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ABSTRACT. Mammalian 5-lipoxygenase (5-LO) catalyzes the conversion of arachidonic acid (AA) to
leukotrienes, potent inflammatory mediators. 5-LO is activated by @ -@ediated translocation to
membranes, and demonstrates the characteristic features of interfacially activated enzymes, yet the
mechanism of membrane binding of 5-LO is not well understood. In an attempt to understand the
mechanism of lipid-mediated activation of 5-LO, we have studied the effects of a large set of lipids on
human recombinant 5-LO activity, as well as mutual structural effects of 5-LO and membranes. In the
presence of 0.35 mM phosphatidylcholine (PC) and 0.2 mKt Qhere was substrate inhibition atL00

uM AA. Data analysis at low AA concentrations yielded the following:, ~ 103uM andkea~ 56 s°1.

5-LO activity was supported by PC more than by any other lipid tested except for a cationic lipid, which
was more stimulatory than PC. Binding of 5-LO to zwitterionic and acidic membranes was relatively
weak; the extent of binding increased-& times in the presence of &a whereas binding to cationic
membranes was stronger and essentiall§@adependent. Polarized attenuated total reflection infrared
experiments implied that 5-LO binds to membranes at a defined orientation with the symmetry axis of
the putative N-terming$-barrel tilted~45° from the membrane normal. Furthermore, membrane binding

of 5-LO resulted in dehydration of the membrane surface and was paralleled with stabilization of the
structures of both 5-LO and the membrane. Our results provide insight into the understanding of the
effects of membrane surface properties on 5-lt@embrane interactions and the interfacial activation of
5-LO.

Enzymes of the lipoxygenase (LOfmily are found in to 5-hydroperoxyeicosatetraenoic acid (5-HPETE) and then
animals, higher plants, and fungi, where they catalyze to leukotriene A (LTA,), a key intermediate in biosynthesis
oxygenation of polyunsaturated fatty acids and thus initiate of all leukotrienes that act as potent mediators of allergy,
the biosynthesis of bioactive mediators, such as leukotrienesinflammation, apoptosis, and tumorigenesds {—15).

and lipoxins in animals and jasmonic acid in plarits-6). LOs are non-heme enzymes, which contain a single iron
Mammalian 5-lipoxygenase (5-LO) is particularly important cofactor coordinated by a number of histidines and the
because of its unique ability to convert arachidonic acid (AA) carboxyl group of the C-terminal isoleucine. Currently, the

atomic-resolution structures of soybean LO isoforms 1 and
t This work was supported, in part, by National Institutes of Health 3 and the rabbit reticulocyte 15-lipoxygenase (15-LO) are
Grant HL65524. available. X-ray crystal structures of soybean and rabbit LOs

* To whom correspondence should be addressed. Telephone: (407) ; ; _ i iaht-
882-2260. Fax: (407) 384-2062. E-mail: statlia@mail.uct.edu, ' cvealed two major structural domains, an N-terminal eight

# These authors contributed equally to this work. strandedf-barrel domain and a larger, mostty-helical
1 Abbreviations: 15-LO, 15-lipoxygenase; 5-HPETE, 5-hydroper- catalytic domain that contains the iron site6{-20). Al-

oxyeicosatetraenoic acid; 5-LO, 5-lipoxygenase; AA, arachidonic acid; though the structure of 5-LO has not been determined, this
CD, circular dichroism; CL, cardiolipin; DAG, diacylglycerol; DMEPC, . . . .
1.2-dimyristoylsnglycero-3-ethylphosphocholine: DPPC, 1,2-dipaimi- €NZYMe is bellgved to share major structural features of rabbit
toyl-snglycero-3-phosphocholine; FLAP, 5-lipoxygenase activating 15-LO, including the N-terminalg-barrel, because the
protein; GP, generalized polarization; Laurdan, 6-lauroyNaN¢ sequences of these proteins are 37% identical and 57%
dimethylamino)naphthalene; LO, lipoxygenase; LiTkukotriene A; similar.

Lyso-PA, 1-oleoyl-2-hydroxysn-glycero-3-phosphate (sodium salt); ) . . .

Lyso-PC, 1-oleoyl-2-hydroxgnglycero-3-phosphocholine; PA, phos- There is strong evidence that 5-LO is activated upon cell
phatidic acid; PC, phosphatidylcholine; PG, phosphatidylglycerol; Pl, stimulation via a C&-mediated binding to nuclear mem-

L-a-phosphatidylinositol (sodium salt); PlIP;a-phosphatidylinositol _ i P
A-phosphate (diammonium salt): RIR-a-phosphatidylinositol 4,5- branes 21—30), yet the reason for specific localization of

bisphosphate (triammonium salt); POG, 1-palmitoyl-2-olemyl- ~ 5-LO to the nuclear membranes, as well as the mechanism
glycerol; POPA, 1-palmitoyl-2-oleoy$nglycero-3-phosphate (sodium  of membrane binding and activation of 5-LO, is unclear (

salt); POPC, 1-palmitoyl-2-oleo@r-glycero-3-phosphocholine; POPE, g 31). We have shown previouslv that sovbean lipoxvge-
1-palmitoyl-2-oleoylsn-glycero-3-phosphoethanolamine; POPG, 1-palm- ' ) P Y y Poxyg

. d 2 !
itoyl-2-oleoylsn-glycero-3-phosphoglycerol (sodium salt); POPS, 1-palm- nase-1 unde_rgqes a functionally |r_nportant, CmeQ'ated
itoyl-2-oleoyl-srrglycero-3-phosphoserine (sodium salt); PS, phosphati- membrane binding, and the N-termirtabarrel domain was
dylserine; Py-PE, 1,2-dioleogrglycero-3-phosphoethanolamime- suggested to act as a C2-like domain to facilitate membrane

(1-pyrenesulfonyl); RET, resonance energy transfer; SBPSGE, indi ; _
sodium dodecy! sulfatepolyacrylamide gel electrophoresis; TBST, hinding @2). Later, studies on the truncated and full-length

buffer containing 137 mM NaCl, 0.1% Tween 20, and 20 mM Tris- human 5-LO, including site-directed mutagenesis and mem-
HCI (pH 7.6). brane binding experiments, identified the N-terminal domain
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of 5-LO as a determinant of €adependent membrane membrane lipids and 5-LO become more stable upon their
binding of the enzyme33—35). These results, along with  interaction.

similar findings about other LO isoforms, led to a general

recognition that the N-terminal domains of mammalian and EXPERIMENTAL PROCEDURES

plant LOs may function as C2 domains to facilitate their ) )
Ca*-mediated membrane binding3—39). Materials. Expression vector pET-21 was purchased from

Novagen (Madison, WI), and the pGem-T vector was from

Localization of 5-LO to the nuclear membrane might be Promega (Madison, WI). T4 ligase was from USB Corp.
influenced either by specific interactions between 5-LO and (Cleveland, OH)Ndd andHindll restriction endonucleases

nuclear membrane proteins or lipids or by nonspecific factors \are from New England Biolabs (Mississauga, ON), and

such as membrane surface charge or the distinct lipid .orpenicillin, lysozyme, casamino acids, and protease inhibi-
composition of the nuclear membrane. In fact, nuclear or cocktail were from Sigma (St. Louis, MO). Arachidonic
membranes of cells producing leukotrienes comprise an 5iq and anti-human 5-LO antibody were from Cayman
integral protein, 5-lipoxygenase activating protein (FLAP), chemical Co. (Ann Arbor, MI). All lipids were purchased
which significantly increases both hydroperoxidase andLTA  §om Avanti Polar Lipids, Inc. (Alabaster, AL), and origi-
synthetase activities of 5-L(BQ, 40, 41). However, the fact  5te4 from the following sources. Pl was purified from
that 5-LO binding to nuclear membranes is FLAP-indepen- povine liver. PI mono- and bis-phosphates, as well as

