SL, and T267C-SL. Two
of these nitroxides are situated in arhelix; two are in a
pB-turn/hairpin, and one is next to a half-cystine. The small
variations in values oMs seen for the protein alone fall
within the error of the measurement. It is evident that there
are no, or only discrete, changes in the mobility of the TLL
spin-labels upon membrane binding, for any of the three
vesicle types. This is consistent with the previous observation
that there is no deep penetration of residues of TLL into the Ficure 3: First-derivative CW ESR spectra recorded in the X-band
lipid membrane when it is bound to POPG SUX0). In at 9.75 GHz of the lipid spin-label CAT 16 incorporated in small
fact, limited contact between lipid and protein surfaces c(’:rr(')";‘(rg(‘]?in”arl"'2;“nec”e""r:t:’§fc')‘r3]'e§fangséSt:gl%A)OfazggdG o t‘?]gpv%'s i"(‘:’l"teh
dlstanUIshgs Several peripheral membrane proteins Whosesuspension. The microwave power was 100 mW; the receiver gain
membrane interactions are known, for example, bee venomyas 6.32x 10, and the scale of the magnetic field is indicated
phospholipase A2 (PLA2) and heterotrimeric G protéif, ( with a bar.

POPC 100 nm

—

5%

50 ¢

55)' 62500 4.4
Effect of Crox on Spin-Labeled Phospholipid Vesicles. _
Unilamellar phospholipid vesicles consisting of POPC or SOOOO'M m .
POPG were both prepared as SUV and LUV with 1 mol %  s7s00f | S |
of the lipid spm-label_CAT 16 (Chart 1B) mcluded_m the_ 55000 1. A\ 1405
vesicles. ESR relaxation spectroscopy when studying spin- :><. { s
labeled proteins bound to lipid vesicles is founded on 3 °®%[ — A {382
nitroxide interactions with spin-relaxation agents, and in this < 50000} 5
study, we used a strictly water soluble spin-relaxation agent, = 47500 - /A 3.6 E
e.g., Crox. The basis for understanding the relaxation data = /é\o———o 1 8
. . - 10000} Jaa
is that Crox diffuses closely enough to a lipid membrane to g 1**
interact with a spin-label on the protein bound to the lipid 5000 <>74_—_—_ 1
vesicles. Near the negatively charged surface of POPG 232
vesicles, there exists a concentration gradient of Crox °= 2 4 o 5 0 00
compared to its bulk concentration, generated by electrostatic [Crox] (mM)

repulsion between the lipid surface and the negatively ggyre 4: Effect of Crox concentration on the ESR central
charged Crox moleculet{). For the zwitterionic surface of  resonance peak-to-peak heigh (black symbols), and the central
POPC, however, mainly steric factors will prevail, and the resonance peak-to-peak width (white symbols) for lipid spin-label
expected to be steeper. For that reason, the influence of Cro>§g\égrl'_agglﬁgi)érﬁgnzg)l‘uv (circles), POPG SUV (squares), and
was investigated for the CAT 16 spin-label, situated at the '

headgroup level in the prepared phospholipid vesicles with

different surface charges and sizes. Crox induces broadeningunction of Crox concentration. Several aspects can be
of the ESR spectral peak width, while the peak amplitude inferred from Figure 4. First, the line width (no Crox added)
decreases4@). CW ESR spectra were recorded for the is slightly broader for the POPG vesicles than for the POPC
various spin-labeled vesicles together with Crox at concen- vesicles, which means that for some reason the lipid spin-
trations between 0 and 9.8 mM. Figure 3 shows the first- label is slightly more motionally restricted in the POPG
derivative ESR spectra of CAT 16 in the phospholipid environment. Since lateral diffusion constants of similar lipids
vesicles, recorded at 100 mW together with 4.95 mM Crox. do not differ significantly for a lipid PC or PG headgroup
The resulting effects of Crox on the spin-labeled vesicles (56), this small difference in restriction probably has an
are summarized in Figure 4, in which the central resonanceelectrostatic origin. Second, the effect of Crox on both central
peak-to-peak heightAY, and the central resonance line resonance line widthd) and peak-to-peak heighiy) is
width, ¢, in the first-derivative ESR spectra are shown as a more pronounced for the POPC vesicles, with the largest
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(&) (B) Table 1: Exposure Factord®, and Stera-Volmer Quenchin
TLL D96C-SL , - EXp h ) ng
TLL K74C-SL ConstantsKsy, Measured for Spin-Label€e®l. lanuginosud.ipase
Single-Cysteine Mutants Bound to POPC SUV

