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ABSTRACT: Lipoxygenases catalyze the biosynthesis of leukotrienes, lipoxins, and other lipid-derived
mediators that are involved in a wide variety of pathophysiological processes, including inflammation,
allergy, and tumorigenesis. Mammalian lipoxygenases are activated by a calcium-mediated translocation
to intracellular membranes upon cell stimulation, and cooperate with cytosolic phospholipas¢ha
membrane surface to generate eicosanoids. Although it has been documented that plant cell stimulation
increases intracellular €a concentration and activates cytosolic phospholipase fAllowed by
lipoxygenase-catalyzed conversion of the liberated linolenic acid to jasmonic acid, no evidence is available
for C&*-regulated membrane binding and activity of plant lipoxygenases. Plant lipoxygenases, unlike
their mammalian counterparts, are believed to function independently of calcium or membranes. Here
we present spectroscopic evidence for a calcium-regulated membrane-binding mechanism of soybean
lipoxygenase-1 (L-1). Both calcium and membrane binding affect the structure and the mode of action
of L-1. Free L-1in solution is less accessible to the polar solvent and converts linoleic acid to conjugated
dienes, whereas surface binding increases solvent accessibility and stimulates conjugated ketodiene
production. Calcium exerts a biphasic effect on the structure and activity of L-1. Our results uncover a
new regulatory mechanism for plant lipoxygenases and delineate common features in animal and plant
cell signaling pathways.

In several experimental settings, stimulation of animal cells results of recent research on leukemia and lung, prostate,
is followed by activation of cytosolic phospholipase A and breast cancer strongly imply that LOX products,
(PLA2ZY, which transiently binds to intracellular membranes especially those of 5- and 12-LOXs, stimulate certain
in a Ca&"-dependent manner and cleaves arachidonic andoncogenes and downregulate the apoptosis of malignant cells,
other fatty acids from membrane lipid$, ). Subsequent  thus increasing their metastatic potentiE8{21). There is
oxygenation of arachidonic acid by lipoxygenases (LOX), strong evidence that mammalian 5-LOX is activated by a
cyclooxygenases, or cytochrome P450 leads to the biosyn-Ca*-mediated translocation to the nuclear envelope upon
thesis of eicosanoids that play significant roles in many cell stimulation and by interaction with the 5-lipoxygenase-
pathophysiological processe3—8). LOX metabolites of  activating protein (5-LAP), a nuclear membrane integral
arachidonic acid, namely leukotrienes and lipoxins, are potentprotein that binds arachidonic aci@2—24). Partitioning
mediators of inflammatory and allergic disorders, including of 5-LOX is paralleled by a similar translocation of the
inflammatory bowel disease, glomerulonephritis, rheumatoid cytosolic PLA to the nuclear envelop@4). This leads to
arthritis, asthma, and atherogenesds9—17). Moreover, an interesting scenario of a cooperation between the three
proteins at the membrane surface, that is, liberation of
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available for C&"-regulated membrane binding and activity
of plant LOXs.

Tatulian et al.

Precision Instruments, Sarasota, FL). Low calcium concen-
trations were adjusted by EGTA and calculated using an

Lipoxygenases are single-chain, non-heme, iron-containing EGTA-C&" affinity constant logk = 6.389+ 1.98(pH —
enzymes. The soybean isozyme L-1 is the first LOX which 7). following the procedures described by Bers et a1) (

has been purified to homogenei§4( 35) and whose atomic

Lipid vesicles were prepared either by sonication of the

resolution crystal structure has been determined by X-ray Suspensions using a tip ultrasonifier or by extrusion through

crystallography 86, 37). This is a 839-residue protein
composed of two major structural domains, the N-terminal
8-stranded antiparall@-barrel domain with yet unidentified
function (residues 1146) and the C-terminal catalytic,
mostly a-helical domain containing the ligands for the iron
cofactor. The crystal structure of soybean L-3 isozyme
revealed a similar 3-dimensional fold, despite different
positional specificity of fatty acid hydroperoxidation by L-1
and L-3 38). Plant and mammalian LOXs share only 21%

100 nm pore size polycarbonate membranes (Nucleopore,
Pleasanton, CA) using a Liposofast extruder (Avestin,
Ottawa, Canada).

Transmittance and attenuated total reflection (ATR) Fou-
rier transform infrared (FTIR) experiments were carried out
on a Nicolet 740 spectrometer (Nicolet Analytical Instru-
ments, Madison, WI), as describebl?f. In transmittance
FTIR experiments, a precision liquid cell with Gakindows
was used (Buck Scientific, East Norwalk, CT). Supported

27% sequence identity; the most significant primary structure bilayers on 1x 20 x 50 mn# germanium internal reflection

differences are found in the N-terminal region. This, together

plates (Buck Scientific) were prepared by deposition of a

with the fact that mammalian LOXs are shorter than the plant phospholipid monolayer onto the plate, using a Langmuir

enzymes (662674 and 839-923 residues, respectively), has
led many researchers to assume that the N-terrfierrel

is absent in mammalian LOX89, 40). However, the X-ray
structure of the rabbit 15-LOX uncovered an N-terminal 115-
residue antiparallgs-barrel domain41), predicting similari-
ties in the molecular mechanisms of plant and animal LOXs
in addition to the common chemical mechanism of catalysis.