dent ©, 26) and the fact that artificial lipid membranes or  ceramide, cerebroside and sphingomyelin, were purified from
neutrophil plasma membranes are able to activate 5-LO in yrcine brain. Cholesterol was from egg yolk, and all other
the absence of FLAP4@—43) strongly imply that FLAP is ~ jinids were synthetic. Most of the chemicals were purchased
not a molecular determinant for nuclear membrane localiza- ,om Sigma, and the sources of other supplies are specified.
tion of 5-LO. This raises the possibility that the specific lipid Expression and Purification of 5-LQthe 5-LO plasmid
composition of nuclear membranes may influence the sub- pT3-5L0, was kindly provided by Y -y Zhang (Bostén

cellular localization of 5-LO. University School of Medicine, Boston, MA) and has been
To date, a limited number of lipids have been examined gescribed by Zhang et a). The 5-LO open reading frame
in terms of 5-LO binding and supporting the enzyme activity, was placed into the pET-21 expression vector using direc-
including phosphatidylcholine (PC), phosphatidylethanola- tijonal cloning. PCR amplification was carried out with
mine (PE), phosphatidylserine (PS), phosphatidylglycerol primers 5GCAATTCCATATGCCCTCCTACACG-3and
(PG), phosphatidylinositol (PI), and diacylglycerol (DAG) 5.CCCAAGCTTTCAGATGGCCACACTGTT-3 which
(35, 42, 43). The putative C2-like domain of 5-LO, as well were designed using Primer Select (Lasergene). The PCR
as the full-length enzyme, was shown to bind to pure PC product was first placed into the pGem-T vector and the
membranes more Stl’ongly than to membranes Containingsequence confirmed (Beckman-Cou]ter CEQ) before sub-
acidic lipids, such as PG or PS, and PC turned out to supportcioning into pET-21. Subcloning was achieved using the
5-LO activity much better than other lipids that were tested Ndd and Hindlll sites designed as part of the primers. The
(35, 42, 43). Although 5-LO was shown to undergo€a  insert (5-LO) and pET-21 were doubly digested\iyd and
mediated binding to PE, and to a somewhat lesser extent toHindlIl, followed by purification from a 1% agarose gel
PS membraned8), these lipids were found to be poor 5-LO  ysing the gel extraction kit (Qiagen) and ligation using a T4
activators ¢2), implying that not only the membrane binding  ligase. Ligated products were electroporated into RH&d
strength but also the productive-mode orientation at the the sequence was confirmed. Positive clones were placed in
membrane surface is probably important for 5-LO function. Escherichia colstrain BL21-DE3 for T7-driven expression.

Despite the important role of lipid membranes in 5-LO A 50 mL culture of transformed BL21-DE3 cells was
function, the dependence of 5-LO activity on specific lipid grown overnight in LB medium, supplemented with 0.1 mg/
composition of membranes has not been broadly studied, normL carbenicillin, and diluted it 1 L of MOCA medium
has the interaction of 5-LO with membranes with various (42 mM NgHPQ,, 24 mM KH,PQ;, 9 mM NaCl, 19 mM
lipid compositions been quantitatively described. In this NH4CI, 1 mM MgSQ, 0.1 mM CaC}, 0.2%b-glucose, 0.1%
work, we examine the dependence of 5-LO activity on 17 casamino acids, BM FeSQ, and 0.1 mg/mL carbenicillin).
different lipids commonly occurring in intracellular mem- The culture was gown at 2% and induced with 0.25 mM
branes. Acidic lipids inhibit 5-LO activity, while a cationic IPTG at an ORy of ~0.6. When the culture reached an
lipid enhances 5-LO activity 2-fold. There is no simple ODgg of ~2.0 (16-20 h postinduction at 25C), the cells
correlation between membrane surface charge and 5-LOwere pelleted at 50@0for 10 min and resuspended in buffer
activity, however, implying that specific 5-L-€lipid interac- A [10 mM p-mercaptoethanol, 0.1 mM EDTA, and 50 mM
tions also play a role. Quantitative membrane binding triethanolamine (pH 7.3)] supplemented with a protease
experiments show that binding of 5-LO to zwitterionic and inhibitor cocktail and 0.5 mg/mL lysozyme. After being
acidic membranes is weak in the absence of"Gand is stirred on ice for 30 min, cells were sonicated twice, for 1
strengthened 48 times by 0.2 mM C#, whereas binding  min each time. The cell lysate was cleared by being spun
to cationic membranes is20-fold stronger and essentially for 15 min at 1500Q. Proteins in the supernatant were
Cé&'-independent. By attenuated total reflection Fourier precipitated with 50% saturated (NSO, and spun at
transform infrared (ATR-FTIR) spectroscopy, we character- 1600@ for 15 min. Proteins in the salt pellet can then be
ize the kinetics of membrane binding of 5-LO and show that stored at-80 °C without a considerable loss of 5-LO activity
(i) the enzyme binds to the membrane at a defined orienta-for several months4{7). The salt pellet frm 1 L of culture
tion, (ii) membrane binding of 5-LO causes dehydration of was resuspended in 25 mL of buffer A and cleared by being
the membrane surface, and (iii) the structures of both spun at 40008 for 15 min and passed through a 0.2&
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A 3504 ersham) for Western blotting. Transfer was accomplished
300 using a Bio-Rad transfer devicerftb h at aconstant voltage
5 2504 of 90 V. After the gel had been transferred, the membrane
‘é 200 was blocked with 20 mM Tris-HCI, 137 mM NaCl, and 0.1%
g 150 Tween 20 (pH 7.6) (TBST) containing 7% nonfat dry milk,
< 100 for 1 h, washed, and incubated with the anti-human 5-LO
50- antibody fa 1 h in 1%milk in TBST at room temperature.
01 The membrane was washed four times with 10 mL of 1%
iy 11 kT ke TN o 1 milk in TBST and exposed to a horseradish peroxidase-
Elution volume (mL) conjugated anti-rabbit secondary antibody (Jackson Immu-

nochemicals) in a similar way. The blot was visualized by
using an HRP Super Signal Kit (Pierce) and exposed to Blue
Sensitive X-ray film (Midwest Scientific).

5-LO Actiity AssayThe 5-LO activity assay buffer [31.64

B Fractions (mL)
43 50 52 54 56 58 60 M

P —— A U ~—— - —— 75

—5() mM N&HPQO,, 5.4 mM KH,PO,, 0.2 mM ATP, 0.1 mM
<l dithiothreitol, 0.1 mM EDTA, and 0.3 mM Cag(pH 7.5)]
- gg was prepared fresh prior to the assay. Most activity assays

were carried out in the presence of large unilamellar lipid
vesicles at a total lipid concentration of 0.35 mM, which
was shown to support maximum activity of 5-LO. Appropri-
ate volumes of AA in ethanol were aliquoted into glass vials;
the solvent was evaporated under nitrogen, and the lipid

15

Ficure 1: Final steps of 5-LO purification and identification. (A)
The profile of elution of 5-LO from a HiLoad Superdex-75 size-
exclusion column shows two well-resolved protein peaks. (B)-SDS

