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ABSTRACT. The binding orientation of the interfacially activat@tiermomyces lanuginodgase (TLL,

EC 3.1.1.3) on phospholipid vesicles was investigated using site-directed spin labeling and electron spin
resonance (ESR) relaxation spectroscopy. Eleven TLL single-cysteine mutants, each with the mutation
positioned at the surface of the enzyme, were selectively spin labeled with the nitroxide reagent (1-oxyl-
2,2,5,5-tetramethyis3-pyrroline-3-methyl) methanethiosulfonate. These were studied together with smalll
unilamellar vesicles (SUV) consisting of 1-palmitoyl-2-olesylglycero-3-phosphatidylglycerol (POPG),

to which TLL has previously been shown to bind in a catalytically active form [Cajal, Y., et al. (2000)
Biochemistry 39413-423]. The orientation of TLL with respect to the lipid membrane was investigated
using a water-soluble spin relaxation agent, chromium(lll) oxalate (Crox), and a recently developed ESR
relaxation technique [Lin, Y., et al. (1998cience 2791925-1929], here modified to low microwave
amplitude 0.36 G). The exposure to Crox for the spin label at the different positions on the surface of
TLL was determined in the absence and presence of vesicles. The spin label at positions Gly61-Cys and
Thr267-Cys, closest to the active site nucleophile Ser146 of the positions analyzed, displayed the lowest
exposure factors to the membrane-impermeable spin relaxant, indicating the proximity to the vesicle surface.
As an independent technique, fluorescence spectroscopy was employed to measure fluorescence quenching
of dansyl-labeled POPG vesicles as exerted by the protein-bound spin labels. The resultiny &taar
guenching constants showed excellent agreement with the ESR exposure factors. An interfacial orientation
of TLL is proposed on the basis of the obtained results.

Lipases, classified in the group of triacylglyceride ester activation [originally defined by Sarda and DesnueB (
hydrolases (EC 3.1.1.3), are enzymes that hydrolyze tri- and has been observed in lipases of different origin, including
glycerides to di- and monoglycerides, glycerol, and free fatty microbial lipases. Organic solvents and detergents (at
acids. The lipases represent one of the most importantconcentrations greater than their dnare also known to
enzyme classes employed in industry, in terms of both induce this activation9, 10).
economic value and variety of use. Biotransformations of  The crystal structures of several lipases have been reported
fats and oils, synthesis of surfactants and flavors, regio- (11—16), some of which have been complexed with inhibi-
selective acylation, resolution of racemic compounds, and tors or cocrystallized with micelles1{—21). Despite a
use in laundry detergents and the tanning and paper industriesignificant diversity in the amino acid sequence of lipases,
are areas in which lipases have found or are expected to findthe crystallographic data have revealed that their secondary
commercial application1-7). A wide variety of lipase  and tertiary structures are quite well conserved (reviewed in
preparations with different catalytic properties are com- refs 22—25). All lipases exhibit theo/s hydrolase fold,
mercially available, which reflects the importance of these

enzymes. R - » . .
. L . . . . Abbreviations: cmc, critical micellar concentration; Crox, chro-
A distinguishing feature of lipases is that their hydrolytic i iy oxalate: CW' continuous wave; dansyl DHPE-(5-

activity, which is low on monomeric substrates, increases dimethylaminonaphthalene-1-sulfonyl)-1,2-dihexadecasoyglycero-
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water interface. This phenomenon, which deviates from threitol; EDTA, ethylenediaminetetraacetic acid; ESR, electron spin
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composed of a core of five or more parallgistrands MATERIALS AND METHODS

surrounded by a number of-helices 26). In addition, the , ,
catalytic residues are found in the highly conserved Ser-His- General.The spin-labeling reagent MTSL was purchased
Asp (Glu) triad. from Toronto Research Chemicals Inc. (Ontario, Canada)

and POPG from Avanti Polar Lipids (Birmingham, AL).
The lipid fluorophore N-(5-dimethylaminonaphthalene-

; o X X . 1-sulfonyl)-1,2-dihexadecanogi+glycero-3-phosphatidyl-
covers the active site in the closed (inactive) conformation oh4nolamine triethylammonium salt (dansyl DHPE) was
of lipases, which is the predominant conformation in aqueous purchased from Molecular Probes Europe BV (Leiden, The
solution in the absence of an interface. It is thought that the Netherlands). Crox was synthesized by the method of Bailar
lid is displaced upon activation, thereby rendering access to 4,4 Jones40). PD-10 desalting columns were purchased
the_ gictive site a_nd_ exposing a large hydrophobic patch that¢. 1 Amersham Pharmacia Biotech (Uppsala, Sweden) and
facilitates assoc!atlon to a lipid sqrfac%?( 28). 'I_'he closed Slide-A-Lyzer dialysis cassettes (10 kDa molecular mass
and the open lipase conformations found in the crystal cutoff) from Pierce (Boule Nordic AB, Huddinge, Sweden).
structures are believed to represent the start and the end of Lipase VariantsThe gene encoding. lanuginosdipase

the interfacial activation pathway, where the lid movement was cloned, sequenced, expressed, and purified as described

plrays a k?y rchTI1e t')? then aicilvatflonvprftlze?ﬁ,( 2?)} -Iv:/kr]:i:h thepreviously ¢, 41). Specifically, 11 single-cysteine TLL
P ocr?ss'p esu f a ty C?. SIS s(?_ste € ad_s fp?, rrcr)1 re still mutants were produced in which a cysteine was introduced
mechanisms of activation and Intermediate orms are St o, the surface of the enzyme at the following positions:

poorly understood. The X-ray data provide important, but P42C (proline 42 exchanged for cysteine), G61C, K74C,

predominantly static, information on protein structure. How- DI6C. T123C. D137C. T192C. R209C. T231C. 1252C. and
ever, by employing spectroscopic biophysical methods, the T267é. The p,resence ,of a cysieine at t’he corréct posit,ion in

dynamic properties of proteins can be monitored under each mutant was verified by gene sequencing. Protein

