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ABSTRACT: Lipoxygenases form a heterogeneous family of lipid peroxidizing enzymes, which have been
implicated in the synthesis of inflammatory mediators, in cell development and in the pathogenesis of
various diseases with major health and political relevance (atherosclerosis, osteoporosis). The crystal
structures of various lipoxygenase-isoforms have been reported, and X-ray coordinates for enzyme—ligand
complexes are also available. Although the 3D-structures of plant and animal lipoxygenase-isoforms are
very similar, recent small-angle X-ray scattering data suggested a higher degree of motional flexibility of
mammalian isozymes in aqueous solutions. To explore the molecular basis for these differences we
performed dynamic fluorescence measurements that allowed us to study temperature-induced conformational
changes arising from three-dimensional fluctuations of the protein matrix. For this purpose, we first
investigated the impact of elevated temperature on activity, secondary structure, tertiary structure dynamics
and conformational alterations. Applying fluorescence resonance energy transfer we also tested the
membrane binding properties of the two lipoxygenase-isoforms, and compared their binding parameters.
Taken together, our results indicate that the rabbit 12/15-lipoxygenase is more susceptible to temperature-
induced structural alterations than the soybean enzyme. Moreover, the rabbit enzyme exhibits a higher
degree of conformational flexibility of the entire protein molecule (global flexibility) and offers the

possibility of augmented substrate movement at the catalytic center (local flexibility).

Lipoxygenases LOXs' form a heterogeneous family of
fatty acid dioxygenases that are widely distributed in plants
and animals (/, 2). Completion of the human genome project
revealed that there are six functional LOX genes, which
encode for six different human isoenzymes (3). The biologi-
cal activity of most mammalian LOX-isoforms is not
completely understood. 5-LOXs are involved in the biosyn-
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thesis of inflammatory leukotrienes (/), but other isoforms
have been implicated in cell death and differentiation (4),
bone development (5), cancer metastasis (6) and atherogen-
esis (7).

The structural biology of the LOX family is not well
developed. Crystal structures have been reported for plant
and nonmammalian LOX-isoforms (8—/2). Unfortunately,
for mammalian LOXs X-ray coordinates are only available
for the rabbit 12/15-LOX-inhibitor complex (/3), and on the
basis of these data a 3D-model for the human 5-LOX has
been worked out (/4). All LOX-isoforms constitute single
polypeptide molecules that are folded into a two-domain
structure (8—13). The large C-terminal domain contains the
catalytic non-heme iron that is buried deeply inside the
putative substrate-binding pocket. The small N-terminal
domain consists of antiparallel S-sheets and is interconnected
to the catalytic domain by an unstructured stretch of amino
acids. For the soybean LOX-1 (sb-15-LOX) the two subunits
share a 2.600 A2 interface that constitutes a solvent filled
crevice (9). Detailed evaluation of the corresponding X-ray
coordinates suggested that the overall structures of the two
domains are rather stable and that the N-terminal 3-barrel
domain might move as a stable unit relative to the catalytic
domain only by rocking along its surface but not by swinging
away from it (9). This conclusion is consistent with recent
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investigations into the solution structure of sb-15-LOX,
which did not provide any evidence for major linear
dislocation of the N-terminal domain (/5). In contrast, X-ray
scattering data on the rabbit reticulocyte 12/15-LOX (rr-12/
15-LOX) revealed a high degree of motional flexibility of
the enzyme in aqueous solutions, and this conclusion was
apparently supported by site-directed mutagenesis and mem-
brane binding studies (/6). Recent reevaluation of the X-ray
coordinates obtained for the rr-12/15-LOX-inhibitor complex
(13) suggested two different enzyme conformations (/7).
When the inhibitor is bound at the active site, rr-12/15-LOX
adopts a closed conformation, in which helix o2 blocks the
entrance to the substrate-binding pocket (/7). In contrast,
when the substrate-binding pocket is empty (open form),
helix a2 is restructured and its core-unit moves outside by
about 12 A to open the substrate-binding pocket. Interest-
ingly, displacement of this surface helix is paralleled by
conformational alterations at the active site. Here helix ot18
containing the sequence determinants of the positional
specificity 1593 (/8) retreats from the cavity enlarging the
volume of the substrate-binding pocket. This movement is
also quite substantial, since the o-carbon atoms of 1597, the
C-terminal amino acid of this helix in both conformers, are
separated by almost 6 A (7).