PAGE indicates that both elution peaks contain a pdrex 78 vesicle suspension in the assay buffer was added to dry AA
kDa protein. (C) Western blot analysis of two protein peaks and gently vortexed. Equal volumes (23Q) of AA-
identifies the protein in both peaks as 5-LO. containing and blank (i.e., without AA) suspensions were

used in quartz cuvettes with a path length of 4 mm as sample

polyethersulfone filter (Nalgene). All buffers used for 5-LO and reference, respectively. The time scans were recorded
purification were extensively degassed to remove oxygen, on a Cary 100 double-beam spectrophotometer (Varian) at
which is known to cause 5-LO inactivation. The 5-LO sample 238 nm. The AA oxygenation reaction was initiated by
was loaded omta 6 mL ATP-agarose column (Sigma) for adding 10uL of 5-LO in buffer C to the sample cuvette.
affinity purification, using an Ata purifier (Amersham). The  The specific activity of 5-LO was measured using the initial
column was washed with 1 column volume of a gradient slope of the kinetic curves of 5-HPETE accumulation, as
between buffer A and the same buffer supplemented with 1 detected by absorption at 238 nm, using an extinction
M NacCl to remove nonspecifically bound proteins. 5-LO coefficient of 23 000 M* cm™? (44, 48) and the final 5-LO
bound to the ATP-agarose column was then eluted at 0.1 concentration in the cuvette. Protein concentrations were
mL/min with buffer A containing 100 mM NaCland 12 mM measured by the Bradford assajg)
ATP. The first two column volumes of the elution contained ~ Atomic Absorption Spectroscogihe iron content in 5-LO
a protein peak mainly comprised of 5-LO. Sodium dodecyl samples was determined using a SpectrAA-20 atomic
sulfate-polyacrylamide gel electrophoresis (SBBAGE) absorption spectrometer equipped with a graphite furnace
of these fractions showed a major band~at8 kDa, in atomizer (Varian). The 5-LO sample was prepared by
addition to several smaller proteins. These fractions were dissolving the pure, lyophilized protein in deionized water
prepared for size-exclusion chromatography by being passedat a concentration of 13;83/mL (0.178uM). The instrument
through a 5 mLHiTrap G-25 desalting column (Amersham) was run using an atomizing temperature of 23@) and
to place the sample in buffer B [1 M NaCl, 0.1 mM EDTA, absorption was measured at 248.3 nm using a spectral band-
and 50 mM Tris-HCI (pH 7.5)]. 5-LO was further purified pass of 0.2 nm. The calibration curve was obtained using
by being passed through a HiLoad Superdex-75 size- appropriate dilutions of a 1000 ppm Fisher certified reference
exclusion column (Amersham), equilibrated with buffer B. iron solution.
The elution profile exhibited two well-separated major  Circular Dichroism MeasurementCircular dichroism
protein peaks, both of which were identified as 5-LO by (CD) spectra of the protein samples were recorded using a
SDS-PAGE and immunoblot analysis (Figure 1A). The J-810 spectrofluoropolarimeter (Jasco Corp., Tokyo, Japan).
second peak, corresponding to longer retention times, showedrhis particular instrument has a fluorescence attachment with
profoundly higher lipoxygenase activity than the first peak. its photomultiplier mounted at a right angle to the incident
The second peak was pooled, transferred to buffer C [150light beam and can work at various modes. Protein samples
mM NaCl, 0.1 mM EGTA, and 50 mM Tris-HCI (pH 7.5)], were prepared in a buffer containing 0.1 mM EGTA, 0.3
and used immediately for activity experiments. Alternatively, mM CaCk, and 50 mM Tris-HCI (pH 7.6) at a concentration
pure distilled water was used in the desalting column, of 0.1 mg/mL. Experiments were performed using a quartz
followed by lyophilization and storage at80 °C for cuvette with an optical path length of 0.2 mm, and the
biophysical experiments. The activity of the lyophilized 5-LO temperature was adjusted to 22 with a Peltier temperature
sample was sustained at the level of-@D% over a period  controller. Ten scans were averaged between 260 and 190
of 1 week under these conditions. nm and corrected for the background signal by subtracting

The SDS gels were either stained by Coomassie for proteinthe spectra of the appropriate control samples without protein.
detection or transferred to Hybond ECL membranes (Am- The mean residue molar ellipticityg], was calculated as
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[0] = Omead(Cned), Wherebneasis the measured ellipticity in -~ of protein molecules. Binding energies were deduced from
millidegreesc is the molar concentration of the protemss binding constants using the relatiddGy, = —RT IN[W]Ka,
is the number of amino acid residues in the protein,lasd  where [W] is the molar concentration of water (55.4 M at
the optical path length in millimeters. Thehelical content 22 °C) andRT = 0.586 kcal/mol at 22C.
in proteins was calculated as described previousty %1): FTIR Measurements=TIR experiments were performed
fu = ([0]222 — [61)/([6]n — [6]lu), where Plaz is the on a Vector 22 infrared spectrometer (Bruker Optics,
experimental mean residue molar ellipticity at 222 nm and Billerica, MA) equipped with a liquid nitrogen-cooled Hg
[6]ln and ). are the ellipticities at 222 nm for a totally Cd—Te detector, and a software-operated polarizer (alumi-
a-helical and an unordered protein, respectively. The valuesnum grid on KRS-5 substrate, Specac, Suffolk, U.K.). Spectra
of the latter two parameters are functions of temperature andwere recorded at 2 cr resolution. In direct transmission
the number of residues in thehelix, ny: [0]n = (250T — experiments, the lyophilized protein was dissolved p©b
44 000)(1— 3/ny) and ], = 2220 — 53T, whereT is the based buffer D [150 mM NacCl, 0.1 mM EGTA, 0.3 mM
temperature in degrees Celsius. Using the structure of rabbitCaCk, and 50 mM Tris-HCI (pD 7.6)] and sealed between
reticulocyte 15-LO (PDB entry 1LOX), we determined that two Cak, windows separated by a 50n Teflon spacer, and
the average number of residues in helices that make at least series of FTIR spectra were recorded over 3 h. ATR-FTIR
one turn was 11.4- 5.8. Therefore, we used am of 11.4 experiments were carried out as described previousdy. (
and an estimatedJ]y of —28368. Supported bilayers composed of 1-palmitoyl-2-olesiy-
Preparation of Large Unilamellar Vesicleg\ppropriate glycero-3-phosphocholine (POPC) were prepared on a
amounts of lipid stock solutions in chloroform were mixed germanium internal reflection plate (Spectral Systems, Irv-
to obtain desired lipid molar ratios. The solvent was removed ington, NY), using the technique of spreading of sonicated
under nitrogen, followed by desiccation for3 h. The dry POPC vesicles on top of preformed POPC monolayers. The
lipids were suspended by being vortexed in appropriate excess lipid was removed, and at the same time, the solvent
aqueous buffers and were extruded 13 times through twowas replaced by flushing the cell with 10 volumes of
stacked 100 nm pore-size polycarbonate filters using abased buffer D. 5-LO was dissolved in@-based buffer D
Liposofast extruder (Avestin, Ottawa, ON) to obtain large and immediately injected into the ATR cell containing the
unilamellar vesicles. supported membrane, and time-dependent spectra at parallel
Fluorescence MeasurementSluorescence experiments and perpendicular polarizations were recorded for 3 h. These
were carried out on the same J-810 spectrofluoropolarimeter,measurements were used to evaluate the kinetics of mem-
described above, in the fluorescence mode. All experimentsbrane binding of 5-LO and the linear dichroism of membrane-
were performed using quartz cuvettes with a path length of bound 5-LO. Comparison of ATR spectra of membrane-
0.4 cm, at 22°C. The excitation and emission slits were bound 5-LO with direct transmission spectra obtained for
adjusted to 4 and 10 nm, respectively. Tryptophans of 5-LO free 5-LO at similar time points of exposure teg@provided
were excited at 290 nm, and the emission was recordedinformation about structural changes in 5-LO induced by
between 300 and 400 nm. Binding of 5-LO to lipid vesicles membrane binding. The time point of the first exposure of
was assessed by resonance energy transfer (RET) from Trghe protein to DO was taken as the zero time of amide
residues to 1,2-dioleoydr-glycero-3-phosphoethanolamine- hydrogen exchange.
N-(1-pyrenesulfonyl) (Py-PE, 2 mol % in membranes). Lipid
vesicles were titrated into a 04M protein solution, with RESULTS AND DISCUSSION
continuous stirring, to yield a total lipid concentration from Purification and Initial Characterization of 5-L06-LO
10 to 950uM. After each addition of vesicles, the sample is known to lose a substantial part of its activity during
was equilibrated for 2 min and emission spectra were purification and storage procedures presumably because of
recorded. Parallel control experiments were conducted with exposure to oxygen and subsequent dissociation of the iron
plain vesicles without Py-PE. In control experiments, addition cofactor @7, 48, 54, 55). In previous studies, the main
of lipid vesicles caused a slight decrease in the Trp emissionprocedure of 5-LO purification for functional assays was
intensity as a result of sample dilution. In RET experiments, ATP—agarose affinity chromatography, which either was the
the Trp fluorescence intensity significantly decreased upon final step of purification 44, 47, 48, 54) or was followed
addition of Py-PE-containing vesicles, due to RET from by an additional step of anion-exchange chromatogragy (
tryptophans of 5-LO to Py-PE in membranes. The fluores- 55). We have used degassed buffers for 5-LO purification
cence intensities obtained in RET experiments were correctecto minimize oxygen-mediated inactivation of the enzyme.
for changes in the fluorescence emission as measured irThe initial procedures that we utilized to purify 5-LO
control experiments. The binding data were analyzed usinginvolved precipitation by 50% saturated (WSO, and

a Langmuir-type formalism5Q): ATP—agarose affinity purification, as described previously
(45, 47, 48, 54, 55). 5-LO samples purified by these
AF = AF [L] 1) procedures contain appreciable quantities of protein impuri-
maxy L ties, either 5-LO degradation products or other proteins, as
Ka determined by SDSPAGE (not shown, but see ref7).