physiologically relevant conditions. concentration was determined from the absorbance at 280
An extensive spectroscopic study ®hermomycegfor- nm using an extinction coefficient of 3.59 10* cm M1
merly Humicolg lanuginosalipase (TLL) was recently based on amino acid compositiof2].
reported, showing that TLL binds to small unilamellar  y/esjcle Preparation and Characterizatioviesicles con-
vesicles (SUV) consisting of the phospholipid 1-palmitoyl- taining POPG, or POPG with dansyl DHPE, 99:1 (mol/mol),
2-oleoylsn-glycero-3-phosphatidylglycerol (POPG) in a \yere prepared as follows. Weighed amounts of the lipids
catalytically active conformation with the lid open and \yere dissolved in chloroform/methanol, 1:1 (v/iv). The
partially buried into the lipid bilayer30). This 33 kDa, 269 organic solvent was evaporated under a weak stream of
amino acid, fungal lipase displays classical properties of nitrogen, and the samples were kept under vacuum overnight.
interfacial activation 1). The crystal structures of TLL in  \ultilamellar vesicles (MLV) were formed by adding buffer
both the closed and the open conformation have been solvedq the dried lipid film. Hydration and formation of the MLV
(16, 20). Recently, five new crystal structures of TLL were |inid mixtures were performed at 5% for at least 30 min.
presented as obtained through systematic crystallographicsyy with a diameter of 50 nm were formed by extrusion
studies, which provided new insights into the mechanisms twjice through two stacked 100 nm size polycarbonate filters
in the interfacial activation pathway2). and 10 times through two stacked 50 nm size polycarbonate
In the present paper, we have studied the binding orienta-filters. The size distribution of the vesicles was analyzed by
tion of TLL at the lipid—water interface of small unilamellar ~ dynamic light scattering using a Malvern Zetasizer (Malvern
POPG vesicles, employing electron spin resonance (ESR)Instruments Ltd., Malvern, U.K.).
relaxation spectroscopy in combination with site-directed spin  Site-Specific Spin Labeling and Characterization of TLL
labeling (SDSL) on 11 TLL single-cysteine mutants. The Mutants.Titration of the TLL single-cysteine mutants with
technique of SDSL has during the past decade emerged as &liman’s reagent43) indicated that the sulfhydryl group of
powerful tool for studying protein structure and dynamics the introduced cysteine was blocked, and electrospray MS
(reviewed in ref33). Employment of spin relaxation agents, revealed that it was disulfide linked to free cysteine [presum-
such as chromium(lll) oxalate (Crox) and molecular oxygen, ably during fermentation or purification44, 45)]. The
in biological studies has afforded detailed structural and surface-exposed cysteine was selectively reduced by treating
dynamic information for a diversity of proteins (for example, the protein (1 mg/mL in 50 mM Trisacetate, 2 mM EDTA,
refs 34—38). In the present study, we have used an ESR pH 7.7) with 0.3 mM DTT (from a freshly prepared stock
relaxation technique modified to low microwave amplitude solution) fa 1 h atroom temperature using the wild-type
(<0.36 G), which is applicable also on standard, commercial enzyme as a control. The DTT was removed by 20 min
ESR equipment. In addition, we have compared this low- dialysis against the aforementioned buffer under an atmo-
field method with the established method of progressive sphere of nitrogen. The protein was immediately treated with
power saturation3g, 39). The TLL orientation study has 45 molar equiv of the spin-labeling reagent MTSL (Chart
been further complemented by employing fluorescence 1) from a freshly prepared stock solution in ethanol. The
spectroscopy, measuring the intermolecular quenching offinal content of ethanol in the reaction mixture was 1.5%
dansyl-labeled POPG vesicles as exerted by the protein-(v/v), and the MTSL remained totally soluble under these
bound spin labels. On the basis of the obtained data, a modekonditions. Afte 1 h the reaction mixture was subjected to
for the interfacial orientation of TLL on POPG SUV is gelfiltration on a PD-10 column preequilibrated with 20 mM
proposed, which is in good agreement with the existing Na-HEPES, pH 7.0, and was further purified by extensive
structural and biophysical data on TLL. dialysis against the same buffer at@. The degree of spin-

Another important attribute for the majority of lipases is
the existence of a “lid”, usually a shamthelix or loop that
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Chart 1: (1-Oxyl-2,2,5,5-tetramethy-pyrroline-3-methyl) CW ESR Low-Amplitude Measuremerfigibsaturating,
methanethiosulfonate (MTSL) low-field ESR spectra were recorded on all spin-labeled TLL
0 mutants at room temperature using the standard resonator
s-§-CH3 and a microwave power up to 127 m\W (< 0.36 G). Quartz
><=§ o] tubes with an inner diameter of 1 mm were used, and the
N sample size was 50L. The spectra were recorded for the
o spin-labeled enzymes (18M in 20 mM Na-HEPES, pH 7.0)

in the absence and presence of extruded, 50 nm POPG
label incorporation was analyzed by continuous wave (CW) vesicles (3 mM POPG), after which Crox was added (to a
ESR spectroscopy against MTSL standard solutions and wadinal concentration of 9.8 mM) and the samples were
found to range between 10% and 100% (mole percent) for analyzed again. The ESR signal intensity of the Crox-
the different mutants. Only insignificant amounts of MTSL containing samples was corrected for dilution effects.
(~1%) were detected in the wild-type enzyme, indicating  Fluorescence Quenching Experimerithe intermolecular
that the three internal disulfide bridges stayed intact during quenching of dansyl fluorescence was analyzed on dansyl-
the reaction. The spin-labeled enzymes were stored aslabeled POPG vesicles together with the spin-labeled TLL's,
aliquots at—20 °C and were stable for several mon#hiEhe in which the spin label acts as a quench®f, @8). The lipid
specific hydrolytic activity was measured with a pH stat fluorophore used, dansyl DHPE, has the dansyl positioned
[employing a modification of the method described by near the lipid headgroup. The experiments were carried out
Svendsen et al7f] on an emulsion of glyceryl tributanoate, in 20 mM Na-HEPES at pH 7.0 and 2%. Unlabeled
where one lipase unit is defined asumol of released  (reference) or spin-labeled TLL mutants were titrated to a 1
titratable acid per minute. The assay was performed at pH 7mMM suspension of 50 nm lipid vesicles consisting of POPG/
and 25°C on a sonicated (Branson sonifier W-250; 10 W dansyl DHPE, 99:1 (mol/mol), and the fluorescence was
during 1 min for 30 mL of substrate) 16 mM emulsion of Mmonitored at 500 nm upon excitation at 350 nm using a SLM
glyceryl tributanoate (0.5% w/v) in a 2% (w/v) aqueous DMX-1100 spectrofluorometer (SLM Instruments Inc.,
solution of gum arabicum and 0.2 M CaCTypically, 10 Urbana, IL). The final concentration of lipase was less than
uL of enzyme (1uM) was added to the 1.5 mL stired 10u«M. The data was analyzed in accordance with the Stern
emulsion, and the activity was monitored using an ABU91 Volmer equation for collisional quenching:
Autoburet together with a TIM9O0O0 Titralab station and the
software TimTalk 9, v1.4 (Radiometer, Copenhagen, Den- Fo/F =1+ Kq[Q]
maEr;)é Spectroscopfhe ESR spectra were recorded on a where Fo and F are the intensities of fluorescent_:e in the _
Bruker (Rheinstetten, Germany) EMX EPR spectrometer @0Sence and presence of the quencher, respectively, [Q] is
with a 12 kW 10 in. magnet in the X-band at 9.75 GHz using (1€ molar concentration of quencher, atgl is the Sterr-

a Bruker ER 4102 ST standard resonator for the subsaturating”©/Mer quenching constant. ,
ESR Theory and Data Analysis. (i) ProgressiPower

measurements with a microwave amplitug Jess than 0.36 , : ; ;
G. A Bruker ER 4117D-R dielectric resonator was used for Saturation Haas, Mailer and Robinson have established a
method in which experimental ESR power saturation data

the power saturation measurements withanging between '™ ! : >
P gng is fit to an equation by which also non-Lorentzian line shapes