Taken together, these data suggest that rr-12/15-LOX
exhibits a high degree of structural flexibility, which appears
to be limited for the soybean enzyme. To explore the
molecular basis for the different dynamic properties of the
two LOX isozymes, we performed dynamic fluorescence
measurements that allowed us to study temperature-induced
conformational changes arising from three-dimensional
fluctuations of the protein matrix. For this purpose, we first
investigated the impact of elevated temperatures on activity,
secondary structure, tertiary structure dynamics and confor-
mational alterations. Applying fluorescence resonance energy
transfer, we also tested the membrane binding properties of
the two LOX-isoforms and compared their binding param-
eters. Our results indicate that the rr-12/15-LOX is more
susceptible to temperature-induced structural alterations than
sb-15-LOX and exhibits a higher degree of motional
flexibility.

MATERIALS AND METHODS

Chemicals. BODIPY-B3824 and BODIPY-B3825 were
from Invitrogen (Carlsbad, USA). Linoleic (9, 12-octadeca-
dienoic) acid and buffers were purchased from Sigma
Chemical CO (St. Louis, MO).

Preparation of Native LOX-species. The soybean (Glycine
max [L.] Merrill, Williams) LOX1 (sb-15-LOX) was purified
from seeds combining sequential ammonium sulfate pre-
cipitation and both cationic and anionic exchange chroma-
tography (CM Sephadex C-50 and DEAE Sephadex A-50,
GE-Healthcare Bio-Sciences, Uppsala, Sweden); a further
step of purification was added, by using a fast protein liquid
chromatography apparatus (FPLC Akta Explorer, GE-
Healthcare Bio-Sciences, Uppsala, Sweden). The rabbit 15-
LOX was prepared from a stroma-free supernatant of a
reticulocyte-rich blood cell suspension by sequential fraction-
ated ammonium sulfate precipitation, hydrophobic interaction
chromatography (Biogel SEC Phenyl-5-PW column, Biorad,
Munich, Germany) and anion exchange chromatography

Biochemistry, Vol. 47, No. 35, 2008 9235

(Resource-Q column, GE-Healthcare Bio-Sciences, Uppsala,
Sweden). All spectroscopic measurements of both sb-15-
LOX and rr-12/15-LOX were carried out in Tris HCI, pH =
7.2, 50 mM, at a protein concentration varying in the range
~5—10 uM.

Activity Assays. The enzymatic activity of the two LOX-
isoforms was assayed by the standard spectrophotometric
procedure measuring the time-dependent increase in absor-
bance at 235 nm (formation of conjugated dienes) in a 0.1
M phosphate buffer, pH 7.4. Linoleic acid (in the range
5—500 uM) was employed as substrate.

CD and Absorption Spectroscopy Measurements. The
unfolding process was monitored by CD measurements at
220 nm using a Jasco-710 spectropolarimeter at different
temperatures (°C), using a 0.1 cm quartz cuvette. The alpha
helix and beta structure content was estimated with the Jasco
software based on the comparison between the measured
spectrum and a linear combination of reference spectra
obtained form a set of proteins with known secondary and
tertiary structure (19, 20). Enzymatic activity (in the presence
or in the absence of BODIPY) was assayed spectrophoto-
metrically at 25 °C, by recording the formation of conjugated
hydroperoxides from linoleic acid at 234 nm on a Perkin-
Elmer Lambda 18 spectrophotometer.

Dynamic Light Scattering Measurements. Light scattering
measurements were performed on a Horiba (Kyoto, Japan)
LB-500 dynamic light scattering nanoparticle size analyzer,
equipped with a 650 nm, 5 mW laser diode. Data analysis
was performed using the accompanying software based on
a Fourier-transform deconvolution procedure.

Fluorescence Spectroscopy Measurements. Dynamic fluo-
rescence and anisotropy measurements were performed on
a K2 spectrofluorometer (ISS, Champaign, IL) equipped with
Glan-Thompson polarizers, using the phase-shift and de-
modulation technique. During all measurements a constant
temperature in the sample holder was maintained by an
external bath circulator and carefully checked by a thermo-
couple. Two laser diodes with emission wavelengths at 300
4+ 6 nm and 370 £ 6 nm were used as light sources to
monitor tryptophan and BODIPY fluorescence. The emission
was observed through cutoff filters (WG 320 and WG 420,
respectively) to avoid scattered light.