Because our biophysical studies required a highly pure
whereAF is the change in the emission intensity at 330 nm protein, we applied the ATPagarose-purified 5-LO to a
at a given lipid concentration relative to the zero lipid level, high-resolution HiLoad Superdex-75 size-exclusion column
corrected for the change in intensity when unlabeled lipid for further purification. The profile of elution from the size-
was used as controAFna is the saturating level oAF exclusion column exhibited two well-separated protein peaks
calculated by Scatchard plots, add is the binding constant ~ (Figure 1A), in addition to lower molecular weight proteins
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FiGure 2: Activity and initial structural characterization of the two
elution fractions of 5-LO from the Superdex-75 size-exclusion
column. (A) Measurements of hydroperoxidase activities of 5-LO
from the two elution peaks show little activity of the first peak
(--+) and high activity of the second peak with a longer retention
time (—). In each case, 2 &g of enzyme was added to the reaction
mixture containing 31.64 mM N&lPQy, 5.4 mM KH,PO,, 0.2 mM
ATP, 0.1 mM dithiothreitol, 0.1 mM EDTA, 0.3 mM Cagl0.35
mM POPC, and 20@M AA (pH 7.5). The final 5-LO concentration
was 10ug/mL in both cases. (B) Circular dichroism spectra of the
first (--+) and second-f) elution peaks of 5-LO from the Superdex-

T
200 260

75 column, after correction by subtraction of the spectra of blank

buffers. Mean residue molar ellipticities, plotted at the vertical axis,
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elution fractions that have been lyophilized from deionized
water. These samples were dissolved in deionized water at
a concentration of 13.8g/mL (0.178uM), and the absorp-
tions of 10uL of each solution and of the solvent, atomized
at 2300°C, were measured three to five times each at 248.3
nm. The absorption of the blank solvent was 0.648.029,
while the absorptions of the inactive and active 5-LO samples
were 0.046+ 0.008 and 0.356+ 0.07, respectively. The
linear part of the calibration curve predicted 0.2 absorption
unit per 10uL of solution containing 6 ng/mL iron. Using
the measured absorption intensities, we determined that 5-LO
in the first elution peak with negligible activity was es-
sentially devoid of iron, while the sample of the second,
active 5-LO fraction contained 10.6&/mL (0.191uM) iron,

i.e., 1.07 iron atoms per 5-LO molecule.

Given the fact that LO activity is based on the oxidation
reduction transitions of the iron cofactef7 48), this result
unequivocally implies that the poor enzymatic activity of
the first elution peak results from a negligible iron content.
Our results are in accord with earlier findings that aerobic
inactivation of 5-LO causes rapid release of iron, but inactive
5-LO still binds to ATP-agarose columns and can be
copurified with the active, iron-containing 5-LO fractiof).

Iron deficiency in a fraction of the 5-LO sample might have
resulted from the imperfect incorporation of iron into 5-LO
during biosynthesis iE. coli, or iron might have dissociated
from a fraction of 5-LO during purification steps.

Iron deficiency could either result from or cause misfolding
of part of 5-LO molecules during expression and purification
procedures. To identify structural differences between iron-
containing and iron-deficient 5-LO samples, we measured
CD spectra of 5-LO fractions. Far-UV CD spectra of both
active and inactive 5-LO samples exhibited double minima
around 222 and 208 nm (Figure 2B), indicating that the

were calculated as described in Experimental Procedures. The buffersecondary structures of both 5-LO fractions were rich in

consisted of 0.1 mM EGTA, 0.3 mM Cagland 50 mM Tris-HCI
(pH 7.6). CD spectra were measured at°g2

(not shown). SDSPAGE of elution fractions indicated that
both major peaks contained a puvk ~ 78 kDa protein,

o-helix (50, 51, 56, 57). Using the mean residue ellipticities
at 222 nm, §].22, we estimated that the-helical contents
were ~39 and ~37% in the active and inactive 5-LO
samples, respectively. Also, the ratio of ellipticities at 222
and 208 nm, @].2J[6]20s, Was subtly lower in the active

and the Western blot analysis identified the protein in both \,arsus the inactive 5-LO sample. Since a decreaghei]

peaks as 5-LO (Figure 1B,C).
Measurements of 5-LO activity showed that the first
elution peak of 5-LO had little AA hydroperoxidase activity,

[6]20s ellipticity ratio has been related to increased rigidity
of a-helices 68, 59), the difference between the CD spectra
of active and inactive 5-LO samples may indicate more rigid

whereas the second peak, corresponding to longer retentiomelices in the active 5-LO protein.

times, exhibited profoundly high lipoxygenase activity
(Figure 2A). This clearly shows that 5-LO samples affinity-

Modulation of 5-LO Actiity by Membrane LipidsThere
is strong evidence that binding to intracellular membranes

purified by ATP-agarose resin comprise active and inactive in »ivo or to an artificial lipid membranen uitro is a

5-LO fractions, in addition to lower-molecular mass con-

prerequisite for 5-LO activation2(—30, 42—45). PC has

taminations. Remarkably, the active and inactive 5-LO peen shown to be more effective in supporting membrane
fractions, which have similar apparent molecular masses ininding and activation of 5-LO than other lipids, including
the SDS-polyacrylamide gel, can be separated by size- pPE, PG, PS, PI, and DAG4R, 43), and the truncated
exclusion chromatography. A possible explanation of this N-terminal C2-like domain of 5-LO had significantly higher
result is that separation by the Superdex column not only affinity for pure PC than for equimolar PC/PS or PC/PG
occurs on the basis of protein size but also involves a membranes35). We have studied the effect of membrane
component of proteinresin affinity. The iron-containing lipids on 5-LO activity by using a set of lipids with different
5-LO probably has increased affinity for the resin compared polar headgroups, including two zwitterionic diacylglycero-
to the iron-deficient fraction. phospholipids (POPC and POPE), six acidic diacylglycero-
To characterize the differences between active and inactivephospholipids (POPG, POPS, POPA, PI, PIP, and)Ptiftee

fractions of 5-LO, we determined the iron content in both sphingolipids (ceramide, cerebroside, and sphingomyelin),
fractions, and compared their far-UV CD spectra. In atomic two monoacylglycerophospholipids (lyso-PC and lyso-PA),
absorption experiments, we used 5-LO samples from botha doubly negatively charged tetraacylglycerophospholipid
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Table 1: Effect of the Lipid Composition of Membranes of Large 2
Unilamellar Vesicles on 5-LO Activity S 024
lipid added to POPC 10 mol % guest lipid 20 mol % guest lipid %
POPE 0.84+ 0.07 0.62+0.10 &
POPG 0.79:0.16 0.76+ 0.09 <2
POPS 0.76: 0.21 0.53+0.14 = 014
POPA 0.624+0.13 0.894+0.18 2
PI 0.484+0.15 0.43+0.17 =
PIP 0.2140.06 0.164 0.03 S
PIP, 0.30+ 0.09 0.264+0.13 o
cardiolipin 0.29+0.11 0.71+0.25 - 0.0
Lyso-PC 0.44+ 0.06 0.61+£ 0.14 w 009 :
Lyso-PA 0.504 0.08 0.63+0.10 1 2 3 4
POG 0.54+ 0.16 0.234+0.09 Minutes
ceramide 0.26: 0.07 0.11+ 0.04
cerebroside 0.38 0.05 0.16+ 0.02
sphingomyelin 0.64:0.11 0.53+ 0.20 B
cholesterol 0.5% 0.12 0.45+ 0.17

-
o
1

a Activities are normalized relative to those measured in the presence
of 0.35 mM pure POPC vesicles. Mean values of three measurements
of 5-LO activities and standard deviations are presented.