0.02 and 1.6 G. The conversion efficiency factar,was .
estimated to 1 and 4 G/Mfor the standard and the dielectric  ¢an Pe accommodatedq 39). Accordingly, the power

resonators, respectively. The spectra were recorded at roonfiePendence of the peak to peak height of the central line in
temperature usina 1 G, 100 kHamagnetic field modulation  the first derivative ESR spectrumyY, is given by

for phase-sensitive detection. A field modulation of 1 G 112
ensures a well-defined signal, and the line broadening due AY = o 1)
to overmodulation is less than 10%6]. All measurements (1 + PyP,)*

were performed under critical coupling conditions, and the

spectra were recorded several times and summed forwhere the prefactor is related to the spinspin relaxation

improvement of signal-to-noise ratio. time asc = ¢’ Ta&, Py is the microwave power incident on
CW ESR Power Saturation Measuremeiitse effect of  the sample¢ is an adjustable line shape parameter, Bad

Crox on spin relaxation was analyzed on the spin-labeled js a saturation parameter (in units of watts). The microwave

TLL mutant 1252C (|252C-SL) using the dielectric resonator. amplitude (in gaussy, incident on the sample is dependent

A stock solution of Crox (0.5 M) was prepared in 20 mM  on the conversion efficiency factor of the resonatqrash;

Na-HEPES, pH 7.0. A series of samples containing 1252C- = gp,l2 The saturation parameter is defined Bs =

SL (23uM) with increasing concentrations of Crox (0, 1.25, [(y.a)2T.cTod " and is furthermore proportional to the

2.50, 4.95, and 9.80 mM) was prepared in the same buffer. product of the two relaxation rates:

The samples (2@L) were transferred into a quartz tube with

an inner diameter of 0.5 mm, and ESR spectra were recorded P,0RR, 2

at room temperature with the microwave power ranging from

0.02 to 160 mW in order to obtain the full power-saturation where the relaxation rates, given in units of field (gauss),

rollover curves. are related by the electron gyromagnetic ratig, to the

spin—lattice and the spinspin relaxation times througR;

2 After approximately 6 months a notable decrease in the binding = (_)’eTler1 and _RZ = (yel2e ™, respectivel_y 86, 39). P,
and the hydrolytic activity of the spin-labeled enzymes was observed. defines the maximum of the power saturation rollover curve
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together with the adjustable line shape paramet€6, 39), (iv) Calculation of Electrostatic Potential-Modulated Crox
asPhax = Po(2¢ — 1). Concentrations and Regression Analysis of FMembrane

A spin relaxation agent, such as Crox, changes the Orientation.The electrostatic potential of the POPG vesicle
relaxivity of a spin probe in a concentration-dependent surface is highly negative, which reduces the concentration
manner through a Heisenberg exchange by collision betweenof anions in solution close to the membrane in relation to

the two paramagnetic molecule49( 50): their bulk concentrations. The Boltzmann equation expresses
the Crox concentration as a function of the electrostatic
R, = R} + y[Crox] (3) potential induced by the membrar@6y:
R, = R)+ y[Crox] (4) —Zero (1)

Cerod") = Cerolr = ) exl{?) 8
wherey is the relaxivity of Crox and the superscript zero

refers to the absence of Crox. The changesPinupon where Ccrox(r) is the molar concentration of Crox at a
addition of Crox are approximately proportional to the distancer normal from the membraneg o is the charge on

concentration of Crox in the vicinity of the spin prot&sy: Crox, W(r) is the electrostatic potentiaF; is the Faraday
0 constantR s the universal gas constant, ahi the absolute
AP, =P, — Py 0 y(R + R)[Crox] (5) temperature. The electrostatic potential for a planar mem-

) ) ) brane of uniform charge density is described by the Poisson
Values ofP; ande are readily obtained by nonlinear least- ggjtzmann equatior3, 51), of which a second-order Tailor

squares regression analysis of the data points to eq 1 afteynansion allows an estimation of the electrostatic potential
the power saturation rollover curves have been established 5

(ii) The Low-Field MethodAt low incident microwave

power, the denominator in eq 1 approaches ur88),(and W(r) = W(0) exp(rirp) (9)
it is seen that the signal intensity becomes approximately
proportional to the incident microwave power: whererp is the Debye length (calculated 8 A for our
1 system). The Debye length describes the variation of excess
AY ~ cPy? = c—=—p'? (1a)  charge density with distance from a central ion in solution
Ryve) (51), and is dependent on the solution’s ionic strength. A

o . value of W(0) = 77 mV [as previously determined experi-
Thus, for low incident power, t.he linear dependence&b’f mentally for a similar system3@)] was used in the
on the square root of the incident power is given by the caicylations. The Crox concentration can be calculated as a

proportionality constant = c'(Ryye)~2. Furthermore, in  fnction of distance from the POPG membrane, and theoreti-
analogy to eq 5, the change in the inverse square root of .4 exposure factor® (r) can be calculated by
this slope, ¢, upon addition of Crox is found to be

proportional to the local Crox concentration: D(r) = Corox(1N/Crrox(®) (10)

Ac L2 1 _ RyVe B Rg Ve _ ﬁx[Crox] ©6) A regression analysis of the Tlkmembrane orientation
NN Jo o Jo was performed by varying the distance between TLL and
the membrane surface, and the two angles for rotation of
The proportionality constants are readily available in the low TLL around its center. The theoretical exposure fact(g
(linear) power region of the power saturation rollover curves. were compared with the experimenthlvalues in order to
However, for the orientation study performed in the present obtain the normal distance of each spin label to the
paper, the slopes were extracted by a linear least-squares fimembrane. The atomic coordinates were extracted from the
to eq la of subsaturating ESR data obtained at low TLL X-ray structure [provided by Lawson et aR@)] and
microwave amplitude g < 0.36 G), using a standard used together with the obtained distances in the minimization
resonator. trials (36). No attempt was made to model the nitroxides
(iii) Calculation of Exposure Factors'he exposure factor, into the structure due to the uncertainty of position for the
®, is a measure of the exposure to a water-soluble spinrather freely moving spin labels (as indicated by the ESR
relaxation agent for a nitroxide on the surface of an spectra). Instead, the sulfur atom of each cysteine side chain
interfacially bound protein3g). In the present paper, the was used as a point of reference. The spin labels at positions
original expression fo was modified for using the ESR  D137C, T231C, and 1252C were not included in the analysis,
low-field parameters presented above. Accordingly, the since the experimentad were higher than unity. All fitting
differences in the inverse square root of the proportionality was performed with MAPLE (Maple, Waterloo Maple Inc.,
constant (the slope)\c V2, determine the relative exposure Ontario, Canada, www.maplesoft.com).
to Crox for the protein-bound nitroxides:

RESULTS
(Acfllz) [CI‘OX] local ) ) ) )
® = +membrane__ +membrane @) Preparation of Functional Spin-Labeled TLL Proteins.
(Ac 2 membrane [Crox]'fﬁf‘;mbrane Eleven TLL single-cysteine mutants were produced in which

a selected residue on the surface of the enzyme was replaced
where the superscript “local” refers to the effective Crox with cysteine. The mutation sites were preselected to provide
concentration at the spin probe moiety, and the presence ofa coverage around the surface of the molecule, using TLL
a lipid membrane reduces this concentration. X-ray structures for reference (several structures, published
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Ficure 1: Cartoon representation @t lanuginosalipase (TLL)
showing the open conformation (the complexedodecyl (C12)
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Table 1: Specific Hydrolytic Activity and Degree of Spin-Label
Incorporation for TLL Cysteine Mutarit8

spin-label

specific acE residual act. incorporatiod mutation
variant (LU/mg) (LU/mg) (mol %) position
P42C 6210t 50 5680+ 10 21+ 3 o-helix’
G61C 6660+ 10 3420+ 10 13+1 p-turn
K74C 7300+ 110 4960+ 90 13+ 2 p-hairpin
D96C 6450+ 100 3060+ 240 53+ 6 loop
T123C 7200+ 60 3650+ 10 23+ 2 a-helix
D137C 7130+ 300 6540+ 200 52+ 8 p-turn
T192C 6710+ 300 5740+ 140 8.0+ 0.9 p-sheet
R209C 7640+ 10 6520+ 150 26+ 3 a-helix
T231C 6360+ 240 4090+ 130 52+ 5 f-hairpin
1252C 5080+ 230 5340+ 80 100+ 12 loop
T267C 3850+ 160 4660+ 70 14+ 2 loop

aMeasured by pH stat on a 16 mM emulsion of glyceryl tributanoate
at pH 7.0 and 238C. ? One lipase unit (LU) equals Amol of released
titratable acid per minute€. The specific activity of TLL wild type is
5700 LU/mg.9 Specific activity after spin labeling.Determined by
ESR against MTSL standard solutions. Mol %: mole of spin label per
mole of protein, in percent.Positioned next to a disulfide bridge.

phosphonate inhibitor has been omitted in this figure for clarity). hydrophobically attached spin-label reagent still present after

The relative positions of all single-point cysteine mutations prepare
in TLL are highlighted in yellow (single amino acid codes used).
The catalytic triad, consisting of Ser146, His258, and Asp201, is
marked in cyan/red. In addition, all four tryptophans in TLL are
indicated, and the lid is colored green. The TLL C12 atomic
coordinates were kindly provided by Lawson and Brzozow28). (
The figure was generated using POV-Ray and VM) (

as well as nondeposited, of TLL in the open or closed
conformation were used). A structure of TLL in the open
conformation, complexed with an-dodecyl (C12) phos-
phonate inhibitor, is shown in Figure 1 [the TLL C12 atomic
coordinates were provided by Lawson et &0)[. This
cartoon representation shows the relative positions of all
single-cysteine mutations prepared in TLL. Five mutations
were placed around the active site and the lid [T267C
(Thr267 replaced by cysteine), 1252C, R209C, D96C, and
G61C]. On the lower third of the molecule a ring of residues

was mutated (P42C, T231C, T192C, and T123C), and at the

bottom of the enzyme are K74C and D137C, which are
placed close together but positioned at the turns of two
different loops. Cloning, expression, and purification of the
proteins afforded fully active TLL mutants, which in all cases
produced one single band of 33 kDa on SEFAGE. The
tryptophan emission spectra of all TLL mutants were
effectively identical to that of the wild-type lipas&Q).

The spin labeling was performed after prior treatment of
the TLL's with DTT to remove premature disulfide bond

d purification (2). Table 1 shows the specific hydrolytic

activity of the produced TLL mutants, the residual activity
after spin labeling, and the degree of spin-label incorporation.
As seen in Table 1, the specific hydrolytic activity of the
TLL cysteine mutants is comparable to or higher than that
of the wild-type lipase, which was 5700 LU/mg under the
assay conditions. Furthermore, it can be seen that the spin
labeling had no severe effect on the activity of the lipases,

although some mutants displayed a decrease of activity. The
small but unpredicted increase of activity after labeling seen
in some cases (1252C, T267C) was attributed to the reduction
of the small fraction of covalent dimers observed in some
of the mutants. The variations in spin-label incorporation for
the TLL mutants were consistent with the anticipated relative
steric accessibility of the mutation site34f but did not
coincide with the variations in the residual specific hydrolytic
activity (Table 1). Together, the above results show that
neither the mutations nor the spin labeling of TLL signifi-
cantly perturbed the enzyme activity. This is consistent with
previous work in which substitutions of solvent-accessible
groups on the surface of proteins, in the cases performed,
have been shown to have little effect on protein structure
and function $3, 54). Furthermore, nitroxide side chains
placed on the surface of a protein should not cause perturba-
tions [molecular volume 0f269 A compared te~229 A
for tryptophan 84)].

Spectral Signatures and Correlation with TLL Secondary

formation between the introduced cysteine and endogenoussrycture. CW ESR spectra for the 11 spin-labeled TLL

cysteine frpm the fermentation_ (as confirmed by electrospray mutants are displayed in Figure 2. The variants are grouped
MS)3 _Optlmal reductlon_condltlons Were_elaborated which according to low and high spin-label insertion (panels A and
selectively reduced the introduced cysteine but none of theg yespectively). All spectra are characteristic of moderately
three internal disulfide bridges, which was confirmed by the jmmopbilized nitroxides with rotational correlation timas,

TLL wild-type control. Spin labeling with the sulfhydryl- ¢ approximately 1 ns33, 55). This is consistent with rapid
specific reagent MTSL (Chart 1) was.immediately performed internal motion of the nitroxide side chain due to nearly
after removal of the DTT. Only negligible amounts of spin ynrestricted bond rotation when attached to the surface of
label (1-2%) were observed in the wild-type control after he enzyme. It should be underlined that the mobility of the
labeling, which may be attributed to a small amount of gpin |apel in the spectra primarily reflects the motion of the
nitroxide relative to the protein and not the tumbling motion
of the protein itself. In some spectra, a component of
isotropically rotating spin label is detectable, as indicated