Before the discovery of iron in LOXs, several studies were
undertaken to establish a role for&an the activity of plant
LOXs. Calcium increased the activity of the navy bean LOX
(42) and the soybean L-2 isozymé3), inhibited the soybean
L-3 isozyme #44), and had a biphasic effect on the horse
bean LOX activity 45). After the discovery of iron in LOXs,
the interest in calcium diminished and the role ofCimns
in LOX activity has remained a “subject of considerable
controversy” £8). Although the soybean L-2 enzyméd]
and a specific “lipid body” LOX found in cucumber
cotyledons 47) are able to attack membrane lipids and
oxygenate esterified fatty acids, plant LOXs are believed to
function independently of membranes or?Cions. Here

Blodgett monolayer trough (Mayer, ‘@mgen, Germany).
The plate with the monolayer was assembled in an ATR cell,
and then extruded phospholipid vesicles were injected into
the cell and incubated for1 h at room temperature to allow
the vesicles to spread on the monolayer, yielding supported
phospholipid bilayers. Samples for FTIR experiments were
prepared in RO buffers, and pD was calculated as pb
pH* + 0.4, where pH* is the pH meter reading. FTIR
experiments were performed at 2 chmominal resolution,
and 1000 scans were co-added to generate spectra with high
signal-to-noise ratios.

Fluorescence measurements were performed on a SPEX
Fluoromax spectrofluorimeter (Instruments S. A., Edison, NJ)
using quartz cuvettes in a thermostated jacket. In fluores-
cence experiments, an excitation wavelength and a bandwidth
of 284 and 3 nm respectively, were selected. Fluorescence
resonance energy-transfer (FRET) experiments were carried
out using tryptophans of the protein as energy donors and
10 mol % N-dansyl-phosphatidylethanolamine (DPE) in
phospholipid vesicles as an energy acceptor. The spectra

we demonstrate that soybean lipoxygenase L-1 binds towere corrected by subtracting the background spectra, which

phospholipid bilayers and that &aexerts significant effects

on the membrane binding, structure, and mode of action of

this enzyme. We further provide evidence that the N-
terminal -barrel domain of L-1 is likely involved in the
interaction of the enzyme with membranes.

EXPERIMENTAL PROCEDURES

L-1 was expressed ifcscherichia coliand purified as
described 48). The purified protein was stored in 50 mM
phosphate buffer, pH 5.6, at70 °C and was transferred to
a desirable buffer of pH-89 immediately before measure-
ments using Centricon-30 concentrators (Amicon, Beverly,
MA). The secretory PLAhas been purified according to
Maraganore et al.4Q) from the venom of the snake
Agkistrodon pisaiorus piscvorus, and was a gift from Dr.
R. L. Biltonen of the Department of Pharmacology, Uni-
versity of Virginia Medical School. The lipids were from
Avanti Polar Lipids (Alabaster, AL), and other chemicals
were from Sigma (St. Louis, MO). Protein concentration
was determined by Bradford ass&g). Oxygen concentra-
tion was calibrated by bubbling the buffers with ©r N;
and measured by an 1S@issolved oxygen meter (World

were measured in the absence of protein.

UV/vis measurements were performed in quartz cuvettes
on a Hitachi U-2000 UV/vis spectrophotometer (Hitachi
Instruments, Dublin, PA). The absorptions at 234 and 280
nm, corresponding to conjugated dienes and ketodienes, were
converted to molar concentrations using extinction coef-
ficients 25 000 and 22 000 M cm ™, respectively 48, 53).

RESULTS

Membrane Binding of L-1Membrane binding of L-1 was
demonstrated by ATR FTIR and FRET techniques. Due to
the exponentially decaying evanescent field strength, the
ATR FTIR absorption spectrum is dominated by the signal
from the protein bound to the substrate-supported membrane.
The protein molecules in the bulk agueous phase far from
the membrane do not contribute to the sigriad)( When
L-1 was injected to a supported bilayer in the ATR cell,
incubated for~20 min, and flushed with the buffer, the
amide-l band area decreased by oalg0% (not shown),
indicating that L-1 binds to the bilayers. The&0% decrease
in the amide-l band area was presumably due to the removal
of the unbound L-1 from the membrane vicinity. In FRET
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Ca® Concentration (M) FIGURE 2: Effect of C&" on the structure of L-1 as measured by
tryptophan fluorescence (A) and FTIR spectroscopy (B, C). (A)
Effect of stepwise addition of Cagbn the Trp fluorescence of
1.2uM L-1 measured at 334 nm with excitation at 284 nm. Arrows
indicate the time points of addition of Ca it molar concentrations
shown in boxes. (B) Infrared amide-I absorption bands of:W/2

L-1 in a DO buffer (pH* 8.6) at various molar Cagtoncentra-
tions, as indicated in the box. (C) Difference spectra, calculated
on the basis of the spectra in panel B. The amide-l band in the
absence of Cd (100 uM EGTA) was subtracted from those in
the presence of 0.61220 mM C&* (curves 1-5, respectively).
Buffer and temperature are the same as in Figure 1.