-
o
1

(cardiolipin), a steroid (cholesterol), one diacylglycerol
(POG), and a cationic diacylglycerophospholipid (DMEPC). °
The lipid polar headgroup chemistry and the excess charge
were varied over a wide range to test if 5-LO, as a peripheral
membrane protein, demonstrates lipid headgroup specificity. 0 20 40 60 80 100
In most cases, we used POPC as a host lipid in the Mol % of acidic lipid
membranes of large unilamellar vesicles and added 10 or
20 mol % guest lipids because POPC is an abundant lipid 404
in animal cell membranes, and fractions of individual lipids
other than PC and PE are moderate. We did not include lipids
with heavily glycosylated headgroups, such as gangliosides,
because these lipids occur at the external cell surface or in
the bloodstream, but usually not in organellar membranes.
The cationic lipid, although not physiological, was included
as a biophysical probe to study the effect of membrane
electrostatics on 5-LO binding and activity. In some specific —O
cases, as described below, we increased the fraction of the O_M
guest lipid to 50 or 100 mol % to analyze the observed effects 0 10 20 30 40 50
in more detail. . . Mol % of cationic lipid

The rggults of the dependence of 5-LO.act|v!ty on the lipid Ficure 3: Dependence of 5-LO activity on lipid and €a
composition of membranes are summarized in Table 1 and¢oncentrations and on membrane surface charge. (A) Time depen-
Figures 3 and 4. The data of Table 1 show that substitution dence of the absorption at 238 nm, resulting from 5-LO-catalyzed
of the trimethylammonium group of PC with a primary hydroperoxidation of AA, after addition of 5-LO to lipid suspen-

amino group (ie. replacement of POPC wih POPE) St 2 b corianing o160 mit MG, s it

considerably inhibits 5-LO, indicating that 5-LO may specif- CaCb, and 200«M AA (pH 7.5). Large unilamellar vesicles in the

ically rec_ognize the phosphocholine headgroups of PC.  assay buffers were composed of pure POPC (1) or supplemented
Analysis of the data of Table 1 reveals a complex nature with 50 mol % anionic POPG (2) or cationic DMEPC (3) at a total

of modulation of 5-LO by membrane lipids. Negative lipids lipid concentration of 35QuM. (B) Dependence of the initial

il - ; ; velocity of 5-HPETE productiorl, on the fraction of acidic lipid,
inhibit the enzyme activity to different degrees, and in some POPG. in vesicles: ) 350,M total lipid, (— — —) 35 M total

cases (e.g., lysolipids and cardiolipin), the lipids are more lipid, (®) 0.2 mM free C&", and ©) no free C&*. (C) Dependence
inhibitory at the level of 10 mol % than at 20 mol %. of \/, on the fraction of a cationic lipid, DMEPC, in POPC vesicles,
Although all singly negatively charged lipids (POPG, POPS, in the absenceX) and presence of 0.2 mM free €4®) at a total

and PI) at 16-20 mol % inhibit 5-LO activity by 26-60%, lipid concentration of 35¢M.

the effects of lipids with more than one negative charge per o ) ]
molecule are more complex. Interestingly, triply phospho- in 5-LO activity upon replacement of PIP with BIRith a
rylated PIR was a weaker inhibitor than the doubly phos- higher negative charge may result from specific affinity of
charge but also the molecular structure of membrane lipids 5-LO more than 20 mol % cardiolipin may be ascribed to a
is an important factor for 5-LO activation upon membrane decreased packing order of the membrane at higher cardio-
binding. For example, stronger inhibition of PIP than of PI lipin content 60, 61), resulting in easier access of 5-LO to
may be electrostatically determined, i.e., may result from Mmembrane-embedded AA.

impaired interaction of 5-LO with more negatively charged,  Further analysis of the data of Table 1 indicates that all
PIP-containing membranes. On the other hand, the increasesphingolipids inhibit 5-LO activity. It is remarkable that even

Vq (rmol/mg/min)

V, (rmol/mg/min)
N
o
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Ficure 4: (A) Initial velocity of 5-HPETE productiony,, as a function of AA concentration in the presence of large unilamellar vesicles
composed of 100% POPC (1), equimolar POPC and POPG (2), or equimolar POPC and DMEPC (3). The buffer is described in the legend
of Figure 3. The total lipid concentration was 3&80I. (B) Double-reciprocal plots of curves presented in panel A, with an AA concentration
between 400 and 16M. The symbols and numbers corresponding to each curve are the same as in panel A. The dotted lines are linear
extrapolations of the curves in the region of low AA concentrations.

sphingomyelin, which has the same phosphocholine head-of 1,2-dipalmitoylsn-glycero-3-phosphocholine (DPPC) by
group as PC, is inhibitory. Comparison of the effects of the Laurdan GP. The gel-to-liquid-crystalline phase transition
three sphingolipids that were tested shows that their inhibi- of DPPC resulted in a decrease in Laurdan GP from ca. 0.7
tory effects increase in the following order: sphingomyelin to ca.—0.1. This indicates that a significant change in the
< cerebroside< ceramide. This may indicate that the amide lipid phase state would correspond taA&P of~0.8, while
group of sphingolipids itself inhibits 5-LO function. Conver- the AA-induced change in GP was less than 0.08. These
sion of ceramide to cerebroside by addition of a pyranosyl results indicate that the presence of 200 AA does not
residue may mask the amide linkage and weaken thecause significant changes in the phase state of the mem-
inhibitory effect of ceramide, while the presence of a branes. The reason for this is probably that the lipids we
phosphocholine group in sphingomyelin evidently has a used in this study are in the fluid phase and AA cannot make
stimulatory effect, as in the case of PC. the membranes much more fluid.

It is interesting to note that in most cases inhibition of  Modulation of 5-LO Actiity by Membrane Surface Charge
5-LO activity by guest lipids cannot be interpreted in terms and C&" lons. Despite the complex character of the
of a “neutral diluent” effect. For example, POG, cerebroside, influence of various lipids on 5-LO activity, data summarized
and cardiolipin at only 10 mol % inhibit 5-LO by50, 60, in Table 1 demonstrate a trend of suppression of 5-LO
and 70%, respectively. It is likely that the presence of a activity with an increase in negative surface charge of
particular lipid in membranes affects more than one physical membranes. To determine if there is a correlation between
parameter, e.g., membrane surface excess charge and lipichnembrane surface electrostatics and 5-LO activity, we
packing order. Certain lipids may also be involved in specific studied the effects of POPG and DMEPC on 5-LO function
interactions with 5-LO. At each lipid proportion, one factor as anionic and cationic modulators of the membrane surface
or the other may be dominant, leading to a nontrivial pattern charge. The kinetic curves presented in Figure 3A demon-
of the overall effect of lipids on 5-LO activity. strate that in the presence of 3aM lipid, 200 uM AA,