3 A small amount of covalent dimers was also detected in some
mutants by SDSPAGE.
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(B) (A)
P42C-SL

e

G61C-SL

K74C-SL D96C-SL
T123C-SL
/ DI137C-SL
T192C-SL
T231C-SL
R209C-SL
¥ T267C-SL 1252C-SL
50 G 50 G
A B
Ficure 2: First derivative CW ESR spectra recorded in the X-band 50G

at 9.75 GHz of site-specifically spin-labeldd lanuginosaipase
cysteine mutants (1525 uM in 20 mM Na-HEPES, pH 7.0), Ficure 3: First derivative CW ESR spectra recorded in the X-band
grouped according to low spin-label insertion (panel A) and high at 9.75 GHz of the spin-label&d lanuginosdipase cysteine mutant
spin-label insertion (panel B). The resonance amplitudes have been252C-SL (23uM in 20 mM Na-HEPES, pH 7.0). The spectra are
normalized with respect to the central, resonance line. The scale  shown for increasing concentrations of Crox ranging from 0 mM
of the magnetic field is indicated by a bar, and the identity of the (A) to 4.9 mM (B) to 9.8 mM (C) and were recorded at incident
variants is specified in the figure. A small amount-@%) of microwave powers of 0.6 mW), 2.0 mW ( - —), and 6.4 mW
hydrophobically attached spin label is present in some samples, aq+++). The scale of the magnetic field is indicated by a bar.
indicated by arrows.
nitroxides in the protein. However, analysis of ESR line

by the arrows (panel A). This was presumed to originate shapes by simulation can provide detailed information on
from a small amount (32%) of hydrophobically attached several levels of spin-label interaction (the reader is referred
nitroxide still present in some variant§2). The spectra in  to two comprehensive monographs on spin labeling in refs
Figure 2A show slightly greater nitroxide immobilization 52 and57).
than those in Figure 2B. This is indicative for spin-label side  Comparison of the ESR Low-Field Method with Progres-
chains on the surface af-helices orp-sheets (panel A),  sive Power Saturationln the present paper the orientation
while the narrower line widths (panel B) are characteristic of TLL on POPG vesicles was studied by employing an ESR
of spin-label side chains that are attached to highly flexible technique of spin relaxation enhancement performed at low
protein segments, such as hairpin loops [see TabES). ( microwave amplitudety < 0.36 G), together with the water-
The greater nitroxide mobility displayed in the spectra in soluble spin relaxation agent Crox. The accuracy of this low-
panel B also effected a better signal-to-noise ratio, in field method was evaluated by comparison with the estab-
combination with the higher degree of spin labeling. lished method of progressive power saturation. Power

ESR line shapes report on protein backbone dynamics,saturation measurements were performed by acquiring CW
protein secondary structure, and side chain tertiary contactESR spectra over the full power-saturation rartge<0.02—
(56). Previous work employing SDSL has shown a correla- 1.6 G) using a high-field dielectric resonator. This was done
tion between the relative reactivity of cysteines and protein on samples of one of the spin-labeled mutants (1252C-SL)
structure, which was also reflected in the relative spin-label containing varying concentrations of Crox. In Figure 3,
mobility displayed in the resulting ESR spects#). In the unsaturated first derivative CW ESR spectra are shown for
present study, the varying degrees of spin-label incorporation1252C-SL with increasing incident microwave power and
for each of the different TLL mutants suggested a depend- with increasing concentrations of Crox. The power depend-
ence of cysteine steric accessibility for the degree of spin- ence of the central line peak to peak height is seen. It is also
label incorporation. To selectively reduce the cysteine on apparent that increasing concentrations of the spin relaxation
the surface of TLL prior to spin labeling, it was observed agent caused a major decrease in the signal height as well
that the reaction time had to be limited. This could potentially as a broadening of the line widths. The second integrals of
lead to less than quantitative labeling in those residues thatthe ESR spectra were confirmed to be independent of the
were more sterically restricted, which may thus react more concentration of Crox at low incident power (data not
slowly. Altogether, the different line shapes of the ESR shown).
spectra and the degree of spin-label incorporation in the TLL  For each data set, the full range of data points (shown in
mutants correlate well with the local structural features near Figure 4) was fit by nonlinear least-squares regression
the cysteine mutations. It should be stressed that in theanalysis to eq 1, wherg,, ¢, ande were allowed to vary,
present study we only use qualitative features of the spectrawhich yielded power saturation rollover curve36). The
to draw inferences about the relative mobility of the curves display classical saturation behavior in that the signal
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FiIcurRe 5: An enlarged segment of the rollover curves in Figure 4,
displaying the linear range of the curves at low incident microwave
o} power.
L . L a 1 . A R L Table 2: Values oP;, ¢, andc for 1252C-SL Obtained from Power
0.0 0.1 0.2 0.3 0.4 Saturation Rollover Curves
Y Y
P A" [Crox]
0 W) (mM) P, (W)2 e ca cb
FIGUR.E 4: P.OWGI' satura!tion rollover curves for the spin-labéled 0 0.0224 0.001 1.10+ 0.02 442900 4000 403300k 15000
lanuginosalipase cysteine mutant 1252C-SL (284 in 20 mM 1.25 0.03%£0.004 1.24-0.06 403600k 5500 394700k 6700

Na-HEPES, pH 7.0) in the absence and presence of Crox. The 249 0.062-0.003 1.300.04 361900t 2200 355000k 5400
curves show the peak to peak height of the central line in the first 495 0.108-0.006 1.40- 0.05 29710Q- 120 29130Q: 4500
derivative ESR spectruni\{) as a function of incident microwave 9.80 0.130+0.02 1.28+0.10 20070Qt 130 193400+ 4200
power for 1252C-SL together with Crox at the following concentra- 2 - - - -
tions: 0 mM (), 1.25 mM ©), 2.50 mM (1), 4.95 mM (), and Obtained by nonlinear least-squares regression analysis of the power

9.80 mM (). The data points were fitted by nonlinear least-squares Saturation data to eq Obtained by a linear least-squares fit to eq 1a
regression to eq 1, as indicated by the solid lines. The incident of data points in the linear range of the rollover curves, according to

microwave power range used equals a microwave amplituge, e low-field method.
of 0.02-1.6 G.

] o ) ] o ] Crox concentration, and panel B shows the corresponding
intensity first rises to a maximunPma, With increasing  dependence for the difference in the inverse square root of
incident power, and then decreases. Increased concentrationg,e slope, Ac™2. The solid lines represent the best linear
of Crox monotonically decreased the signal intensity in the |east-squares fit to the data. In both cases, it is seen that the
low incident power region. However, at saturating power, data points are linearly related to Crox concentration. The
AY was seen to depend on the Crox concentration in a moregjopes in Figure 6 reflect the relative nitroxide accessibility
complex manner than in the linear region. Finally, it is seen {5 Crox and were 6.% 102 &+ 0.5 x 10-3 W/mM (panel
from Figure 4 that fitting the values to the model represented A) and 7.5x 10°° £ 0.2 x 10" W¥/mM (panel B),

by eq 1 gave an accurate description of the data S#8s (  respectively. The error in the individual data points was small
39). Figure 5 shows an enlarged segment of the power for the low-power method: between 1% and 5% (panel B).
saturation rollover curves, displaying the linear range of the  The parameter observed using the low-field method is the
¢, andc obtained from the nonlinear regression analysis of amplitudeshy, which makes the method applicable also on
the data points are listed in Table 2. In addition, propor- standard ESR equipment with low conversion efficiency
tionality constantsg, obtained by a linear least-squares fit petween incident power and microwave amplitude. It has
of the first four data points in the curves are shown. As seen, heen shown that the spectral line widths broaden monotoni-
the values of the slopes were approximately independent ofca“y and that the spinspin relaxation timeT,o decreases
the method of deriving them. with increasing concentration of spin relaxation agé&).(