Ficure 1: Binding of L-1 to phospholipid vesicles composed of
90% POPC+ 10% DPE (A) and 70% POP@ 20% POPS+
10% DPE (B, C) as measured by FRET in 50 mM NaCl.M
CaClh, 10 mM Hepes, and 10 mM Capso (pH 9.0) at°Z5 The
total lipid concentration was 0.2 mM. The curves8in A and B
(the line types and numbers in A and B are the same) correspond
to L-1 concentrations of 0, 0.4, 1, 2, and:, respectively. The
spectra 57 were measured 1, 6, and 14 min after addition of 4
uM L-1 to phospholipid vesicles. The spectra4 in panel C were
measured in the presence of 2/@ L-1 and 0.01, 0.1, 1.0, and 10
mM CaCl, respectively. The effect of CaLbn the binding of

L-1 to the vesicles without (curve 1) and with 20% POPS (curve lipid 1-palmitoyl-2-oleoylphosphatidylserine (POPS), the

2) is shown in panel D, wherdl = | — Io, | and | are the -
fluorescence emission intensities at 520 nm in the presence and®N€ay transfer was much weaker (Figure 1B), probably

absence of L-1, respectively. The excitation wavelength was 284 OWing to electrostatic repulsion between the negatively
nm. charged membranes and the acidic protein £pl5.85).

Interestingly, addition of Cagbtrongly enhanced the binding
experiments, L-1 was added to the vesicles composed of 90%of L-1 to negatively charged membranes, but‘Caas less
1-palmitoyl-2-oleoylphosphatidylcholine (POPC) and 10% effective in supporting the binding of L-1 to zwitterionic
DPE, which has excitation and emission wavelengths of membranes (Figure 1C,D).
~340 and~520 nm, respectively. Excitation of the tryp- Effect of C&" on the Structure of L-1The data of Figure
tophans of L-1 at 284 nm resulted in a dose-dependentl, parts C and D, indicate that €a while monotonically
increase in the DPE fluorescence~a520 nm, indicating promoting membrane binding of L-1, has a biphasic effect
energy transfer from L-1 to DPE (Figure 1A, curvesS). on the Trp fluorescence. This is confirmed by Figure 2A,
The slope of the dependence of Trp fluorescence emissionwhich demonstrates that &aat concentrations up te-1
intensity on L-1 concentration in a double logarithmic scale mM significantly increases and, at higher concentrations,
was significantly lower than 1 (0.640.87, lower at higher  suppresses the Trp emission intensity of L-1. The quantum
L-1 concentrations), which is evidently due to the absorption yield of Trp is known to increase with decreasing polarity
of a fraction (0.13-0.36) of the Trp emission energy by DPE. of its microenvironment, which is controlled by the degree
At a constant concentration of L-1, a time-dependent decreaseof exposure of tryptophans to the polar solvent, wabé). (
in the Trp fluorescence at 334 nm was paralleled by an Therefore, this result is likely due to a restricted water
increase in the DPE fluorescence at 520 nm (Figure 1A, accessibility to the protein core causedb¥ mM C&* and
curves 5-7). The increase in DPE fluorescence in the increased water accessibility at highe?Caoncentrations.
presence of L-1 clearly indicates binding of L-1 to the vesicle This was further supported by direct amide hydrogen/
surface. With membranes containing 20% acidic phospho- deuterium (H/D) exchange experiments performed by FTIR
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technique. Amide H/D exchange causes a shift of the
amide-l absorption band toward lower frequencies because
of heavier nuclear mass of deuterium; the frequency of the
vibration of two nuclei in a diatomic molecule is proportional
to (Limy + 1/mp)Y2, wheremy andm, are the masses of the
two nuclei. The efficiency of amide H/D exchange upon
replacement of kD by D,O increases with increasing solvent
accessibility to the protein residues. Figure 2B indicates that
addition of CaCJ up to~1 mM results in a blue shift of the
amide-l band of L-1, while at higher €aconcentrations
the amide-l band is shifted toward lower wavenumbers
(wavenumber= v/c, wherev is the vibrational frequency in

s ! andc is the speed of light in cm™3). The difference
spectra shown in Figure 2C demonstrate this effect more
clearly. Subtraction of the amide-I band of the protein in
the absence of Ca (100 uM EGTA) from those in the
presence of<1 mM C&" yields positive absorption at the
higher wavenumbers and negative absorption at the lower
wavenumbers, whereas the opposite is true for highér Ca
concentrations. Thus, fluorescence and FTIR results con-
sistently indicate a biphasic effect of €aon solvent
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il ; ; Ficure 3: Effect of Mg+ on the structure of L-1 as measured by
accessibility to the protein body. At concentration mM, tryptophan fluorescence (A) and on binding of L-1 to vesicles

Ca'" increases Trp fluorescence of L-1 and causes a shift of ;o aining 209% POPS (B). (A) Fluorescence emission at 334 nm
the infrared amide-I band of the protein to higher frequencies. of 1.2uM L-1 (Aexcitaion= 284 nm). Spikes correspond to additions
The most straightforward interpretation of these effects is of MgCl; at the following concentrations (from left to right): 2.6
that, at this concentration range of*Cathe tertiary structure X 107 1.1x 10°5 1> 10°%, 1 x 10 % 1 x 10°% 5 x 10, 2

of the protein becomes more compact, or less accessible tg¥ 19 > 5 x 10 0.1, and 0.2 M. (B) Fluorescence emission