The relatively high concentration of AA (200M) that and 0.2 mM free CH, 5-LO activity increases in the
was used in most activity assays might have affected the presence of membranes containing a cationic lipid, DMEPC,
lipid phase state. To test this conjecture, the lipid packing and decreases when the membranes contain anionic POPG.
order in membranes was determined as a function of AA An increase of the fraction of POPG in POPC host
concentration, using the generalized polarization (GP) of a membranes at a total lipid concentration of 380 and with
fluorescent membrane probe, 6-lauroyINeN-dimethylami- 0.2 mM free C&" causes a decrease in 5-LO activity of
no)naphthalene (Laurdan). We have used POPC as a host-35% (Figure 3B). Either a 10-fold decrease in lipid
lipid and lipids of distinct chemical properties as guest lipids, concentration or removal of €aresults in a strong sup-
i.e., 20 mol % additions of an acidic lipid (POPS), a cationic pression of 5-LO activity, the effect of €adeprivation being
lipid (DMEPC), and a sphingolipid (sphingomyelin). Laurdan stronger. At low lipid concentrations and in the absence of
(0.5 mol % in membranes) was excited at 360 nm, and its Ca&", 5-LO barely exhibits any activity. These data are
emission spectra were recorded between 390 and 560 nmconsistent with previously reported findings that botl#'Ca
The emission spectra of Laurdan are known to shift with an ions and phospholipid membranes are crucial for 5-LO
increase in membrane fluidity, resulting in a decrease in GP function @33, 42, 43, 45, 65). Although the data of Skorey
[=(lazs — I500/(l4ss + ls00), Where l435 and Isgo are the and Gresserdd) suggested that at high lipid concentrations
emission intensities at 435 and 500 nm, respectivéi( (~350uM PC) C&t" is not required for 5-LO activity, Reddy
64)]. The data (not shown) indicated that GP values of et al. @45) have shown that Ca considerably increases 5-LO
membranes in the absence of AA were in the range 0f-0.05 activity at both low and high PC concentrations, which is in
0.15 and decreased by less that 0.08 unit in the presence ofine with our results. It has been shown that-BD% of
200 uM AA. To determine if these changes in GP are AA resides in membranedd). In the presence of 200M
indicative of significant changes in the phase state of AA, 140—160uM AA is predicted to distribute into vesicle
membranes, we measured the thermotropic phase transitioormembranes. The rest of AA (4®0 uM) that stays in the
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buffer is likely to be in a monodisperse (honmicellar) form, membranes. This may be explained by taking into account
because the critical micelle concentration of AA is /9 the presence of C& Calcium ions likely mediate binding
(66). of 5-LO to acidic and zwitterionic membranes, but may be
An increase in the fraction of DMEPC in POPC mem- less important in association of 5-LO with cationic mem-
branes to 50 mol % caused a 2-fold increase in 5-LO activity branes, which is favored by positive membrane electrostatics.
(Figure 3C). Note, however, that even though removal of One of the mechanisms of &amediated membrane binding
Cat strongly inhibited 5-LO activity, the level of enzyme of LOs is formation of C& bridges between anionic lipids
activity without C&" in the presence of positively charged and acidic amino acid side chains of 5-L82(38), although
membranes is severalfold higher than with zwitterionic or C&"-induced structural changes in the enzyme may also be
acidic membranes (compare panels B and C of Figure 3).involved 35, 44). Since C&" exhibits stronger affinity for
For a better understanding of the effect of membrane acidic than for zwitterionic membraneg1j, incorporation
surface electrostatics on 5-LO activity, we have analyzed of acidic lipids in zwitterionic membranes may facilitate
the substrate concentration dependence in the presence of&*-mediated membrane binding of 5-LO and at the same
zwitterionic (100% POPC), anionic (50% POPC and 50% time may cause electrostatic repulsion between the acidic
POPG), and cationic membranes (50% POPC and 50%protein and negatively charged membranes. For a more direct
DMEPC). 5-LO activity, measured as the initial velocity of interpretation of the effect of membrane surface electrostatics
AA hydroperoxidation Vo, exhibited an initial increase and and C&" ions on 5-LO activity, we have measured?Ga
a decline at AA concentrations exceedin00uM (Figure mediated binding of 5-LO to membranes with varying
4A). A straightforward interpretation of this behavior is surface charges.
inhibition of the enzyme at high substrate concentrations by Dependence of 5-LOMembrane Interactions on Mem-
the substrate itself, e.g., because of binding of more thanbrane Surface Charge and €alons.We studied the effect
one substrate molecule to the enzyme and formation of of C&* on binding of 5-LO to vesicle membranes containing
nonproductive complexe§T). The double-reciprocal plots,  zwitterionic, anionic, and cationic lipids, using RET from
presented in Figure 4B, demonstrate the characteristic featurdryptophans of 5-LO to Py-PE in the membranes. When 5-LO
of substrate inhibition, with the curves bent upward as they was titrated with unlabeled vesicles, the Trp emission
approach the 1 axis. Extrapolated linear parts of these intensity changed due to a combination of two effects, i.e.,

plots (dotted lines) were used to calcul®&tgy (Kea) andKp,. an increase in the emission intensity following membrane
All three extrapolated lines cross the/d/axis at the same  binding of 5-LO and a sample dilution effect (Figure 5A).
position, corresponding to\énax of ~43 umol min~* mg1, In the case of titration of 5-LO with Py-PE-labeled vesicles,
which corresponds to a turnover numbey of ~56 s the Trp emission intensity strongly decreased because of RET
Combination of theVnmax value with the slopes of the plots from Trp to Py-PE (Figure 5B). Pyrene has a complex
then yields the following Michaelis constants,): 103.2, absorption profile and can be excited by UV radiation at

64.3, and 31.aM for pure POPC, POPC/POPG, and POPC/ 290 nm, which was used for Trp excitation. Therefore, we
DMEPC membranes, respectively Kf, is interpreted as a  assessed RET on the basis of a decrease in the emission
parameter directly related to the enzyrsuibstrate dissocia-  intensity of the energy donor, i.e., Trp residues of 5-LO, and
tion constant, then these results would imply a highest affinity not the increase in the emission intensity of pyrene. Since
of AA for 5-LO in the presence of cationic membranes, RET is based on short-range (2.8 nm for the Fpyrene
followed by acidic membranes, and followed by zwitterionic pair) dipole-dipole interactions between energy donors and
membranes. Inhibition of 5-LO activity, as well as other LO acceptors, the observed effect reflects binding of protein
isoforms, at high substrate concentrations has been reportednolecules to vesicle membranes.
previously 83, 45, 68—70). The effect of substrate inhibition The binding isotherms, presented in Figure 5C, have been
is interpreted in terms of two (or more) substrate binding constructed on the basis of the dependence of the decrease
sites of the enzyme, one of which is a productive site and in Trp emission intensity on lipid concentration through eq
promotes catalysis, while the other site binds AA in a 1, as described previousib2). In the absence of G§
nonproductive mode and inhibits the enzyme. binding of 5-LO to POPC and POPC/POPG (1:1) membranes
Although the feature presented in Figure 4B resemblesis virtually identical and weak, but the affinity for cationic
competitive inhibition, this mechanism is not likely to POPC/DMEPC (1:1) membranes+g0-fold stronger (see
account for the observed effects of the membrane surfaceTable 2). On the other hand, 0.2 mM free?Ca&nhances
charge on 5-LO because the lipid molecules cannot competethe affinity of 5-LO for acidic and zwitterionic membranes
with AA for binding to the enzyme active center. Instead, it 4—8-fold but has little effect on binding of 5-LO to cationic
is likely that the membrane acts as a modulator of 5-LO membranes. The binding of 5-LO to cationic membranes is
function. The acquisition by 5-LO of the substrate, AA, strong and C&-independent (Figure 5C), but &asignifi-
which predominantly resides in the membra#8)( probably cantly enhances 5-LO activity in the presence of membranes,
depends on the mode of interaction of 5-LO with the including cationic membranes (Figure 3B,C). These data
membrane. Stronger interaction of the acidic protein with suggest that binding of 5-LO to cationic membranes is
positively charged membranes probably facilitates substratemediated by the positive membrane electrostatics, which
binding, resulting in higher enzyme activity. This mechanism supports 5-LO binding in both productive and nonproductive
may account for the increased activity of 5-LO in the modes. The presence of Carobably increases the fraction
presence of cationic vesicles without®4Figures 3C and  of productive-mode binding either by bridging the acidic side
4). Interestingly, theK, value obtained in the presence of chains of 5-LO with the phosphate or carbonyl groups of
negatively charged membranes is higher than that for cationiclipids or by causing exposure of hydrophobic side chains of
membranes but is lower than that measured for zwitterionic the protein with their subsequent insertion into the membrane.
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Ficure 5: (A and B) Representative fluorescence emission spectra of 5-LO with increasing concentrations of vesicles composed of POPC
(A) or 98 mol % POPC and 2 mol % Py-PE (B). Tryptophans of 5-LO were selectively excited at 290 nm. In panel A, addition of lipid
vesicles causes a slight decrease in the Trp emission intensity as a result of sample dilution, which overcomes the increase in Trp fluorescence
due to membrane binding. Spectra in panel B demonstrate a significant decrease in Trp fluorescence intensity due to resonance energy
transfer from tryptophans of 5-LO to Py-PE in membranes. The 5-LO concentration wals!0The buffer contained 0.1 mM EGTA, 0.3