LOX samples were incubated in the presence of BODIPY
in a K*-phosphate buffer 100 mM, at pH = 8.0, 25 °C
(BODIPY to protein ratio 60:1) for about 30 min. The
BODIPY in excess was then removed by filtration of the
solution through a D-salt excellulose plastic desalting
column, equilibrated at pH = 7.2. The anisotropy decay of
the BODIPY—LOX complexes were fitted according to a
double exponential decay function, with two distinct rota-
tional correlation times, ¢; and ¢,. The theoretical rotational
times for rr-12/15-LOX and rr-12/15-LOX are 40 and 30
ns, using molecular weights of about 95 kDa and 75 kDa,
respectively, assuming a spherical and rigid shape for both.
Actually, considering that they are more similar to prolate
ellipsoids, the longer rotational component (¢,) was consid-
ered a first order approximation of the overall tumbling of
the dye together with the whole enzyme (21, 22).

Membrane Binding. To evaluate the effect of the physical
state of the membrane on the protein—lipid interaction, we
carried out binding experiments with large unilamellar
vesicles (LUV) with two different lipid compositions: 1,2-
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FIGURE 1: Thermal denaturation of LOX-isoforms. Aqueous solutions of sb-15-LOX (filled symbols) and rr-12/15-LOX (empty symbols)
were heated to different temperatures, and CD signals at 220 nm were recorded. Panel a: CD-signal intensity. Panel b: center of mass of

fluorescence spectrum. Panel c: enzymatic activity.

dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), a lipid
known to be in the solid-like gel phase ((-phase) at the
temperatures used for the binding experiments, and 1-palmi-
toy-2-oleyl-sn-glycero-3-phosphocholine (POPC), an abun-
dant lipid in animal cell membranes that is in the liquid
disordered crystalline phase (a-phase, 1) at the same
temperatures (23, 24). Interaction of the LOX-isoforms with
DPPC and POPC vesicles was performed at 22 and 37 °C
in the presence of 0.2 mM Ca®", using a protein concentration
of 0.2 uM in all experiments. Membrane binding data were
elaborated through nonlinear regression analysis, using the
Sigma Plot 2000 program (Systat Software, London, U.K.).
Fluorescence Resonance Energy Transfer (FRET). FRET
was measured on the basis of a decrease in the emission
intensity of the energy donor (Trp residues). Since FRET is
based on short-range (28 A for the Trp-pyrene pair)
dipole—dipole interactions between energy donors and ac-
ceptors, the observed effect indicates binding of protein
molecules to vesicles. After correction of the FRET data for
sample dilution and for increase of emission intensity upon
binding to unlabeled vesicles, binding isotherms were
constructed by calculation of the changes in emission
intensities of tryptophans at each lipid concentration [L]
relative to the zero lipid level, namely AF.
L]
AF= A oD+ (L M
Each curve was used to determine the saturating value of
AF at high lipid concentration (i.e., AFy,y) and the value of
lipid concentration giving the 50% of saturation (AF = (1/
2)AFmax), namely Ly,. Then, AF .« were used to construct
the experimental binding isotherms, i.e. the dependence of
AF/AFy,x on [L]. The analysis of these curves was carried

out using a binding model, according to which each free
protein molecule binds to an unoccupied binding site at the
membrane surface, implementing a method described
previously (25, 26). Nonlinear regression analysis of the
different binding isotherms allowed the calculation of the
values of dissociation constant K, and the number of lipid
molecules (V) per protein binding site. It can be demonstrated
that, at half-saturation of protein binding to membranes, K4
depends only on [L],., N, protein concentration [P], and the
fraction of lipids accessible for the protein interaction (9),
according to the following equation:

K,= ]%[L]vz - %P] (2)
The value of the parameter d for membrane vesicles with
an external diameter of 100 nm is ~0.52, as previously
reported. (26)

RESULTS

Temperature-Dependent Unfolding of Plant and Mam-
malian LOX-Isoforms. To compare the thermal stability of
rr-12/15-LOX and sb-15-LOX we initially tested the tem-
perature dependence (10—70 °C) of enzymatic activity
(Figure 1, panel c) and related these changes to alterations
in the secondary and tertiary structure (CD and fluorescence
measurements, respectively). From Figure 1a it can be seen
that the half-transition temperature (7so%) is higher for sb-
15-LOX (51 °C vs 43 °C), indicating that the plant enzyme
is more thermostable. The shape of the fluorescence curves
that is determined by the change in the spectral center of
mass suggests that the process is more complex than a simple
two-state transition (Figure 1b).
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FIGURE 2: Aggregation and reversibility of structural alterations
induced by high temperature. Particle size distribution as a function
of temperature (10 °C, purple; 30 °C, blue; 45 °C, green; 50 °C,
orange; and 60 °C, red lines). In the insets the % CD signal is
reported at different temperature values (see text).