- . . spectra of L-1 in the presence of phospholipid vesicles composed
water molecules (EI) in FTIR experlments). This reduces of 70% POPC, 20% POPS, and 10% DPE in the absence and

the efficiency of amide H/D exchange, producing amide-l presence of 0.0320 mM MgCh, as indicatedAexcitation= 284 nm).
bands at higher frequencies, and renders the protein core lesBuffer and temperature are the same as in Figure 1.
polar, resulting in increased quantum yield of Trp fluores-
cence. Higher concentrations of LTalikely exert the indole rings of some of the 14 tryptophans of L-1 upon
opposite effect; that is, they increase the water accessibility, interactions with membranes. However, the broadening of
which accounts for lower-frequency amide-l bands and the Trp emission spectrum indicates an average higher
decreased quantum yield of Trp emission. polarity, that is, enhanced access for water to the tryptophans
Specificity of C&" Effects on the Structure and Membrane in the protein hydrophobic core5§). When vesicles
Binding of L-1. To determine whether the effects ofZa ~ composed of 1-palmitoyl-2-stearoyl(4,5-dibromo)phosphati-
ions on the structure and membrane binding of L-1 are dylcholine were used, a smaller blue shift and only a weak
specific, we measured the dependence of Trp fluorescenceduenching of Trp fluorescence by bromines were detected,
of L-1 and energy transfer from Trp residues of L-1 to DPE but the fluorescence spectrum was again broadened, sug-
in lipid vesicles on the concentration of MgCIMagnesium gesting that L-1 binds to these vesicles but the Trp side chains
was chosen because it is another physiologically importantbarely reach the bromines at 4,5 positions of membrane
cation and many Ca-dependent cellular events demonstrate lipids.
Ca&*"/Mg?" specificity. The data of Figure 3A show that Phospholipid vesicles and linoleic acid (LA) cause a red
Mg?" ions have little effect on the Trp fluorescence of L-1. shift in the amide-I band of L-1 (Figure 4B), indicating more
Comparison of the results presented in Figures 2A and 3A extensive amide H/D exchange and, consequently, a less
clearly indicates a profound specificity of €dons versus  compact tertiary structure of L-1. The second derivatives

Mg?" ions in affecting Trp fluorescence emission of the
protein. Magnesium is also not effective in supporting the
binding of L-1 to vesicles containing 20% POPS, as shown
in Figure 3B. Although other divalent cations have to be
tested to gain more detailed information on the specificity
of the effects exerted by €& which is the subject of our
further work, the data of Figure 3 unambiguously demon-
strate that the effects of €aon the structure and membrane
binding of L-1 are specific.

Effect of Phospholipid Membranes and Fatty Acids on the
Structure of L-1. Addition of dioleoylphosphatidylcholine

(DOPC) vesicles to L-1 caused a 2.5-nm blue shift, an 18%

uncover more detailed spectral transformations in the con-
formation-sensitive amide-l bands (Figure 4C). The major
effect is the appearance of a new componentE58 cnr!
upon interactions of L-1 with the fatty acid or phospholipid,
which may be ascribed t-helices with lower stability36—

58). These results indicate an overall destabilizing effect
of LA micelles and phospholipid bilayers on L-1 which
occurs at both the secondary and tertiary structural levels.
More specifically, adsorption of L-1 at the surfaces of
micelles or membranes induces more open tertiary structure
and less stable helices in the protein.

Effects of C&" and Interfacial Adsorption of L-1 on Its

increase in the quantum yield, and a broadening of the Trp Activity. To identify the effects of Cd and interfacial

fluorescence spectrum (Figure 4A). The first two effects

adsorption of L-1 on the activity of the enzyme, we used

are probably due to a decreased polarity experienced by theUV/vis spectroscopy as a functional assay for L-1. By this
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biosynthesis. To check whether PLfacilitates hydroper-
oxidation of LA by liberation of LA from PLPC, thus
providing a substrate for L-1, rather than by other (such as
structural) effects of PLAon the membrane, we used a
covalently modified PLAin which the catalytically impor-

tant histidine-48 had been bromophenacylated. The absence
0.0 T T , . of absorption at 234 nm in the presence of PLPC, modified

W eaen th3(°:m) 0 400 PLA,, and L-1 (Figure 5A, curve 3) indicated that His-48-

g modified PLA, was completely inactive, which is consistent
with earlier results €0, 61). These data provide evidence
that PLA-assisted hydroperoxidation of LA, esterified in
PLPC, is due to phospholipid hydrolysis and production of
free fatty acid. This procedure, that is, using a system
containing PLPC, PLA and lipoxygenase, can be used as a
new PLA activity assay. As expected, the generation of
conjugated ketodienes was detected at the later stages of
catalysis (Figure 5B).

UV/vis spectroscopy was further used to study the
dependence of L-1 activity and its mode of action on the
aggregation state of the substrate and of @ans. Figure
6A confirms the data of Figure 5, demonstrating that L-1
does not act on esterified LA at tls&2 position of PLPC,
and liberation of LA by PLA in the presence of L-1 is

-
=)

Fluoresc. intensit

: : : : RN followed by generation of conjugated dienes and conjugated
1700 1680 1660 1640 1620 1600 ketodienes, as documented by increased absorptie24
Wavenumber (cm) and~280 nm, respectively. These results demonstrate that

FicUrRe 4: Fluorescence and FTIR data indicating structural changes membrane binding is not associated with the ability of LOXs
in L-1 induced by membrane binding. In panel A the fluorescence to utilize lipids as substrate and oxygenate esterified fatty
fr?ec"a are pres?nted_f?r 0-/(105"6'-'1“26"? i_ré)solgtiggélc) a(”z‘;' in 4 acids, which provides grounds to suggest that membrane
e presence of vesicles (0.6 mM lipid) o an N - :