p variant (0] Ksy (M~1)P
P42C-SL 1.13t 0.38 500+ 210
G61C-SL 0.82+ 0.07 1670+ 360
K74C-SL 0.60+ 0.18 1780+ 510
D96C-SL 0.94+ 0.03 580+ 100

pl T123C-SL 0.95+ 0.21 800+ 180
D137C-SL 0.8 0.12 390+ 90
T192C-SL 0.8 0.29 1350+ 560
R209C-SL 0.65+ 0.23 1030+ 220
T231C-SL 0.9A4 0.03 510+ 80

pc 1252C-SL 1.13+0.11 1204 40
T267C-SL 0.66+ 0.40 1760+ 360

aErrors given are the calculated error propagations based on the
errors from linear fits forc or Ksy. ® Measured with dansyl-labeled
plc POPC vesicles (SUV). Values normalized by the degree of spin-label
incorporation in the SL-TLL variants.

within each data set, yielding low-amplitude parameters,
Ac™'2, for the determination of ESR exposure factabs,
205 1 A according to eqs 24, respectively. The low-amplitude
FiGURe 5: First-derivative CW ESR spectra recorded in the X-band parameter quantitatively describes Heisenberg exchange
at 9.75 GHz of spin-labeled TLL mutants D96C-SL and K74C- petween the spin-label and Cro48j. The exposure factor
e Pt lopk D Prolenooud 1 a measure o he degree of exposure [0 e aqueous phase,
and the protein, Iibid, and Croxple). The lipid was POPG: the for a spin-label on a protein adsorbeq to a lipid membrane.
scale of the magnetic field is indicated with a bar, and the The exposure factor is directly proportional to the concentra-
microwave power was 127 mWw. tion of Crox in the vicinity of the spin-label and is,
furthermore, an indirect measure of the distance from the
effect seen with small vesicles. The maximum decrease spin-label to the lipid membranel@, 41). ® values of 0O
measured iM\Y was approximately 1:015% for the POPC  and 1 signify zero exposure and total exposure to Crox,
vesicles, while it was less than 5% for the POPG vesicles. respectively. Values of the exposure factor for the SL-TLLs
The increase i) measured was also ¥15% for POPC adsorbed to POPC SUV are listed in Table 1. All values of
and a few percent for POPG; however, the line width of the @, ranging between 0.6 and 1.1, are indicative of spin-labels
low-field resonance line in the spectra showed almost twice with a medium to high level of exposure to Crox. There are
the effect for all vesicles that were studied (data not shown). no singular values showing close contact between a spin-
It can thus be concluded that Crox is close enough to thelabel and the membrane. Instead, the values exhibit a flat
lipid surfaces to interact with a headgroup label. The distribution. This is in sharp contrast to the values obtained
observed differences are due to the fact that the local earlier with POPG SUV40), and implies that TLL is not
concentration of Crox is higher near the zwitterionic surface that close to the POPC surface. However, assuming that the
of POPC than the negatively charged POPG surface, becaus€rox gradient at the POPC surface is steeper than that for
of the electrostatic repulsion mentioned earlier. It should be POPG, as indicated by the spin-labeled vesicles, these values
borne in mind, however, that the effects of the spin-relaxation would equal lower values ofb in the POPG system,
agent here were measured at the level of the phospholipidtranslating to POPEmembrane distances shorter than the
headgroup within the lipid phase. exposure implies. Among the lowest values obtained are
Determination of ESR Exposure Factors and Fluorescence those for the spin-labeled mutants K74C-SL, R209C-SL, and
Quenching Constants for Spin-Labeled TLL Mutants Bound T192C-SL. These spin-label positions define a straight
to POPG and POPC VesiclesCW ESR spectra were  vertical line, on the back of TLL in relation to the active-
recorded for the spin-labeled TLL mutants as a function of mode contact zonel(Q). This seems to be the side orienting
microwave incident poweR,, in the absence and presence most frequently against the vesicle membrane of POPC SUV.
of phospholipid vesicles (lipid:protein molar ratio of 200: Fluorescent vesicles were prepared, with 1 mol % of the
1), and in the absence and presence of Crox (9.8 mM). It fluorescence label dansyl-DHPE (Chart 1A) included in the
was confirmed by dynamic light scattering that the addition bilayer of POPC SUV and POPG LUV. The fluorescence
of lipase or Crox had no effect on the integrity of the vesicles quenching efficiency was measured for each spin-labeled
(data not shown). All spectra were recorded at subsaturatingTLL mutant bound to the labeled vesicles, for which the spin-
microwave amplitudesh{ < 0.36 G), employing low label acts as a quenchetd]. The change in fluorescence
microwave-amplitude relaximetry48). In Figure 5, first- was first monitored for the vesicles titrated with an unlabeled
derivative ESR spectra recorded at 127 mW are shown for TLL mutant (reference), and then with a spin-labeled TLL
a complete experimental set with two of the SL-TLLs. The mutant (the quencher) to dissect any contribution of the
spin-labeled mutants are representative of an exposed nifprotein itself from the effect of the nitroxide. Steriolmer
troxide (D96C-SL) and a more shielded nitroxide (K74C- quenching constant&sy, were determined as the resulting
SL) upon membrane binding. For each spin-labeled mutant, difference in quenching efficiency, and were normalized by
the low-amplitude proportionality constantwas determined  the degree of spin-label incorporation in the proteins. Values
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1.2