mM CaClb, and 50 mM Tris-HCI (pH 7.6). The change in color from blue to red corresponds to a change in lipid concentration from 0 to
950uM (see panel C). (C) Isotherms characterizing binding of 5-LO to zwitterionic, anionic, and cationic vesicles, constructed on the basis
of RET experiments. The relative decrease in Trp fluorescefAE&AFmay) Upon addition of 2 mol % Py-PE-containing vesicles, due to
Trp-to-pyrene RET, was measured, corrected for sample dilution and fluorescence changes in control experiments with unlabeled vesicles,
and plotted vs the total lipid concentratiohF is the difference between the emission intensity at 330 nm at a given lipid concentration
relative to the zero lipid level, andFn. is the saturating level oAF, determined by Scatchard analysis. The curves were constructed

using eq 1: (green) 100% POPC, (red) 50% POPC and 50% POPG, and (blue) 50% POPC and 50% DMEPC and (empty symbols and
dotted lines) 0.1 mM EGTA and 50 mM Tris-HCI with no calcium (pH 7.6) and (filled symbols and solid lines) 0.1 mM EGTA, 0.3 mM
CaCl, and 50 mM Tris-HCI (pH 7.6).

Table 2: Binding Constant{) and Binding EnergiesAGa)
Characterizing the Interaction of 5-LO with Membranes Composed

of Various Lipids (binary lipid systems are equimolar) with and T 34
without C&*, As Indicated & _
lipid [Ca2](MM)  Ka (M%)  AGs (kcal/mol) 3 2 nZoe mn

POPC 0.2 3149 -7.07 5: Ly ’
POPC 0.0 769 —6.25 o
POPC/POPG 0.2 5624 —7.41 T T T T
POPC/POPG 0.0 727 —6.21 0 50 100 150
POPC/DMEPC 0.2 21834 —-8.21 Time ( min)
POPC/DMEPC 0.0 14478 —7.97

Ficure 6: Dependence of the amide | area of 5-LO as a function
of time after injection of 5-LO into the ATR cell. Amide | areas
This hydrophobic component, estimated by comparison of were calculated between 1700 and 1563 §nafter correction of

the binding energies for DMEPC membranes with and the spectra according to the relatién= A, + 0.8; (see the text
without C&", is only 0.23 kcal/mol (Table 2) for an explanation). The data points have been fitted with a double-

. . exponential function, which yields slow and faster components for
Orientation of 5-LO at the Membrane Surfadkle have the kinetics of membrane binding of 5-LO, as indicated. The buffer

used polarized ATR-FTIR spectroscopy to characterize the consisted of 150 mM NaCl, 50 mM Tris-HCI, 0.1 mM EGTA, and
interaction of 5-LO with POPC bilayers supported on a 0.3 mM CaC} in DzO (pD 7.6).

germanium plate. This technique is based on internal

reflections of the infrared light inside the plate, which creates and plotted versus time after injection of 5-LO into the ATR
an evanescent field at the surface of the p|ate' where thece”. F|tt|ng of the time dependence of the amide | area with
lipid bilayer and the bound protein reside. Because of the @ double-exponential function showed that 5-LO adsorption
exponentially decaying evanescent field strength, only to supported POPC membranes was characterized by two
membrane-bound protein molecules, but not those in the bulktime constants, with values of1 and~15 min (Figure 6).
aqueous phase far from the membrane, contribute to the Figure 7A shows several amide | spectra of 5-LO
ATR-FTIR absorption spectrundg, 72). Following injection measured at both parallel and perpendicular polarizations of
of 5-LO into the ATR sample cell with a supported POPC the infrared light. These spectra were used to derive
bilayer, a prominent amide | band in the 1700600 cn1? information about the mode of membrane binding of 5-LO.
region appeared, indicating binding of 5-LO to the bilayer. The orientation of membrane-bound peptides or proteins can
To characterize the kinetics of membrane binding of 5-LO, be estimated using the ATR dichroic ratiBA(R = A /A,

the amide | area was monitored as a function of time. First, where A, and A; are the absorbance intensities at parallel
the spectra at parallel and perpendicular polarizations of theand perpendicular polarizations, respectiveB)'R is easy
infrared light were used to obtain a corrected, polarization- to interpret for a membrane-bound peptide with a simple
independent spectrum by multiplying the perpendicular secondary structure, such as a sirkelix, or for a protein
spectrum by 0.8 and adding to the parallel spectridm=( that has a global rotational symmetry axis, lfkdarrels b3,

A + 0.8A), as described previously §). After correction, 72, 74—76). For a relatively large protein with complex
amide | areas were calculated between 1700 and 1568 cm structure, like 5-LO, the amide | ATR dichroic ratio can
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and thes-barrel axis, and the angular brackets indicate space
and time averaging. Inspection of the 15-LO structure shows
that the average tilt of the strands relative to fhearrel
axis (B) is ~20°. Thus, determination of the orientation of
thes-barrel of membrane-bound 5-LO (i.e., the an@j@nly
requires the ATR dichroic ratio of thé-barrel. As shown
in Figure 7B, the difference| — RS°Ap) reaches its most
—_— R — negative value of-0.006 at 1626 crmt, which can readily
BP0 dlbd 1500 1650 1640 1600 be ascribed to an amide | mode ofAasheet §3, 75).
Wiesecncimbex. o) Miavenumber (o) However,-sheet vibrational frequencies occur in a region
FiGure 7: (A) Spectra of 5-LO bound to a POPC membrane up to 1635 cm? (53). (Here we do not consider the “higher-
supported on a germanium plate at parallel and perpendiculargequency component” of antiparall@-sheets that occur
polarizations of infrared light, as indicated. The right and left edges .
of the spectra are at the zero level of absorbance. (B) Correspondin(_;"'lbolve 1670 cmt, but are less usef_ul 'n terms Of spectral
difference spectra calculated according to the relation A, — assignment because of very low extinction coefficients.) The
Rs°Aq, whereA, and Ay are the spectra measured at parallel and value of the differencéy — RS°Agis —0.0028 at 1635 crt.
perpendicular polarizations of the infrared light, respectively, with By combination of the values @, — Rs°%A; at 1626 or 1635

respect to the incidence plane aReP is the ATR dichroic ratio o p0-1 \ith respective absorbance intensities of parallel
for an isotropically oriented protein and equal4.715 under our

experimental conditions (see re88 and 7376 for more detail). ~ Polarized spectra (Figure 7A), we determie™ equals 1.61
The dotted line corresponds to the zero level of difference at 1635 cm® and 1.43 at 1626 cm. By inserting these

absorbance. The difference spectha A; — R%°A;) are expected  values into eq 2, along with & of 20°, we determine that
to be flat, at the zero level, for an isotropically oriented protein. the tjlt angled of the -barrel axis relative to the membrane