1-pa|rr)nitoyl-2-stearoyl(4,5-dibromo)phosp%atidylcholine (3). Curves blndln_g may be a common feature for _aII LOXs irrespective
1-3 in panel B are the transmittance FTIR spectra oflRfree of their ability to use esterified fatty acids as substrate. We
L-1 in solution and in the presence of 4 mM LA and 0.3 mM PLPC, consistently detect that at LA concentrations betetvmM
respectively; curve 4 is an ATR spectrum of L-1 bound to a PLPC the major L-1 products are conjugated dienes, but at higher
supported bilayer, and curve 5 is a transmittance spectrum of 5| A concentrations the production of conjugated dienes is

mM LA. The amide-I band shifts from-1650 cnT? toward lower . . . . -
frequencies in the presence of lipid or fatty acid. The absorption at inhibited and de novo synthesis of conjugated ketodienes is

~1707 cnt! (curves 2 and 5) anet1736 cnr! (curves 3and 4)in  activated (Figure 6B). Abovel mM LA the optical density
the presence of LA and phospholipids, respectively, is due to their of the solution sharply increases, indicating a transition to a
carbonyl stretching vibrations. The second derivatives of the FTIR colloidal state §2). This result implies that the mode of
spectra -4 in the amide-I region are shown in panel C. Note the action of L-1 depends on the aggregation state of the
appearance of peaks-alL658 cnttin the second derivative spectra . . .
4. substrate. Free L-1 in solution converts the monodisperse
substrate to conjugated dienes, and upon transition of LA to
method, conjugated dienes (the primary products of poly- an aggregated micellar state, L-1 catalyzes production of
unsaturated fatty acid hydroperoxidation) and ketodienes (theconjugated ketodienes.
secondary products) are detected by their characteristic Calcium exerts a biphasic effect on the catalytic activity
absorption at 234 and 280 nm, respectivel3, (48, 53). of L-1, which depends on the aggregation state of LA. At
Since binding of L-1 to membranes might be required for 100uM LA, Ca?" at concentrations1 mM promotes and
hydroperoxidation of fatty acids esterified in membrane at higher concentrations inhibits conjugated diene production
lipids, first we determined whether L-1 can utilize esterified with no appreciable generation of conjugated ketodienes
LA as a substrate and catalyze its oxygenation. Addition of (Figure 6C,D). At 2 mM LA, when L-1 catalyzes the
L-1 to vesicles composed of 1-palmitoyl-2-linoleoylphos- synthesis of conjugated ketodienes but not of conjugated
phatidylcholine (PLPC), containing esterified LA at 2 dienes, C& at concentrations<1 mM slightly suppresses
position, did not cause fatty acid hydroperoxidation, implying and at higher concentrations supports conjugated ketodiene
that the esterified LA is not a substrate for L-1 (Figure 5A, production. We conducted similar experiments with suspen-
curve 1). Addition of a secretory PLAN the presence of  sions composed of either 100 LA + 0.9 mM POPC or
L-1 resulted in a gradual increaseAgs,, which was preceded 100 uM LA + 0.8 mM POPC+ 100 uM 1-palmitoyl-2-
by a lag period of £2 min. This lag time is probably  lyso-phosphatidylcholine, when most of the fatty acid is in
necessary for the activation of membrane-bound Phya the lipid bilayers or micelles (not shown). The results of
critical amount of the product in the membra®®)( When these experiments were similar to those with 2 mM, rather
L-1 was added after incubation of PLPC vesicles with LA than 10QuM, LA indicating that the catalytic mechanism of
for 7—8 min, no lag period was observed in the hydroper- L-1 is regulated by interfacial adsorption of the enzyme rather
oxide production (Figure 5A, curve 2), suggesting that lipid than by LA concentration as such. The buffers used in
hydrolysis by PLA is the rate-limiting step in eicosanoid functional assays contained 20QM dioxygen, and the
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FIGURE5: UV/vis spectra of 0.3 mM extruded PLPC vesicles in 100 mM NaCl, 5 mM Hepes, pH 8.2, in the time-scan mode. The downward

spikes correspond to the following additions to the sample or reference cuvettes (left-to-right): curve 1in A and B, 50 nM L-1 to reference,

1 uM PLA, to reference, 50 nM L-1 to sample, andtll PLA; to sample; curve 2 in A and B, AM PLA, to sample and 50 nM L-1 to

sample (the reference cuvette contains both proteins); curve 3 inuM His-48-modified PLA to sample, 50 nM L-1 to sample, &V

more modified PLA to sample, and same to reference.

3 A B is usually coordinated by the side chains of acidic residues,
c oo we performed a search for Asp and Glu residues that are
.g_* g 1 close enough to each other, either by virtue of the primary
s 4 B 07 ! 2 sequence or by tertiary folding, to coordinate & Cin.
2 ) 3“1 We found three triads of acidic residues following each other
& 204 in a row, namely, GItFEGIu®4GIu'®®, Asp**3Glu*Glu*, and
e TR s o e ASp636AS|£]637ASp638. The first_triad is in the center @f-helix
Wavelength (nm) [Linoleic acid] (mM) 1, and the spatial configuration of carboxyl oxygens of these
1@3anm G 15 D residues does not allow them to coordinate a cation (the

closest distance of 6.43 A is found betweef? @&oms of

Glu®® and GIU®%. The residues 343, 344, and 345 belong
to the o-helix 6. The carboxyl oxygens of these residues
can hardly ligate a Ca ion, because they are separated from

each other by6 A. Although there are several possibilities
b AT TV to position a cation so that it could be coordinated by a
Seco?;:js 800 “;;gelengt;°(°nm) 30 combination of carboxyl and cart_)onyl oxygens, or by_the
) _ three carbonyl oxygens, these residues cannot be considered