Since an increase in temperature frequently induces protein
aggregation, we assayed formation of LOX aggregates by
light scattering measurements. As indicated in Figure 2,
relevant aggregates can be detected for sb-15-LOX at 60 °C
while for rr-12/15-LOX the aggregation process is already
initiated between 45 and 50 °C. In both cases, the temperature
threshold for aggregation is paralleled by a rapid loss in the
native tertiary structure of the enzyme (Figure 1b). We
therefore investigated to what extent protein aggregation
prevents correct structural refolding. For this purpose a
solution of sb-15-LOX was heated from 9 to 45 °C and then
cooled down to the starting temperature. In a second
experiment the solution was heated from 9 to 60 °C and
then cooled down to 9 °C. Because of the higher temperature
sensitivity of the rr-12/15-LOX, the temperature profile was
modified (9 to 30 °C and back to 9 °C; 9 to 45 °C and back
to 9 °C). The results of these experiments (Figure 2, insets)
indicate that for both enzymes the structural alterations
(changes in the CD-spectra) induced by increasing the
temperature to 30 °C (rr-12/15-LOX) or 45 °C (sb-15-LOX)
were completely reversible. However, heating the enzyme
solutions any further (60 °C for sb-15-LOX, 45 °C for rr-
12/15-LOX) induced irreversible structural alterations. Simi-
lar results were obtained when we assayed the catalytic
activity as readout parameter (data not shown), and additional
experiments with different temperature profiles (data not
shown) suggested that the threshold temperatures (loss of
reversibility) were above 45 °C for sb-15-LOX and 35 °C
for rr-12/15-LOX.

Analysis of Tertiary Structural Dynamics and Conforma-
tional Changes. LOX-isoforms constitute single polypeptide
chain proteins, which are folded into a two domain
structure (9, 13). The large C-terminal domain contains the
catalytic non-heme iron, but the N-terminal C2-domain is
not essential for catalytic activity for several LOX-isoforms
(27, 28). To gain insights into protein dynamics, which might
involve interdomain movement, we next characterized the
temperature-dependent structural alterations by fluorescence
lifetime measurements of tryptophans. The fluorescence
signal of tryptophan is sensitive to polarity and mobility of
the surrounding environment (29). Thus, recording temper-
ature-dependent alterations in tryptophan fluorescence al-
lowed us to map the conformational heterogeneity of the
protein tertiary structure, that is caused by structural fluctua-
tions in the nanosecond time scale. Previous measurements
(30) have demonstrated that for a complex molecular system
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such as sb-15-LOX the fluorescence decay can be fitted
according to a bimodal Lorentzian distribution of lifetimes,
and these data were confirmed in this study (Figure 3a,b).
The short and long components were significantly affected
by temperature; the width of the fluorescence signals was
increased, and the peak was shifted to shorter lifetime values.
The size of the full width at half-maximum, which reflects
the degree of heterogeneity, has been plotted against tem-
perature and reported in the inset. As long as the temperature
was kept below 40 °C, no major effects were observed. Then,
structural heterogeneity increases, reaching a maximum at
around 55—60 °C. Such behavior was expected, since at these
temperatures multiple enzyme conformers should be present
because of partial denaturation (3/—34). Fluorescence
dynamics of rr-12/15-LOX resembles that of the soybean
enzyme, but again the onset of alterations was shifted to
lower temperatures. The widths of the fluorescence signals
approached 0.5 ns at 60 °C (Figure 3c,d insets), which is
almost the same value obtained for sb-15-LOX at 70 °C
(Figure 3a,b, insets). Interestingly, broadening of the fluo-
rescence signals starts around 40 °C, which is close to the
threshold temperature for the onset of dysfunction (Figure
1c), unfolding (Figure 1a,b) and irreversibility (Figure 2) of
r-12/15-LOX.