The parameterB,, ¢, andc obtained at the different Crox ~ However, it has previously been assumed that the effect on
concentrations were used for comparing the linear low-field R, was too small to measure since thg relaxation time is
method of spin relaxation analysis with the power saturation short on the time scale of a molecular collision. Nevertheless,
method. In Figure 6 the quantitative effect of Crox on spin the results presented in the present paper showed that it is
relaxation for 1252C-SL is displayed according to the indeed detectable in a quantitative manner. The presented
equations (eqs 5 and 6, respectively) and as analyzed by theesults correlate well with the proposed theoris, (39),
different methods. Panel A shows the difference in the and the validity of using the linear low-field approach within
maximum of the rollover curvesAPmax, as a function of this system is evident from the experimental data. It was
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1x10” Table 3: Exposure Factor®, on POPG SUV and SteriVolmer
(A) Quenching Constantsy, for the Quenching of Fluorescence in
ax10?k Dansyl-Labeled POPG SUV for Spin-Labeled TLL Cysteine
Mutants

ex102 | variant @2 Ksy (M~1)P
§ P42C-SL 0.85: 0.24 1420+ 420
< ok G61C-SL 0.06+ 0.15 2730+ 310
g K74C-SL 0.34+ 0.30 2320+ 650
% D96C-SL 0.88+ 0.04 690+ 190
2x102} T123C-SL 0.7 0.14 1380+ 380
D137C-SL 1.16+ 0.15 620+ 190
T192C-SL 0.82+0.24 3100+ 470
or R209C-SL 0.56t 0.11 1400+ 210
L 1 1 L n 1 T231C-SL 1.03£ 0.03 640+ 180

o 2z 4 6 8 0 1252C-SL 1.37+ 0.07 290+ 80
[Crox] (mM) T267C-SL 0.23+:0.14 2550+ 430

a Calculated according to eq 7 on ESR data obtained by the low-

1x10° field method.? Normalized according to TLL spin-label incorporation.

in buffer or bound to the POPG vesicles. For each variant

8x10™}
data set, the dependence on incident power of the peak to
ex10*| peak height of the central line in the first derivative ESR
£ spectra was analyzed by linear least-squares regression of
B a0l the data points to eq 1a. The difference in the inverse square
g root of the slope,Ac 2, upon addition of Crox was
3 210l determined for each variant with and without vesicles. As

shown in the previous section, the quaniity 2 is directly
proportional to the local Crox concentration at the spin probe
moiety (eq 6), and the presence of a membrane reduces this
concentration. The values afc~'2 obtained in the presence
and absence of vesicles were used to calculate the exposure
factors,® (eq 7). Values of® are shown in Table 3. The

-

6

4 10

[Crox] (mM)

Ficure 6: Effect of Crox concentration on spin relaxation enhance- . . .
ment for the spin-labeled. lanuginosalipase cysteine mutant spin-labeled TLL mutant 1252C-SL has the nitroxide placed

1252C-SL. Panel A shows the dependence A, on the opposite to the lid but far away from the active site
concentration of Crox, as derived by progressive power saturation hucleophile Serl46, as does T231C-SL positioned below

2

analysis. Panel B shows the corresponding dependenaedf
on the concentration of Crox, as obtained by the low-field method.

The solid line represents a linear least-squares fit to the data points.

The errors inAPnax and Ac™12 are indicated by error bars (the
error in Ac Y2 was small: +5%).

[252C-SL. Together with these locations, the nitroxide in
D137C-SL at the “bottom” face of TLL opposite the active
site, displayed the largest value @, which indicates
maximum exposure to Crox and the aqueous phase. Ideally,

one would expect values close to unity for these exposed

shown that the maximum of the rollover curve and the positions, but they were slightly higher. At the other extreme
inverse square root of the slope, at subsaturating microwavewere G61C-SL and T267-SL with values close to zero: 0.06
amplitudes, gave the same result regarding spin relaxationand 0.23, respectively. Thus, the nitroxides at these positions
enhancement and, thus, specifically regarding the local were shielded from Crox relaxation by the lipid membrane.
concentration of Crox. As expected, these spin labels were also the closest to the

Determination of TLL Exposure Factors on POPG SUV. active site nucleophile, Ser146, of all positions tested. The
The interfacial orientation of TLL on POPG SUV, to which rest of the spin-labeled mutants displayed intermediate values
TLL previously has been shown to bind in a catalytically of ®. However, there was one exception to the tendency of
active conformation30), was investigated by employing the shielding around the active site. K74C-SL has a valué of
ESR low-field method. Subsaturating ESR measurementsthat indicates less than medium exposure to Crox. This is
were performed at low incident microwave amplitutie € not easily rationalized, as the nitroxide in K74C-SL is
0.36 G) using a standard resonator. Crox was employed topositioned almost directly opposite the active site in TLL
probe the accessibility to the aqueous phase of the nitroxidesand would be expected to show high exposure.
on the surface of the protein. POPG SUV were prepared and Determination of SternVVolmer Quenching Constants and
analyzed by dynamic light scattering, which revealed a Comparison of DataAs an independent technique, fluores-
narrow vesicle size distribution with a mean of 57 nm and cence spectroscopy was employed to measure the quenching
a polydispersity of 0.15. It was confirmed that the vesicle of fluorescence in dansyl-labeled POPG vesicles, as exerted
integrity was unchanged after titration with TLL wild-type by the nitroxide of the interfacially bound spin-labeled
enzyme and mutants or with Crox in millimolar concentra- proteins 47, 48). In contrast to the ESR method, which
tions (data not shown). The ability of Crox to relax the measures the interaction between the spin labels and the
nitroxide of each of the spin-labeled TLL variants was aqueous phase, the fluorescence method measures the direct
quantified by acquiring the CW ESR spectra as a function interaction between the spin labels and the lipid bilayer. The
of incident microwave power. The spectra were recorded in change in the dansyl emission of the vesicles was first
the absence and presence of 9.8 mM Crox for the enzymemonitored with the unlabeled TLL mutants, to distinguish
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FIGURE 8: Theoretical exposure factodyr) and regression analysis

of the TLL—membrane orientation. The solid line represents values
of @ calculated as a function of the distancgftom the spin label

to the membrane (eq 10). Experimendalare shown for the spin
labels as a function of the modeled distance from the membrane
(m). Corresponding values, as extracted from the modeled structure,

I L . are shown for the spin labels excluded from the minimization trials
any contribution of the protein itself from the perturbation ().