FIGURE 6: (A) UV/vis spectra of 0.5 mM extruded PLPC vesicles as a potential Ga-binding site because the mainchain

in the presence of 50 nM L-1 without (curves 1, 2) and with (curves . . . .
3, 4) 1uM PLA, in the wave-scan mode. Spectra 1 and 2 were Carbonyl groups are involved in helical hydrogen bonding

recorded 32 and 57 min after addition of L-1, and spectra 3 and 4 and, additionally, Asff® is involved in a salt bridge with
were recorded 27 and 50 min after addition of BLIx-1 was added Lys*® (63). Inspection of the geometry of the third triad,
to both samples at the same time. The reference cuvette Contai”e(éspartates 636. 637. and 638. showed that these residues

50 nM L-1 (curves 1, 2) or 50 nM L-# 1 uM PLA; (curves 3, t dinat @nion for th in th
4). (B) Dependence of the production of conjugated dienes (curve C&NNOL coordinate a Caion for the same reasons as In the

1) and ketodienes (curve 2) by 50 nM L-1 on LA concentration. Preceding case. The next step was to examine the electro-
(C) Calcium dependence of conversion of 0.1 mM (curve 1) and 2 static surface of the protein. This revealed two potential
kme'\t/lo dl_ieAnt(e(;u(l;\:/LJer?/ezé)Sg tgocnol\';l‘jngtiﬂedé%’;&r?wg‘é“éeisk;é iﬁzjiggt% Ca'-binding sites, each composed of three acidic residues,
additions of L-1 (first a%ildition) and @M, 10 uM, 0.2 mlF\)/I, 5mM, nfimgly gIUtam'C acids 21, 106, and 179 (pu.tatlveHGa
and 20 mM CaGl (each CaGl concentration was first added to ~ Pinding site 1) and GI&r%, Asg?™, and GI¢"’ (putative C&'-

the reference and then to the sample cuvette). The last addition ofbinding site Il, Figure 7). In each of these two cases;'Ca
CaCl is omitted in curves 3 and 4 because it had little effect. (D) can be involved in inner-sphere complexes with two carboxyl

UV/vis spectra of 0.1 mM (curve 1) and 2 mM LA (curve 2) ; _ ; R
recorded 30 min after addition of 50 nM L-1. The buffer contained groups and in outer-sphere (i.e., through-water) complexes

50 mM NaCl, 10 mM Hepes, and 10 mM Capso, pH 8.2 (panel A) With three to four carboxyl oxygens. In several models of
and 9.0 (panels B, C, D). In panels B, C, and D the oxygen C&" binding to these two sites that we have considered, the
concentration was adjusted to 20M. average distance between?Cand protein oxygens was 2.75
samples were bubbled with air after each addition. Therefore+ 0.12 and 2.72t 0.02 A for putative C#&'-binding sites |
the generation of ketodienes could not be interpreted as aand Il, respectively. Regarding €a-ligand distances and
result of an anaerobic reactiof3). the presence of only two carboxyl oxygens in the inner
Possible Mechanism of €aBinding to L-1. Our results coordination sphere of Ca(plus a carbonyl oxygen in one
provide evidence for a new, @aregulated membrane- model), it is likely that C&" binding to L-1 is not strong.
binding mechanism for L-1. In an attempt to find potential We tried to detect protein-bound €zor a lanthanide cation
C&*-binding sites in L-1, we inspected the amino acid by X-ray crystallography, using crystals grown in the
sequence and the 3-dimensional high-resolution crystal presence of the cations (Dr. Anatoly Kiyatkin, personal
structure of L-1. Since in Ca-binding proteins the cation  communication). However, protein-bound cations were not

©

2(234nm) A
e E tem 4

} A 3(280nm)

0.5

o
Absorption
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Ca siie || (EB73, 677 & DE74)

FIGURE 7: A ribbon representation of L-1 structure. van der Waals surfaces of residu#s Glut%, GIul?®, GIut’3, Asp?’4 and GI§77,
constituting the putative Ga binding sites | and I, are shown. Two modeled?Cans are placed at putative &asites | and Il and are
presented as dark spheres.

detected in these experiments. The most likely reason formembranes could not support significantly more effective
this is that L-1 can only be crystallized at acidic pH (pH L-1 binding as compared to zwitterionic membranes, and
5.6); attempts to grow L-1 crystals at neutral pH were not (b) C&" is known to neutralize the negative surface charge
successful. Itis both expected and observed experimentallyof membranes containing phosphatidylserine only at{Ca
that C&" does not bind to some €abinding motifs in ~0.1 M (66), whereas C-promoted binding of L-1 to the
different proteins, such as EF hands of phospholipagd C- vesicles containing POPS reaches the level of the binding
(64) and troponin C §5), because of the acidic pH of the to POPC membranes at €aconcentrations of~0.2 mM
crystal growth medium. At low pH the carboxyl groups are (Figure 1D). These considerations imply that the most likely
partially protonated and their cation coordination capabilities mechanism of the Ca-mediated membrane binding of L-1

are weakened. is that C&" ions form salt bridges between the acidic residues
of L-1 and the negatively charged lipids in the membrane,
DISCUSSION although a combination of this and the other two mechanisms