The temperature dependence of the catalytic activity of
sb-15-LOX deserves more detailed discussion. From Figure
Ic it can be seen that there is hardly any increase in
enzymatic activity between 10 and 20 °C, and this result
apparently contradicts the Arrhenius equation. It should,
however, be stressed that alterations in the reaction temper-
ature may impact both structural dynamics of the enzyme
molecule and the physicochemical state of the substrate.
These two processes might either synergize or antagonize
each other so that the resulting net effect of temperature on
catalytic activity might actually be zero.

Motional Flexibility of the Fatty Acids Access Channel.
To explore the structural flexibility of the fatty acid binding
pocket, we applied fluorescence dynamic anisotropy tech-
niques using BODIPY fatty acids analogues as probes. These
fluorescence fatty acids were specifically designed to interact
with fatty acid-binding proteins (35). Initially, we selected
two different probes for these experiments: BODIPY-B3824
(fluorescence label is localized in the middle of the fatty acid
chain), and BODIPY-D3825 (fluorescence label is localized
closer to the carboxylic group) (35). While BODIPY-B3824
was not a competitive LOX-inhibitor, and thus it was not
suited for our experiments, BODIPY-D3825 was shown to
compete with the substrate fatty acid for binding at the active
site of sb-15-LOX and rr-12/15-LOX with a K; of ap-
proximately 9 and 1 uM, respectively (data not shown). Next,
we performed fluorescence anisotropy measurements of
BODIPY-D3825 bound at the active site of the two LOX-
isoforms, as function of increasing temperatures between 10
°C and 40 °C; the experimental data were fitted with two
distinct rotational correlation times, ¢; and ¢,. The shorter
correlation time (¢;), which mirrors probe segmental motion,
is strictly related to the environment surrounding the probe.
Upon binding at the active site, BODIPY-D3825 provides
direct information on the dynamics of amino acid residues
located at the catalytic center. Comparing the short rotational
correlation times of the two LOX-isoforms (Figure 4) one
may conclude that ¢, is much smaller for rr-12/15-LOX.
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FIGURE 3: Temperature-dependent fluorescence lifetime distributions of LOX isoforms. Upper panels: Fluorescence dynamics of an aqueous
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Moreover, ¢; is strongly temperature-dependent for this
enzyme, whereas elevated temperature hardly impacted ¢,
for the sb-15-LOX. These data suggest that the probe
undergoes a faster rotational motion at the active site of the
mammalian enzyme. Assuming that the dye segmental
motion can be described as a conic trajectory, the amplitude
of the cone, 0, and the rotational diffusion coefficient, D,
can be evaluated from the anisotropy decay parameters (33).
At 25 °C, similar rotational amplitudes were calculated for
the movement of BODIPY-D3825 at the active site of the
two enzymes (20 °C for sb-15-LOX vs 24 °C for rr-12/15-
LOX), while the diffusion coefficients are considerably
different (0.01 for sb-15-LOX vs 0.14 ns~! for rr-12/15-
LOX). Again, these data are consistent with the idea of a
higher motional flexibility of the probe at the active site of
the rr-12/15-LOX.

The long rotational correlation times, ¢,, were more than
1 order of magnitude larger than the respective ¢;-values,
and were extremely influenced by temperature (Figure 4).
This behavior suggests that ¢, may be related to tumbling
of the entire protein molecule. Indeed, a rough estimation
of the rotational correlation time for a sphere of about 100
kDa yields ~42 ns (22). The lower ¢,-value obtained for
rr-12/15 LOX might therefore indicate the presence of an
enhanced segmental mobility of the two protein domains.

Membrane Binding Properties of LOX-Isoforms. It has
been reported before that both LOX-isoforms are capable
of binding to biomembranes in a calcium dependent
manner (25, 36, 37). To explore the impact of membrane
binding on enzyme structure, we investigated by fluorescence
resonance energy transfer (FRET) the temperature-depen-
dence of LOX binding to large unilamellar vesicles (LUVs)
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FIGURE 5: Fluorescence emission spectra of membrane bound LOX-isoforms. LOX-isoforms (0.2 uM sb-15-LOX, 0.2 uM rr-12/15-LOX)
were incubated at 22 °C with increasing concentrations of POPC vesicles (0—500 #M) containing no or 2 mol % lipophilic Py-PE fluorophor.
Upper panel: sb-15-LOX. Lower panel: rr-12/15-LOX. Addition of lipid vesicles causes a decrease in Trp emission intensity as a result of
sample dilution. Spectra obtained in the presence of Py-PE show a significant decrease in Trp fluorescence intensity due to resonance
energy transfer from Trp of LOXs to Py-PE embedded within the membranes. The change in color from red to blue corresponds to a
change in lipid concentration from O to 500 #M (concentration steps were made by serial dilutions).