Table 2: Exposure Factor®, and Sterr-Volmer Quenching _ Jo
ConstantsKsy, Measured for Spin-Labeled. lanuginosud.ipase + [F]
Single-Cysteine Mutants Bound to POPG LUV 10 f + + [+ - 500
variant @ Ksv (M7Y)° + — 1] {1000
P42C-SL 0.93:0.12 1440+ 200 e 08T ] {1500 &
G61C-SL 1.36+ 0.23 1430+ 230 8 + 4+ + E
K74C-SL 0.28+0.18 3260+ 270 8 osl 1290 3
D96C-SL 0.87+ 0.03 660+ 70 2 d2500
T123C-SL 0.86t 0.22 1430+ 130 2 &
D137C-SL 0.83+ 0.10 630+ 90 e 04r {3000 3
T192C-SL 0.78t 0.25 2970+ 400 « 3500 X
R209C-SL 0.42+ 0.09 1520+ 150 02| i ¢
T231C-SL 0.88t 0.03 880+ 80 4 4000
1252C-SL 1.08+ 0.06 290+ 40
T267C-SL 0.89+ 0.34 2750+ 360 0.0 4500
v v N v Vv v v v
aErrors given are the calculated error propagations based on the ,\thOy QOQQ;\U% %&% \09 ,90’% qé"% ,1;,09/%\0% @Sf% @@0'%
errors from linear fits forc or Ksy. ® Measured with dansyl-labeled & T TP

POPG vesicles (LUV). Values normalized by the degree of spin-label Figure 6: Correlation between the ESR exposure fasio(bars),
incorporation in the SL-TLL variants. and the fluorescence quenching efficiency constésy, (+), for

spin-labeled TLL single-cysteine mutants bound to POPC SUV.
of Ksy determined with dansyl-labeled POPC SUV are SL-TLLs are sorted by ascending value @f Error bars were
presented in Table 1, where a high value signifies a high omitted for clarity (errors listed in Table 1).

quenching efficiency. It can be seen that tkeg, values 12

exhibit a trend similar to that for the exposure factor, with 10
overall low values of quenching efficiency (120780 M 1) 1ok + ] J 500
compared to previous resul#Q), and with an exceptionally + + 11000
flat distribution of the values. In the case iy, however, o8l — 1] e
there is no concentration gradient involved. The fluorescenceg + [ ] + + T {150 3
quenching is due to the direct, distance-dependent interactiorg .| H 2000 &
between the spin-label and the dansyl fluorophore, and g 12500 B
dansyl-DHPE is expected to be at a similar position in the 8 | + )
lipid headgroup level for all vesicles studied. Therefore, the + + 13000 2
values ofKsy confirm the result obtained with the exposure 0zl - 3500 &
factor @, showing that TLL associates farther from the ' 4 4000
surface of POPC SUV than that of POPG SUV. This also H 4500