In this work, we provide the first evidence that soybean ¢annot be ruled out.
lipoxygenase-1 binds to phospholipid membranes and that Since C&" promotes the binding of L-1 to acidic
C&" ions significantly support the binding of L-1 to membranes, we tried to find structural and sequence similari-
negatively charged membranes. In addition, we demonstrateties between potential €abinding sites of L-1 and specific
that C&" ions and the binding of L-1 to membranes or sequences in other proteins involved in?Geanediated
aggregated substrate affect both the structure and the functioomembrane binding, such as the?Gadependent lipid-binding
of the enzyme. Although in the absence ofCh-1 binds (CaLB) domains identified in cytosolic PL,&, synaptotag-
to zwitterionic membranes more effectively than to mem- min, various isoforms of phospholipase C, and some other
branes containing acidic lipids, €asupports L-1 binding proteins 67, 68). The CalLB (or C2) domains are130-
to negatively charged membranes and has little effect on L-1residue 8-strandeg-barrels, and Cd-binding residues
binding to zwitterionic membranes. Calcium ions could (mainly aspartates) belong to loops betwgestrands. The
facilitate L-1 binding to membranes containing acidic lipids Glu?! of L-1 is in the extended loop betweghstrands 1
by different mechanisms. First, Eacould induce exposure  and 2, and GIf® is in a turn betweerf-strands 5 and 6,
of hydrophobic residues of L-1 that would insert into the while Glul79 is in a loop following ther-helix 1. These
membrane core. Second, €acould bind to acidic lipids  features reveal some structural similarity between the putative
in the membrane, leading to the neutralization of the negative Ca&*-binding site | of L-1 and C2 domains. Ineffectiveness
charge of bilayers and to the elimination of the electrostatic of Mg?* to support membrane binding of both C2-containing
repulsion between the membrane and the protein. Third, proteins 68) and L-1 is another common feature between
C&" could form ionic bridges between the negatively (the C&'-binding motifs of) these proteins. Interestingly,
charged lipids and the acidic side chains of L-1. The first Glu?! of L-1 is involved in a sequence LEVNPD, which is
mechanism can be rejected because in this casesbauld similar to the inverse sequence DPYVEL that is conserved
have supported protein binding to both zwitterionic and acidic in the C2 domain of cytosolic PLA(68). By using this
membranes. The second mechanism is hardly feasiblesimilarity, we performed sequence alignment between 15
because (a) neutralization of the negative charge of theplant LOXs and 9 C2-containing proteins (aligned sequences
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Plant Lipoxygenases (N — C)

Source Topology Amino Acid Sequence

SoyL1 (19-31) ELEVN--———wmem e — e —— e PDGSAVDN
SoyL2 (30-61) VLDFNSVADLTKG--NVGGLIGTGLNVVGSTLDN
SoyL3 (23-49) VLDVNSVTSVG=m——=—= GIIGQGLDLVGSTLDT
Arabidol (32-45) VLDFN~-———==mmm——e—m———— e DFNASFLDR
Barleyl (30-43) VLDLN--————memem e e DFGATIIDG
Cukel (53-66) VLDFT-———=emm——me e — e EFHSNLLDN
Lentil (23-56) VLDINALTAAQSPSGIIGGAFGVVGSIAGSIIDT
Peal (26-59) VLDINALTAIKSPTGIVTGAFGAIGGAIGTVVDT
Peacyto (26-52) VLDINSLTTVG====——— GVIGQGFDILGSTVDN
Peaseed (26-57) VLDFNTIVSIGGG--NVHGVIDSGINIIGSTLDG
PotatA (44-57) CLDLT---====—===--~———-==NVGASLLDR
PotatB (30-43) VLDFT~-===—=mm—————————— DLAGSLTGK
Tobacl (30-43) VLDFT-—==mm—————m———m DINASVLDG
Tomatl (30-43) ALDFT---———m—mm————————— DLAGSLTDK
Tomat2 (30-43) LT ) o e NIGASVVDG
C2 Domains (C « N)

cPLA, (49-37) FLEVY==m—m——mmmmm—mm oo PDPTDLMD
PLC-71 (1115-1103) EIBVF---—-———=-—————em———— PCVIGRGN
PLC-y2 (1088-1076) EVEVF-—=~-—-—ccm——o——e———— PCAISRGL
PLC-B1 (700-690) DVEVY~mm——=mmm——mmmm e TGVKKD--
PLC-B2 (702-692) ELEVY~————m e e e TRVSRE--
PLC-B3 (732-722) DVEVY-————mmmm—mmmmmmmm e IGVKRD--
PLC-B4 (726-716) DVEVY-——==mm—mm e e mmmmm e e TGIKKD--
PLC-51 (659-647) EVIVK-—————ememmmm——mm—— e PDVISNKN
synI (184-172) FVRKVY=-m—mmem e e e PDSTGGMD