Table 1: Parameters Characterizing the Interaction of LOX-Isoforms with Large Unilamellar Vescicles Composed of DPPC or POPC, in the Presence of

0.2 mM Ca?t at 22°C

lipid protein [Lliz (uM) Kq (uM)* NP area of interaction (A2)
DPPC sb-15-LOX 734 +69 0.36 + 0.03 101 6363
DPPC r-12/15-LOX 62.8 £5.7 0.35 £0.03 120 7560
POPC sb-15-LOX 552 +45 0.35 £0.03 43 2790
POPC r-12/15-LOX 36.0 +2.9 0.28 £+ 0.02 44 2772

“ These values were derived from data shown in Figure 5 and calculated according to eq 2. ® These values are the mean of at least three different

measurements and show a standard error less than 10% (P < 0.001).

containing 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-
N-1-pyrenesulfonyl (Py-PE) as fluorescence probe. Addition
of dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) lipid
vesicles without Py-PE induced a decrease in tryptophan
fluorescence as a result of sample dilution (Figure 5, left
panels). When we titrated the two LOX-isoforms with Py-
PE-containing vesicles (Figure 5, right panels), Trp fluores-
cence intensity was significantly quenched, because of energy
transfer from the tryptophan residues (energy donors) to Py-
PE (energy acceptor).

Next, we explored the impact of vesicle composition
[DPPC vs 1-palmitoy-2-oleyl-sn-glycero-3-phosphocholine
(POPC)] vesicles) on binding of the two LOX-isoforms at
22 °C. The values for changes in tryptophan emission
intensities at high lipid concentration (AF,,y), calculated for
the binding of sb-15-LOX to DPPC and POPC membranes,
are comparable to those obtained for rr-12/15-LOX (AF pax
= 0.85 &£ 0.04), indicating a similar saturating behavior for

the two enzymes. Comparing the half-saturation of binding
(L1p2) of the two enzymes to DPPC and POCP vesicles, we
found that both enzymes preferentially bind to membranes
in the liquid disordered phase (POPC vesicles). These data
suggest that, despite mammalian and plant LOXs only
sharing a low degree of amino acid conservation, they have
a convergent three-dimensional structure, which is more
suitable to bind lipid bilayers in the liquid disordered phase,
a typical feature of biomembranes. Moreover, rather small
N-values were calculated for the two LOX isoforms upon
interaction with POPC vesicles, indicating that the enzymes
may interact with a small number of lipid molecules (Table
1). This conclusion was confirmed when we calculated the
area of interaction (Table 1). When we compared the
membrane binding properties of rr-12/15-LOX with those
of the soybean enzyme (Table 1), we found that rr-12/15-
LOX exhibits a higher binding affinity and efficiency (K
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Table 2: Parameters Characterizing the Interaction of sb-15-LOX and rr-12/15-LOX with Large Unilamellar Vesicles Composed of DPPC or POPC, in

the Presence of 0.2 mM Ca%* at 37°C

lipid protein [L1i (uM) Kq (uM)* N* area of interaction (A2)
DPPC sb-15-LOX 98.5£8.8 0.38 £0.03 105 6615
DPPC r-12/15-LOX 577+55 0.18 £0.02 109 6867
POPC sb-15-LOX 61.0+5.7 0.33 £0.03 74 4662
POPC r-12/15-LOX 36.6 = 1.0 0.18 £ 0.01 78 4914

“ These values were obtained from data similar to those reported in Figure 5 and calculated according to eq 2. ” These values are the mean of at least
three different measurements and show a standard error less than 10% (P < 0.001).

and L) and these differences are particularly prominent for
the POPC vesicles.