v ov
\06
©
[

implies that the concentration gradient of Crox at the N
zwitterionic POPC interface is not as steep as that assumed @0' & & & g &@U iv\o %@«0' Q‘;&’ pﬁ;&'
in the previous paragraph. The spin-labeled mutants display- &S oos A
ing the highest quenching efficiencies were K74C-SL, Zf;?ﬁ;&%@iﬂgg %meceh?rfgeeﬁiigr?c;xpgzﬂrﬁégffga@?’
R209C-SL, and T192C-SL, in agreement with the Values of spin-labeled TLL single-cysteine mutantsybound to POPG LUV.
@ obtained, and also T267C-SL and G61C-SL which are The value of G61C-SL extends outside the graph and was-t.36
situated on the opposite side of TLL. 0.23. SL-TLLs are sorted by ascending valugbofError bars were
Values of the exposure factor for the SL-TLLs bound to omitted for clarity (errors listed in Table 2).
POPG LUV are given in Table 2. With these vesicles, there
is a wider distribution ofD values, similar to the situation Comparison of Binding Parameters for TLL on Three
with POPG SUV seen previously@). Two spin-labeled Different Phospholipid VesicleIhe ESR exposure factor
mutants, K74C-SL and R209C-SL, exhibit quite low levels defines nitroxide interactions with Crox in the aqueous phase,
of exposure to Crox with® values of 0.28 and 0.42, While the fluorescence quenching efficiency quantifies ni-
respectively. As for the POPC SUV, the region defined by troxide—lipid interactions. Thus, these two spectroscopic
K74C-SL, R209C-SL, and T192C-SL seems to be prefer- methods provide complementary information for each spin-
entially oriented toward the membrane surface. Values of label on the surface of TLL when bound at the watpid
Ksv obtained with dansyl-labeled POPG LUV are presented interface. In Figures 6 and 7, the two techniques are
in the third column of Table 2. Also the fluorescence compared for TLL bound to POPC SUV and POPG LUV,
quenching efficiency of the SL-TLLs was markedly higher respectively. For POPC SUV, the values®fandKsy are
with the POPG LUV, and values were widely distributed, found to correlate well, and the distribution of values is
ranging between 290 and 3260 M High quenching narrow for both parameters. Here, high values of the exposure
efficiency was again seen for the spin-labeled mutants K74C- factor and low values of quenching efficiency both indicate
SL, T192C-SL, R209C-SL, and T267C-SL. Taken together, that the TLL spin-labels are not that closely associated with
the ESR and fluorescence data suggest that TLL binds closethe POPC membrane. For POPG LUV, the situation is
to the negatively charged surface of POPG LUV than to the different. We see a steeper distribution in the valueof
zwitterionic POPC surface. Regardless, TLL seems to bind andKsy, indicating a closer and more distinct association of
preferentially with the same orientation on both vesicles, TLL with the POPG membrane. However, the value&gf
namely, with the backside of the protein facing the lipid are also more scattered in relation to the exposure factor,
membrane. and the agreement between the two methods is reasonable.
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FIGURE 8. Comparison of values of the ESR exposure facfar, FIGURE 9: Comparison of values of the Sterifolmer quenching

for SL-TLLs bound to three different unilamellar phospholipid constantKsy, for SL-TLLs bound to three different unilamellar
vesicles: (A) POPG SUV vs POPC SUV, (B) POPG SUV vs POPG phospholipid vesicles: (A) POPG SUV vs POPC SUV, (B) POPG
LUV, and (C) POPC SUV vs POPG LUV. Values for POPG SUV  SUV vs POPG LUV, and (C) POPC SUV vs POPG LUV. Values
were taken from re#i0. for POPG SUV were taken from rd0.

The orientation of TLL at the membrane surface of POPG (40): GGlC',SL and T267C-SL, show a high degree of Crox
SUV has previously been determined, using the same mutant&XPosure with both POPG LUV and POPC SUV. It can be
and techniques as in the study presented H&e TLL binds concluded that the TLL orientations, inferred from the values
with high affinity to both small and large POPG vesicles, as ©f ®, show the best convergence for POPG LUV and POPC
well as to small POPC vesicles, but displays interfacial SUV. This prevails even though the Crox gradient is different
activation on only the small POPG38). The parameter® at the PC surface due to electrostatic effects. However, the
andKsy obtained for the SL-TLLs are compared for the three distance between TLL and the membrane is greater with
vesicles in Figures 8 and 9, respectively. In Figure-&2 POPC SUV than with POPG LUV. In Figure 9/C, it is
values of® are seen to be higher for the POPC SUV than evident that values dksy are lower for POPC SUV in all
for both of the POPG vesicles, signifying a higher level of cases. This reinforces the notion that TLL binds farther from
Crox exposure all over. Markedly, the TLL contact residues the PC surface than from both PG surfaces. There is quite
found for POPG SUV in the productive (active) orientation good conformity for theKsy values between the large and
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small POPG vesicles. This suggests that TLL binds almost
as closely to the two POPG vesicles. However, there are : oAgi