Defined and reproducible features of the spectra in panel B : :
demonstrate the nonrandom orientation of 5-LO at the membrane normal varies between 39.6 and 49Mith an average value

surface. The change in color from light to dark corresponds to the Of ~45°. Because polarized ATR-FTIR spectroscopy does
change in time from 17.5 to 60 min after exposure of the protein not distinguish between molecular orientations at angles
to D;O. The buffer is specified in the legend of Figure 6. and 0 + 18C, this finding restricts all possible modes of

membrane binding of 5-LO to two mirror image orientations

hardly be interpreted in a straightforward way because the with the-barrel axis tilted from the membrane normal either
amide | transition dipoles are likely to adopt an average by ~45° or by ~45+ 180°. Combination of this result with
isotropic orientational distribution. Nevertheless, it is possible €arlier findings that tryptophans 13, 75, and 102 of 5-LO
to determine if the protein binds to the membrane in a (35), as well as hydrophobic residues Phé.eu’, Trp'®,
random or defined orientation. In the case of a random, and Led® of rabbit 15-LO, play a major role in membrane
isotropic orientation RATR = Rs° ~ 1.715 63, 73-76), anchoring of respective protein87 38), allows one to
implying that the dependence of the differense  RS°A:) position the 5-LO molecule at the membrane surface at a
on the wavenumber will be a horizontal line at the zero level. unique orientation, because only one of the two mirror image
In the case of a nonrandom, defined orientation, however, it orientations permits physical interactions of these residues
is likely that different secondary structures of the membrane- With the membrane.

bound protein adopt distinct orientations with respect to the ~ Structural Effects during 5-LOMembrane Interactions.
membrane plane. This will result in positive or negative To assess structural changes in 5-LO upon binding to
values ofA, — R°A; at certain amide | regions, depending supported membranes, we used difference FTIR spectros-
on the orientations of the respective secondary structures.copy. Differences between amide | spectra of the protein
The difference spectra of Figure 7B indicate that- RS°Ag under different conditions, e.g., free and membrane-bound,
is positive around 1666 cnhand negative around 1630 cin permit identification of spectral changes in the amide | region
This feature repeats in all eight spectra and is statistically and interpretation in terms of underlying conformational
significant. Taking into account the fact that infrared changes &3, 77). The spectra of Figure 8A show the
vibrations around 1630 cmh are generated bys-sheet evolution of the difference between the amide | bands of
structures (see reB3 and references therein) and that the free and membrane-bound 5-LO, and indicate that the latter
majority of -strands of 15-LO are involved in the N-terminal spectra are shifted toward lower frequencies. This might
B-barrel (PDB entry 1LOX), one can use the ATR dichroic reflect more extensive amide+D exchange of the mem-

Absorbance
A - RA,

ratio in this region to evaluate the orientation of fhearrel brane-bound enzyme, resulting from increased solvent ac-
axis relative to the membrane normal, using the equation cessibility upon membrane binding. Further analysis of the
(74) data shows that this is not the case, however. Data in panels

B and C of Figure 8 clearly show that the amide | band of
B cofh — 1= the free enzyme shifts toward higher frequencies durindH

2 2RATR 2 exchange, whereas the spectra of the membrane-bound
4E— Ey tE) ) enzyme do not change appreciably. An increase in the amide
7T 2 25ATR 2 | frequency of a protein in BD can only be interpreted in
@ CO§(§ B ﬁ) B 1@EX —ERT-28) terms of conformational changes in the protein, rather than
by amide H-D exchange, because amide-B exchange
where E,, E;, and E, are the orthogonal electric vector can only cause a downshift. The increase in absorbance
components of the evanescent wave and are known entitiesntensity in the 16861650 cnm* region accompanied with
(53, 73—76), 0 is the angle between thgbarrel axis and a decrease in intensity at the low-frequency edge of the amide
the membrane normafi is the angle between the strands | region (Figure 8B) is likely to reflect an increase in the
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Ficure 8: Difference FTIR spectra in the amide | region, demonstrating changes in the secondary and dynamic structure of 5-LO free in
solution and bound to supported POPC membranes. The lyophilized sample was dissolve@ibasBd buffer (see Figure 6) and either

sealed between two Cakindows for direct transmission measurements (B) or injected into the ATR cell for ATR-FTIR measurements
(C). (A) Difference between spectra of free and membrane-bound 5-LO at similar time points after exposide @@)Progression of

spectra of free 5-LO after exposure te@ (C) Progression of spectra of membrane-bound 5-LO after exposurgtgspectra in B and

C were obtained according to the relatidn= A; — Asmin, WhereA is the spectrum at a time poibt> 3 min). Spectra of the membrane-

bound enzyme were measured by the ATR-FTIR technique at parallel and perpendicular polarizations, and corrected according to the
relation A = A, + 0.8A; (see the text for an explanation). The change in color from blue to burgundy corresponds to the change in
deuteration time from 4 mirot3 h (4.2, 5.2, 6.2, 7.2, 8.2, 9.2, 10.2, 11.2, 12.2, 14.2, 17.5, 22.5, 27.5, 32.5, 37.5, 42.5, 47.5, 60, 120, and
180 min).

R ‘4"--..Bilayer

Absorbance (mAU)
Absorbance

3000 2950 2900 2850 2800

Wavenumber (cm™)
Ficure 9: Lipid methylene stretching bands of a POPC membrane
supported on a germanium plate without) and with bound 5-LO
(—), measured after injection of 5-LO for 1 h, at parallel and
perpendicular polarizations of the infrared light, as indicated. The
supported bilayer was prepared by depositing a POPC monolayer
on a germanium plate, by the LangmuBlodgett technique, 1760 1740 1720 1700
followed by addition of sonicated POPC vesicles, which spread on
the monolayer and form the supported bilayer (see Experimental
Procedures for more detail). ATR dichroic ratios of POPC without
and with bound 5-LO are 1.65 and 1.39, corresponding to lipid
acyl chain order parameters of 0.05 and 0.296, respectively.

2nd deriv. (-FA/dV?)

Wavenumber (cm'1)

Ficure 10: (A) ATR-FTIR spectra of the carbonyl stretching
vibrations of a POPC membrane supported on a germanium plate
without (---) and with bound 5-LO ), measured after injection

of 5-LO for 1 h. Spectra were measured by the ATR-FTIR technique
. ) . ) at parallel and perpendicular polarizations of the infrared light, and
fraction of turnlike structures in the protein backbone and corrected according to the relatign= A, + 0.8A (see the text

alterations of the side chain conformation. Although it is for an explanation). After 5-LO binds, the lipid carbonyl band shifts

difficult to determine, on the basis of these data, secondarytoward higher frequencies, indicating dehydration of lipi@

structure elements that convert to turns, it is clear that groups. (B) Inverted second derivatives of spectra in panel A. After
f fi lch that in5-LO f in the buff 5-LO binds, the components around 1731 and 1723ceorre-
coniormationalcnanges that 0CcUrinS- bl sponding to hydrated lipid €0 groups, disappear, which strongly

do not occur in the membrane-bound enzyme (Figure 8B,C), suggests dehydration of the membrane surface due to 5-LO binding.
implying that membrane binding stabilizes the global protein
structure. This result is in line with earlier findings that PC  0.05 and 0.3, respectively (see &S for technical details),
vesicles exerted a stabilizing effect on 5-LO (&f and indicating that 5-LO binding considerably increases the lipid
references therein). packing order. Interestingly, the lipid order parameter
Finally, we have used ATR-FTIR spectroscopy to probe increased gradually as more 5-LO adsorbed to the membrane.
the effect of 5-LO binding on membrane structure and These data, together with those of Figure 8, indicate that
hydration. The spectra of the methylene stretching bands ofthe proteir-lipid system becomes more ordered as more
the supported POPC membrane before and after 5-LOprotein adsorbs to the membrane. Analysis of the spectral
binding indicated a decrease in the lipid dichroic ratio from shifts in the lipid carbonyl stretching band, which is sensitive
1.65 to 1.39 upon 5-LO binding (Figure 9). These values to membrane hydratiorb8, 78, 79), indicates a shift of the
correspond to lipid hydrocarbon chain order parameters of peak of the carbonyl band from 1730.5 to 1737.8 €npon
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