To explore the impact of temperature on the membrane
binding properties of the two LOX-isoforms we repeated
these experiments at 37 °C. At this temperature we observed
the most relevant conformational and functional differences
between the two proteins (Figure 1). The AF-values calcu-
lated at high lipid concentration for the two LOX-isoforms
at 37 °C were comparable (AF . = 0.85 £ 0.04). On the
other hand, we found that both L;,- and Ky-values for rr-
12/15-LOX were smaller than for the soybean enzyme (Table
2). Similar differences were already observed at 22 °C, but
they were more pronounced at higher temperatures. Compar-
ing the membrane binding affinity (Ky4) of the two enzymes
at 22 and 37 °C, we concluded that elevated temperatures
hardly affected this property of sb-15-LOX (0.36 vs 0.38
for DPPC, 0.35 vs 0.33 for POPC). In contrast, strongly
decreased Kg-values were observed for rr-12/15-LOX at 37
°C (0.35 vs 0.18 for DPPC, 0.28 vs 0.18 for POPC). These
data confirm that the soybean enzyme is structurally more
stable and its membrane binding properties are hardly
affected by temperature alterations. In contrast, rr12/15-LOX
is more thermolabile and requires the presence of a lipid
environment to be stabilized at higher temperatures.

At 22 °C we found that the number of lipid molecules
interacting with one protein particle is higher with DPPC
vesicles when compared with POPC liposomes. Similar
observations were also made at 37 °C. Although the N
numbers did not significantly change between 22 and 37 °C
for the DPPC vesicles (101 vs 105 for sb-15-LOX, 120 vs
109 for rr-12/15-LOX), we observed a strong increase in
interacting lipids in POPC vesicles for both enzymes (43 vs
74 for sb-15-LOX, 44 vs 78 for rr-12/15-LOX). These data
indicate that elevated temperatures induce an increase in
interacting lipid molecules in a liquid disordered phase
(POPC) but not in DPPC vesicles.

Taking into account (23, 38) that the maximum value of
the cross-sectional area of a lipid polar head in the case of
DPPC and POPC is 68 Az’ one can estimate the effective
area of lipid binding for a single protein molecule (Tables 1
and 2). If the two LOX proteins are considered as prolate
ellipsoids of revolution, one can estimate the values of the
maximum area available for the membrane binding per
protein molecule on the basis of their crystal structures. This
area may correspond to half of the surface of the ellipsoid,
and was calculated to be 8000 A2 for sb-15-LOX and 7100
A2 for 1r-12/15-LOX. However, under our experimental
conditions we determined reduced areas of lipid interactions
(Table 2). These data suggest that both proteins preserve a
compact structure upon membrane binding and that their
surfaces only partly interact with lipid molecules.

DISCUSSION

Different Thermal Denaturation Kinetics of sb-15-LOX
and rr-12/15-LOX. Research on the structural biology of
LOXs was dominated in the past by X-ray crystallographic
studies (8—12), and application of this static technique led
toidentification of the putative substrate-binding pocket (§—10).
However, more dynamic approaches of structural elucidation
have recently been employed, and the solution structures of
both rr12/15-LOX and sb-15-LOX were explored by small-
angle X-ray scattering (/5, 16). These data and molecular
dynamics simulations on the rr-12/15-LOX (39) suggested
that the structural flexibility of LOX-isoforms might vary
and that more detailed knowledge on the conformational
flexibility of these proteins is required to understand the
mechanisms of their catalytic activity at the molecular level.
Although dynamic fluorescence cannot compete with X-ray
crystallography in terms of structural resolution, it offers the
advantage of following the dynamics of structural alterations
in aqueous solutions at low protein concentration. Previous
unfolding measurements on sb-15-LOX (40) suggested that
thermal denaturation of the enzyme is initiated in the
C-terminal domain, and our results allow similar conclusions
for the rr-12/15-LOX.