. . . . . . Lid & active site
crucial discrepancies in some of the various contact resi- \

dues, resulting in significant differences in the TLL orienta-
tion.

DISCUSSION

In this paper, the orientation of the fungal triglyceride
lipase T. lanuginosuslipase (TLL) at the lipid-water
interface of unilamellar phospholipid vesicles has been T267C
studied, employing site-directed spin-labeling (SDSL) in :
combination with ESR relaxation spectroscopy and fluores-
cence spectroscopy. Two types of vesicles have been used:
large vesicles consisting of POPG carrying a negative surface
charge and small vesicles consisting of POPC with a
zwitterionic surface. In addition, the interactions of TLL with
these vesicles have been compared to the results previously
obtained with a third vesicle type, that of small PORIG)(
Collectively, this has enabled assessment of the influence
of vesicle properties, such as curvature and surface charge

E

Ficure 10: Suggested orientation of TLL at the interface of POPG

. . . : . LUV and POPC SUV. The representation of the vesicle surface is

on the detailed interfacial orientation of TLL. at the right. Distances from the membrane have not been precisely
Well-Defined Interface for Determination of TLL Orienta- optimized herein. The distance from the interface is greater with

tion. Triglycerides are the natural substrates of triglyceride POPC SUV. The same X-ray structure and software were used as

lipases, which, unlike the esterases, only display full activity '™ F'9ure 1.