Ficure 8: Comparison of aligned sequences of fragments of 15 plant lipoxygenases with 9 inverse sequences taken from C2 domains of
different proteins. Single-letter codes for amino acids are used. Dashes are introduced to maximize sequence alignment. Boldface letters are
used to indicate residues corresponding to?Gtd soybean lipoxygenase-1. The abbreviations for plant lipoxygenase sources are taken
from Skrzypczak-Jankun, E., Amzel, L. M., Kroa, B. A., and Funk, M. O., Jr. (189@)eins: Struct., Funct., Genet. 285—31, and those
for C2-containing proteins are from Nalefski, E. A., and Falke, J. J. (1896fein Sci. 52375-2390.
of 20 plant and 13 mammalian LOXs were kindly provided membrane core6Q). On the other hand, the Trp fluores-
by Dr. Ewa Skrzypczak-Jankun of the Department of cence of L-1 was slightly quenched by the bromines upon
Chemistry, University of Toledo, OH). According to this its binding to vesicles composed of a phospholipid with two
alignment, Glé! of L-1 is presented by Asp in plant LOXs bromines at the 4,5 positions of tise-2 acyl chain, which
and is conserved in 6 out of 7 phospholipases C and inindicates that Trp side chains barely reach the 4,5 position
cytosolic PLA (Figure 8). The flanking Leu and Val of the lipid acyl chains. Altogether, our results indicate that
residues are either conserved or replaced by other hydro-L-1 binds to membranes peripherally, involving both hy-
phobic residues in all 24 sequences presented in Figure 8. Ifdrophobic and ionic factors.
C&" supports the interaction of L-1 with membranes by  Binding of C&" to the putative C& binding site | is likely
forming an ionic bridge between membrane phospholipids to have significant effect on the structure of L-1. This site
and acidic residues of L-1, including Gluthe two flanking is composed of two residues belonging to the N-domain of
hydrophobic residues may further reinforce membrane bind- L-1 (Glu?* and GId®) and one residue in the C-domain
ing of L-1 by inserting their nonpolar side chains into the (GIu'’). Incorporation of a C& ion into this site is likely
membrane. We checked whether the other acidic residueso cause attraction between the loosely connected N-domain
involved in putative C&-binding sites | and Il are conserved and C-domain due to ionic bridging between the carboxyl
in other LOXs and whether any sequence homology aroundgroups and, thus, lead to a somewhat more compact structure
these residues can be found compared to C2 domainsof L-1. This is in accord with our observation thatat
Although no primary structure similarities were found concentrations up to 1 mM decreases solvent accessibility
comparing sequences around these residues with C2 domaingp L-1. Although the effect of higher concentrations ofGa
all six residues involved in putative €asites | and Il as well as the structural/functional significance of the putative
appeared to be either conserved or substituted by the othelCa&"-binding site IlI, still remains unclear, our findings
acidic residue in 55%90% (70%-90% if GILf73is left out) suggest that the N-domain of L-1, whose function has not
of 20 plant LOXs. Comparison with 13 mammalian LOXs yet been determined, may be involved in &@Gmediated
revealed a much lower degree of similarity. membrane binding of L-1. We used the sequence alignment
Tryptophan side chains are known to strongly promote and the crystal structure of soybean L-3 enzyB8& (o check
hydrophobic interactions of membrane proteins with the whether a similar putative Cabinding site can be found
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in this protein. The L-3 residues A¥p Glu'?4, and GId*’
correspond to glutamic acids 21, 106, and 179 of L-1 that
are involved in the putative Cabinding site I. Although
Asp?® in the crystal structure of L-3 is relatively far from
Glu*?*and GIU*7 (distances between carboxyl oxygens range
from 6.97 to 8.78 A), the configuration of the latter two
residues allows the positioning of a cation which is coordi-
nated by both carboxyl oxygens of Gitiand by the &
oxygen of GI#®”. These results imply that €aions may
exert similar effects on other plant LOXs.

Our results indicate that €aions, in addition to sup-
porting the binding of L-1 to negatively charged membranes,
exert a biphasic effect on the structure and the activity of
L-1; moderate concentrations of €astabilize L-1 structure
and stimulate hydroperoxidation of monodisperse fatty acids,
whereas>1 mM Ca&" exerts a destabilizing effect on L-1

structure, which likely occurs at both secondary and tertiary 13.
structural levels, and promotes conversion of the fatty acid 14.

15.

structure/function relationship of these enzymes. Plant LOXs 14

to conjugated ketodienes. These results radically change the
current views on plant LOXs and open new prospects in the

may employ a C&-regulated membrane-binding mecha-
nism, which is probably a common feature for both animal
and plant LOXs.

In experiments using PLPC vesicles, a secretory PLA
and L-1, we demonstrated that liberation of LA by PLA

was necessary for providing a substrate for L-1, and that 19.

the lipid hydrolysis was the rate-limiting step in the whole

process of fatty acid oxygenation. This sequence of events 20.

is somewhat similar to the cooperation between cytosolic
PLA;, 5-LOX, and 5-LAP in mammalian cells, as described
above. Plant cell signaling involves a transient increase in
the cytosolic C& concentration and activation of PLA
which is followed by LOX-catalyzed biosynthesis of lipid-
derived mediators such as jasmonic acgD<{33). Our
results suggest that the increase in cytosolit"@ancentration

in plant tissue is likely to trigger partitioning of lipoxygenase
from the cytosol to intracellular membranes. This translo-
cation would facilitate the interaction of L-1 with the fatty
acid, liberated by PLA and its oxygenation. Remarkably,
jasmonic acid, the end product of the action of L-1 on
linolenic acid, contains a keto group, but no hydroperoxy
groups. Therefore, our finding that €aregulated mem-
brane binding of L-1 changes its catalytic activity toward

the generation of keto compounds seems physiologically 28
29.

relevant because it may facilitate production of jasmonic acid
by circumventing intermediate steps.
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