of the nitroxide, and subsequently with the spin-labeled
mutants. The differences in the resulting Stevfolmer function of the normal distanaefrom the membrane (eqs 8
quenching constantKsy, were attributed to the direct and 9). Theoretical exposure factobgr) were calculated
interaction between the nitroxide and the dansyl fluorophore, as ®(r) = Ccrox(I')/Ccro®), in analogy to eq 736). The
and were furthermore normalized according to the degreesolid line in Figure 8 shows the theoretical exposure factor
of spin-label incorporation in the spin-labeled proteins. Table ® as a function of the distance between the spin label and
3 shows the quenching constants for the spin-labeled variantsthe membrane r§. The calculations are based on the
where a high value signifies high quenching efficiency. Low assumption that the membrane that contacts the enzyme is a
quenching efficiency was displayed by 1252C-SL, D137C- plane of uniform charge density (for a discussion regarding
SL, and T231C-SL, which again suggested that theselocal inhomogeneities of electrostatic potential due to the
nitroxides were distant from the lipid membrane. On the other protein, see re86). A comparison of the theoretical values
hand, high quenching efficiency was seen for G61C-SL and with the experimentally derived values df allowed the
T267C-SL, which was also in agreement with the ESR data. determination of the normal distance between each spin label
Interestingly, the low exposure to Crox that was measured and the membrane. Together with the TLL open conforma-
for K74C-SL was corroborated by the high value K4y, tion X-ray structure Z0), the distances were used for a
obtained, suggesting that there may exist a second, low-regression analysis of the TEtmembrane orientatior86).
affinity, distinct binding mode for TLL on the vesicles. The The open TLL structure was chosen as a model, since it is
rest of the spin-labeled mutants displayeg’s of intermedi- known that TLL adopts the open conformation when it is
ate magnitude, with the exception of T192C-SL, which bound to the POPG SU\B(Q). Furthermore, the conforma-
showed an unexpectedly high value. The correlation betweentional change leading to the interfacial activation of TLL
the exposure factors) and the quenching constant&s() involves the rotation of a short (approximately 10 amino acid
is illustrated in Figure 7. It is evident that the two methods long) a-helix around its two hinge regions. When super-
agreed well in describing the position of each nitroxide with imposing the open and the closed X-ray structures of TLL,
respect to the lipid membrane, with one curious exception. it can be seen that this conformational change is essentially
Two distinct groups of the spin-labeled mutants can now be restricted to the lid (Figure 9). The exposure factdrs
distinguished: one with lowb and highKsy and another  resulting from the regression analysis, are shown as squares
with high @ and low Ksy, corresponding to nitroxides in Figure 8, and the derived structure is shown in Figure 10.
proximal and distant to the lipid membrane, respectively. Three of the 11 spin labels (at positions D137C, T231C, and
The other spin-labeled mutants displayed intermediate valuesi252C) were excluded from the minimizations since they had
of @ andKsy. values of experimentad higher than unity. The closed
Calculation of Electrostatic Potential-Modulated Crox squares in Figure 8 show the experimenabs a function
Concentrations and Regression Analysis of FMembrane of the modeled distance between each spin label and the
Orientation. The value of the exposure factob, reflects membrane. In addition, distances for the spin labels that were
the effective local concentration of the spin relaxant, Crox, not included in the minimizations (shown as open squares)
at the spin-label moiety of the membrane-associated SL-were extracted from the final modeled structure. It can be
TLL’s. The basis for understanding the exposure factors is seen that the modeled correlate fairly well with the
that the surface of the charged POPG vesicles has a negativéheoretical values. However, among the modeled positions,
electrostatic potential, which repels the anionic Crox. This two of the three spin labels (at positions K74C, T192C, and
results in a reduced concentration of Crox near the membraneR209C) that are located on the back side of TLL display
in relation to its bulk concentration. In the present paper, the most substantial deviations from the theoretical values.
the molar concentration of Crox, due to the electrostatic This is in agreement with the experimental data that indicated
potential generated by the membrane, was calculated as dess than average distances from the lipid for these spin

& P B & & & & & o & O
& «m“g‘u & 939& ,&'50 ,\\‘3”’0 & «f»‘-”"o o\'bﬂo &
Ficure 7: Correlation between the exposure faci(bars) and
the quenching efficiencl{sy (crosses) for the different spin-labeled
TLL cysteine mutants. Error bars are omitted for clarity and are
listed in Table 3.
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the regression analysis, a model for the interfacial orientation
of TLL on POPG SUV was proposed (Figure 10). The
mutants with the lowest exposuré) to Crox (G61C-SL
and T267C-SL) have the nitroxide positioned not only in
proximity to the active site area in TLL but also close to the
nucleophilic Ser146. Furthermore, the nitroxides at positions
T123C, P42C, and D96C, which displayed moderate expo-
sure to Crox, are all located around G61C and T267C.
Together, these positions outline a putative contact surface.
This approximate plane is somewhat tilted with respect to
the lid in TLL and would suggest that the lipid molecules to
g be hydrolyzed enter the active site from the face where
e oy TSy o ooresaon o {7 STLA I siuated The shape of TLL may be described as
the Pr%tein Data BaanQ))/; structure kindly provided by Lawson arelatively spherical ellipsoid W'th the dimensions 5318 .
et al. 0)] showing the lid movement in TLL. The figure was < 41 A and an average radius of 23 A. The regression
generated using POV-Ray and VMB1j. analysis afforded normal membrane distances for the nitrox-
ides closest to the vesicle surface as follows (Figure 8): 8
A (T267C-SL), 15 A (G61C-SL), 15 A (P42C-SL), 19 A
(T123C-SL), and 23 A (D96C-SL). The distances obtained
i indicate that there is no deep penetration of TLL residues
g_ = . into the lipid bilayer. However, the proximal segment of the

lid in TLL, and the isoleucine and leucine at positions 86
and 269, would most likely be interacting with the lipid
bilayer.

Both spectroscopic techniques used in this study revealed
the exposure to the aqueous phase for spin labels on one
side of TLL and the proximity to the lipid membrane of two
spin labels on another face (positions G61C and T267C).
The tilt of the proposed TLL contact surface with respect to
the lid is clearly indicated by the obtained experimental data
(®, Ksy) for the diagnostic spin labels at positions P42C,
T123C, D96C, and 1252C. The orientation of TLL with
Serl146 in close proximity to the lipid is intuitively logical,
and the entry of substrate molecules to the active site would
presumably be aided by the large hydrophobic patch formed
by the open lid in conjunction with the exposed active site.

The experimental data indicated that K74C-SL had its

. . . . nitroxide quite close to the lipid membrane, although this
Ficure 10: Modeled structure for the orientation Bflanuginosa idue is situated ite to th i ‘te in TLL and
lipase on the surface of a small unilamellar POPG vesicle (yellow), residue Is situated opposite 1o the active site in an

based on the ESR and the fluorescence data obtained in this studywould be expected to show high exposure to the agqueous
This ribbon representation shows the distance of each spin-labeledmedium. The existence of a second, remote binding site in

cysteine (in yellow) to the membrane (spin labels not shown). The TLL is not easily rationalized, yet there is experimental

lipase is oriented with the residues G61C and T267C close to the evidence thereoBQ). A suspension of POPG SUV, in which
vesicle surface. The proximal part of the open lid (green) is facing ) !

the lipid bilayer, together with le86 and Leu269 (orange). The TLL half of the population was labeled with the donor-fluorophore
C12 atomic coordinates (the C12 phosphonate inhibitor is omitted NBD and the other half with the acceptor-fluorophore
in this figure for clarity) were kindly provided by Lawson et al.  rhodamine (Rh), displayed no fluorescence resonance energy
(20). The figure was generated using POV-Ray and VMD)( transfer (FRET) between the vesicles. However, when TLL
was added (lipid/enzyme 500:1), there was a strong increase
labels, even though they are positioned far from the active IN FRET. The experiments were conducted by adding TLL
site in TLL. The resulting modeled structure of TLL (Figure O the vesicle mixture, or by adding TLL to one population
10) shows that the enzyme binds with the spin-labeled (NBD), and then adding the second population (Rh), which
residues G61C and T267C close to the membrane. Interest@fforded the same result. The aggregation was reversible,
ingly, 1le86, which is positioned in the lid of TLL, and the ~Since the FRET disappeared upon addition of an excess of
C-terminal Leu269 are seen to be oriented toward the lipid Uniabeled vesiclessg). Combined, these results indicate that
bilayer, suggesting that they might play a role in stabilizing TLL binds with high affinity to POPG SUV through the
the TLL interfacial binding through hydrophobic interactions active site surrounding domain (presumably the catalytically

D137C

with the lipid. active mode) and that another part of the enzyme is
responsible for the vesicle aggregation by low-affinity
DISCUSSION binding to another POPG vesicle.