at the lipid-water interface of an aggregated substra®.(  Furthermore, electrostatic effects may be crucial in control-
The physical state of the substrate is presumably a deciding|ing the collisional kinetics for paramagnetic ior), which
factor for the difference in substrate SpeCIfICIty between will be especia”y pronounced with a negative|y Charged
lipases and esterasesy). Long-chain triglycerides or fatty  vesicle surface. The local Crox concentration sensed by the
acid esters are typically insoluble or poorly soluble in water. nitroxide spin-label is a spatial average of the various
Thus, the lipase has to be able to recognize an insoluble orconformations pertaining to the rapidly rotating nitroxide
heavily aggregated substra&). A major and long-standing  (60), where the length of the MTSL side chaini$—7 A.
obstacle in assessing the binding and activity of triglyceride petermination of the low-amplitude parametec=22 (48),
lipases is that the organizational state of triglycerides in jn the absence of vesicles, provides the effect of the local
aqueous solution is difficult to controllB). Triglycerides  protein electrostatic potential on the concentration of Crox,
form droplets of uncontrolled polymorphism and adsorb onto granting a reference for the effect of Crox for each spin-
available surfaces such as vessel walls or gas bubb8s ( |apeled mutantd).
This makes it nearly impossible to generate well-defined  Characteristics of TLL Spin-Label Interactions and Rela-
structures of known surface area. However, Berg et al. tjon to Interfacial Orientation The values of® obtained
successfully utlilized phospholipid vesicles as a system of for the various spin-labeled TLLs bound to POPG LUV and
well-defined composition to which both lipase and substrate to POPC SUV revealed that TLL preferentially adsorbs with
could bind, and reactl@). Phospholipids are not substrates 3 similar orientation on both vesicles, despite the fact that
of triglyceride lipases, but serve faithfully as a diluent they carry different surface charges. The ESR data show that
interface for TLL and for substrates partitioned at the surface, T|L binds with the concave backside of the protein facing
as well as for substrates included in the I|p|d bilayer during the membrane Surface, which is expected to Correspond to
vesicle preparation1@, 38). These considerations make the inactive orientation of TLL. This agrees well with the
phospholipid vesicles an excellent system for studying the fluorescence and activity measurements presented by Cajal
lipid —water interfacial binding orientation of TLL, in mo- et al., showing weak activation on zwitterionic vesicles, as
lecular detail. well as large POPG vesicles, when measured for the wild
Spin-Label Interactionsin this study, the effect of the type, or tryptophan mutants of TLI38). The contact surface
water-soluble paramagnetic spin-relaxation agent Crox ondefined vertically by the positions R209C-SL, T192C-SL,
each protein-bound spin-label was measured by ESR specand K74C-SL found in our study, corresponding to the
troscopy for the SL-TLLs bound to the phospholipid vesicles inactive orientation of TLL, is situated on the opposite side
with different surface charges and sizes. In this system, theof the protein relative to the active-site catalytic Ser146. A
exposure facto (40, 41) describes the interactions between suggestion for the preferred interfacial orientation of TLL
Crox and the protein-bound nitroxide, taking place in the on the POPG LUV and POPC SUV, based on the ESR and
form of a bicollisional mechanism known as Heisenberg fluorescence data obtained in this study, is shown in Figure
exchange, which increases the relaxation rates of the nitroxidel0. The distances have not been optimized in this figure.
(58). Thus, a reduction irb upon membrane binding can Compared to the catalytically competeB8) orientation of
be comprehended in terms of a reduction in collision rates TLL previously found on POPG SUV4(Q), the protein is
due to steric restrictions inflicted by the bilayer surface, and rotated almost exactly 18@&bout its vertical axis in relation
reduction of diffusion constants of the two partness)( to the contact surface defined by G61C-SL, T267C-SL,
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P42C-SL, and T123C-Sl14(). Cajal et al. 88) hypothesized  vesicles labeled with a fluorescence donor and acceptor pair,
that the contact surface of TLL in the inactive form might confirmed that TLL was able to bind simultaneously (and
coincide with the hydrophaobic patch in the triangle defined reversibly) to two vesicles, bringing them into proximi#gy.
by Trp89, Trp221, and Trp260. In this orientation, TLL This suggested two binding modes for TLL on the phos-
would have to bind with T231C-SL, and especially 1252C- pholipid vesicles. The second of these modes corresponds
SL, deeply embedded in the lipid membrane, which is clearly well with the interfacial orientation found in this study. In
not the case as seen in the values of bdttand Ksy for fact, values ofb obtained with POPG LUV and POPC SUV
these mutants. Thus, this hypothesis is in complete disagreealso indicate an average of at least two orientations, even if
ment with the inactive orientation found here, and does not one of them is dominating. For this reason, we did not
match any of the orientations found for TLL on the various attempt to model the orientation of TLL4Q, 41) on the
phospholipid vesicles4Q). POPG LUV, since resolving more than one binding orienta-
Even though TLL adopts a similar orientation on both tion would afford too many unknown parameters. In addition,
POPG LUV and POPC SUV, it is worth noting that the electrostatically based modeling is not applicable for the
protein binds farther from the POPC surface, as indicated neutral surface of POPC SUV. However, some indication
by the high and narrowly distributed values®ffor POPC of TLL spin-label distances to the membrane surface can in
SUV. Interestingly, this difference in distance cannot be principle be inferred from the previously determined elec-
resolved in the values dfq reported by Cajal et al., with  trostatically based Crox gradient for POPG vesics. (This
(half the number of) 36:M on POPG LUV and 30&M affords TLL nitroxide-membrane distances for K74C-SL
on POPC SUV measured for the inactive TLL mutant and R209C-SL estimated to be 16 and 19 A for POPG LUV
Serl146Ala 88). Similar values were also obtained for the and, with greater uncertainty, 23 and 24 A for POPC SUV,
tryptophan mutants3@). However, in another study, Peters respectively.
et al. 62) observed that TLL associated more weakly with In the perspective of a lipase “sandwich mode”, it is
PC liposomes than with PG liposomes. The authors hypoth-interesting to note that there are several cases in which
esized that the zwitterionic surface of the PC vesicles could proteins have been known or suggested to bind simulta-
result in a tight hydration shell around the headgroups, neously to two vesicles, alone or mediated by another
producing strong hydrogen bonding between water moleculesmolecule. This was observed for bee venom PLA2 where
and the charged nitrogen and phosphate groups, and that thenellitin, polymyxin B, or myelin basic protein allowed
hydration shell might affect the diffusion of TLL to the lipid intervesicle exchange of lipid substrat€8 @nd references
surface 62). It is worth considering that for the zwitterionic  therein). Also, human group IIA PLA2 (hGIIA) has been
surface of POPC vesicles, the concentration gradient of Croxreported to form a supramolecular structure involving
at the lipid membrane compared to its bulk concentration multiple LUV, and it was proposed that hGIIA could “roll
should be different from that for the negatively charged over” to a nearby vesicle in the comple&1j.
POPG membrane, due to electrostatic effects. As discussed Protein—Membrane Distancesn the membrane docking
in the previous section, this could lead to apparent values of of peripheral proteins, several driving forces are expected
® that are too high, thus indicating that TLL is farther from to be important. These include favorable long-range-10
the POPC surface than it really is. The influence of Crox 15 A) electrostatic interactions between charged residues on
concentration measured on the spin-labeled POPG and POPGhe protein surface and the membrane surface, hydrophobic
vesicles demonstrated that Crox is in fact closer to the interactions of surface-exposed apolar residues with partially
zwitterionic POPC surface at the headgroup level, but this exposed hydrocarbon chains in the membrane interior, and
does not conclusively show how the concentration varies with an entropically favored release of bound water from the
distance from the surface. The ESR relaxation data, which membrane-protein interface upon binding{, 64). For TLL
determine interactions of TLL spin-labels with the aqueous docked on the membrane of both small and large POPG
phase, were also complemented with the independent techvesicles, and small POPC vesicles, it is clear that there is
nique of fluorescence quenching. Since the nitroxide quenchesonly a limited contact surface and no deep penetration of
the fluorescence of dansyl-labeled vesicles, this quantifies protein residues into the membrane. Nevertheless, this is
TLL spin-label interactions from the lipid side of the consistent with distances observed for several membrane-
interface. Low values of the distance-dependent fluorescencedocked proteins. Sometimes, an optimal interaction between
guenching efficiencyKsy, were obtained with dansyl-labeled positively charged side chains and an anionic membrane
POPC SUV, reinforcing the ESR data. Since g values surface is obtained when these charged residues lie several
describe the direct interaction between TLL spin-labels and angstroms off the interfacé4). As another aspect, for the
the lipid fluorophore, significant artifacts i® due to Crox nearly parallel docking orientation observed for the protein
gradients can be ruled out. It can thus be concluded that TLL kinase @ C2 domain, it was hypothesized that a lipid may
associates farther from the POPC surface than from that ofbe partially drawn up from the membrane into the protein
POPG LUV. Generally, the values d and Ksy showed (65). Indeed, lipid protrusions and membrane softness have
good agreement for both vesicles, confirming the orientations been proposed to be important for enzymatic activity, where
found for TLL. protrusions of single lipid molecules out of the bilayer plane
Sandwich Mode for TLL Bound to Phospholipid Vesicles are realized in the 10 ps time scak6). These modes can
In our previous study of the active-mode orientation of TLL be either collective or single-molecule-basé)( Direct
on POPG SUV, more than one exclusive orientation at the evidence for an upward vertical displacement of lipid
interface was indicated, although the active-mode orientation molecules has been obtained by ESR relaxation spectroscopy
was largely predominant4(). Interestingly, fluorescence (67). Furthermore, in PLA2 the active site 815 A from
resonance energy transfer (FRET) experiments, employingthe protein surface6g).
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Driving Forces for Actiation of TLL on Phospholipid
Vesicleslt is interesting that TLL is activated 100-fold when
bound to SUV POPG but not with LUV POPG, or with any
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study and previously4Q), together with the TLL sandwich
mode, conform very well.

POPC vesicles independently of vesicle size, despite the factREFERENCES

that TLL binds to all vesicles with similar dissociation
constants38). This indicates that the activation of the lipase
is clearly separated from the adsorption step in the interfacial
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Emerging Eidence of Unusual Actation Modes There
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more recent X-ray data3p), this indicates evidence for a
dynamic equilibrium and coexistence of closed and open
forms and various intermediates thereof in aqueous solution,
in which the closed form probably is largely favored for most
lipases in the absence of an interface. All this points to an
emerging view of more exquisite and complex mechanisms
for enzyme activation, presumably with relevant biological
significance for lipases. In this context, the different orienta-
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