A second binding mode for TLL on the POPG vesicles is
Model for the Interfacial Orientation of TLL on POPG possibly also reflected in the exposure factors observed for
SUV.On the basis of the obtained experimental data and T192C-SL and R209C-SL, which have their spin label
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positioned in a straight vertical line above K74C-SL on the values slightly larger than unity were seen in some cases, as
back side of TLL. However, one difficult interpretation a result of changes in the ESR signal upon membrane
remains to be made. The residues K74C-SL and D137C-SLbinding. This phenomenon has been observed previously and
are found quite close to each other in the X-ray structure is thought to stem primarily from altered local dynamics of
but display deviating values dfsy and ®. Consequently,  the spin probe36). Furthermore, the enzyme studied in the
the two-mode model requires the assumption that the sidepresent paper is a fairly flexible protein, in which confor-
chain of D137C-SL swings away from K74C-SL as TLL mational changes leading to the opening of the lid take place
binds to the vesicle and the lid opens. upon activation. Structural changes upon binding could

POPG Vesicles as a Model Interface for TLA.recent release possible geometrical constraints on the spin label,
study, employing TLL wild-type enzyme and tryptophan leading to an increase in the ESR signal. Therefore, the
mutants, has shown that TLL binds to small unilamellar determination of exposure factors is optimal for a rigid
vesicles (SUV) consisting of POPG in a catalytically enzyme 86). However, effects of constraint were presumed
competent form and with the lid open. This was demonstratedto be small, since the conformational changes governing the
by a combination of different fluorescence techniques and interfacial activation of TLL are essentially limited to the
kinetic measurement8Q). POPG is a phospholipid, and it  lid, and none of the single-cysteine mutations were placed
is not a substrate for TLL because the anionic phospholipid at the lid region in TLL. Also, the good agreement between
has a poor affinity for the active site of the bound enzyme the two independent spectroscopic techniques, reflected in
(60). However, POPG SUV provide a stable diluent interface the complementary values 6P and Ksy, supports this
to which TLL binds and hydrolyzes substrates partitioned assumption.
at the interface or included into the lipid bilayer of the vesicle  Proposed Interfacial Orientation of TLIThe interfacial
(30). There are several advantages to using POPG vesiclesrientation proposed in the present paper is in agreement
for studying the binding and the interfacial orientation of with the fluorescence data presented by Cajal, Alsina and
TLL. This lipid spontaneously forms interfaces with well-  co-workers, in which a catalytically competent form of TLL
defined composition and organization, and its main phasewas found to bind with the lid open and partially buried into
transition temperature is optimal. On the other hand, tri- the lipid bilayer of the anionic POPG vesicles. It is also
glycerides, the natural substrates for triglyceride lipases, doconsistent with the lipase binding with positively charged
not generate well-defined aggregates of known surface areaesidues (Lys24, Arg81, Arg84) facing the negatively charged
(30). In addition to the polymorphism and uncontrolled |ipid surface, as predicte®().
organizational state of the aggregates, product formation Recently, Brzozowski and co-workers presented five new
would be a further complication in any Spectroscopic crystal structures of TLL as derived from a systematic
measurements. _  crystallographic study32). A model for the activation and

To our knowledge, the present study provides the first mechanism of the lid opening was proposed, in which a low
experimental evidence of the detailed interfacial orientation activity, activated, and full activity conformation sequence
at the lipid-water boundary for a triglyceride lipase. for TLL was presented. According to the crystal structures,
Furthermore, these results, which were obtained usingihe Jig opening is mediated through an isomerization of a
phospholipid vesicles, should give some insight into the gisuifide bridge (Cys268Cys22). This was thought to
binding orientation of TLL on triglyceride aggregates. coincide with a flip of the adjacent Arg84, and these
Although POPG has an anionic headgroup, the active sitejnieracting residues were proposed to act as a “negative
of TLL did come out to be near the membrane surface, giving gensor’ as TLL approaches a lipid or a negatively charged
some validity to the results and conforming with previous g rface 82). This arginine is close to the contact residues
reports showing that TLL displays activity when bound t0 gg1c and T267C found in the present study. Thus, the

the POPG vesicles3(). _ o proposed interfacial orientation of TLL on the POPG vesicles
Exposure Factors for Docking TLL on Lipid Membranes. cqonforms well also with the above model.

The orientation of bee venom phospholipasg ok lipid
vesicles was recently investigated by means of ESR progres,
sive power saturation and electrostatic potential-modulated
spin relaxation 6). The authors introduced an exposure
factor, @, defined as the relative exposure to a water-soluble
spin relaxation agent for nitroxides on the surface of an
interfacially bound protein. Similarly, direct determinations
of relaxation times and correlation times have also been
reported 88). The advantage with using the exposure factors
is that the relative change in spin relaxation in the presence
and absence of vesicles is measured for each enzym
separately, thus enabling a direct comparison between th
spin-labeled proteins3@). It should also be stressed that the
intrinsic relaxivities of a nitroxide in two proteins need not
be the same3Q); hence, it is important to use the relative ckNOWLEDGMENT
changes as a measure of relaxation enhancement.

Acquired values of® are expected to range between 0  Fruitful discussions with Dr. Bruce H. Robinson are
and 1, reflecting minimum and maximum exposure to the gratefully acknowledged. We thank Dr. Yolanda Cajal for
relaxation agent, respectivel\3g). In the present paper, kindly sharing unpublished experimental data as a personal

In conclusion, the binding orientation df. lanuginosa
ipase on small unilamellar phospholipid vesicles has been
studied by employing site-directed spin labeling in combina-
tion with ESR relaxation spectroscopy and fluorescence
spectroscopy techniques. Through the obtained results, an
interfacial orientation of TLL was found, in which the
proximal part of the open lid is interacting with the lipid,
exposing the active site to the membrane. The production
of 11 site-selectively spin-labeled single-cysteine mutants,
each with a defined label position at the enzyme surface,
has enabled the study of spin-label interactions with both
&he aqueous phase and the lipid phase, at the whpéd

interface.
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