Dynamic Fluorescence Data Suggest a Higher Motional
Flexibility of rr-12/15-LOX. Applying dynamic fluorescence
measurements we have previously shown that sb-15-LOX
displays a complex fluorescence decay pattern that can be
described by a double, continuous distribution of lifetimes
(30). The rationale for such result resides in the heteroge-
neous location of the 13 tryptophans in the protein matrix.
Furthermore, the width of a continuous distribution of
lifetimes may also reflect the number of conformational
substates influencing each tryptophan microenvironment
during the excited state, providing detailed information on
protein dynamics in the nanosecond scale (29). In contrast
to the data obtained for sb-15-LOX (Figure 3a,b), the
behavior of 1r-12/15-LOX dynamics in the pre-denaturation
range (10—40 °C) was found to be quite different. As a
matter of fact, both fluorescence lifetime distributions
undergo a progressive and relevant narrowing around their
central value (Figure 3c,d). Such an effect is well-known
since the appearance of the very first papers about continuous
distribution of lifetimes in fluorescence spectroscopy (41, 42),
and it has been ascribed to faster dynamics. In particular,
the increased structural fluctuations induced at higher tem-
perature are expected to enhance the rate of interconversion
among different protein conformational substates (47). Ac-
cording to this model, the local environment experienced by
each tryptophan residue in its excited state becomes more
homogeneous and induces a narrowing of the lifetime
distribution. Experiments on single tryptophans or on single
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tyrosine-containing proteins have not only confirmed this
picture, but they have also proven that the effect of
temperature is independent of the aromatic probe used (33, 34).
The rr-12/15-LOX is stable and active only in a narrower
temperature range (Figure 1), and therefore the effect on the
widths might appear less spectacular than for other proteins
(Figure 3c,d). Repeating the lifetime measurements in the
presence of glycerol (data not shown) demonstrated that
impairment of domain mobility for rr-12/15-LOX reduced
the impact of temperature. In fact, the presence of glycerol
makes the interconversion among conformational substates
more difficult, preventing shrinkage of the lifetime distribu-
tion. This effect may be achieved by preferential solvation,
a molecular mechanism that forces proteins in glycerol
solutions to adopt a compact conformation (43, 44). This
mechanism slows down the interconversion rate among
conformational substates increasing the heterogeneity of the
fluorescence decay. As negative control, lifetime measure-
ments of sb-15-LOX in the presence of glycerol showed an
extensive broadening effect (data not shown). Taken together,
these data suggest that in the pre-denaturation period the
overall conformational dynamics in 1r-12/15-LOX solution
appears to be much faster.

Membrane Binding Properties of sb-15-LOX and rr-12/
15-LOX. LOX-isoforms are known to exhibit membrane
binding activities, and previous findings indicated that
increased intracellular calcium levels induce membrane
binding of various LOX isoforms (30, 36, 37). It is well-
known that membrane binding strongly enhances the catalytic
activity of 1r-12/15-LOX, but the underlying mechanisms
remain elusive (45). Our membrane binding data indicated
that the LOX structure is stabilized by the interaction with
lipid bilayers and that the protein remains properly folded.
In contrast to the soybean enzyme, rr-12/15-LOX undergoes
augmented structural fluctuations at higher temperatures, that
seem to be the structural basis for the more efficient
membrane binding. In summary, these results suggested that
mammalian LOXs at 7' > 35 °C need to be stabilized by
membrane binding, while plant enzymes resist elevated
temperatures, without requiring membrane interaction. This
finding is consistent with previous results obtained in vivo
with plants exposed to temperature stress (46).

Biological Importance of Structural Flexibility. The biol-
ogy behind the structural differences between plant and
mammalian LOXs remains an open question. It may be
tempting to speculate that the high degree of motional
flexibility of the rr-12/15-LOX offers the evolutionary
advantage of more precise regulation of the catalytic activity
via interdomain interactions, allowing better adjustment of
substrate acquisition and chemical processing. In fact, our
data on rotational correlation times (Figure 4) obtained by
anisotropy measurements provided direct evidence of a
higher motional flexibility at the active site of rr-12/15-LOX,
and these findings are consistent with the concerted structural
rearrangements recently suggested for rr-12/15-LOX upon
ligand binding (/7). The price to be paid for this evolutionary
advantage is the less compact 3D-structure that is paralleled
by impaired enzyme stability. To compensate for this
disadvantage in living cells, the rr-12/15-LOX may interact
with lipid bilayers, which apparently stabilize the protein
structure. Whether similar high degrees of motional flexibility
can also be found for other mammalian LOX-isoforms
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deserves further investigation. Unfortunately, no direct
structural data are currently available for these isoforms, and
enzyme supply is also limited. However, high-pressure
techniques may be a promising tool to provide further
insights into the mechanistic basis of structure-to-function
relationships of plant and animal lipoxygenase isoforms.

It has frequently been suggested for homologous enzymes
that the catalytic efficiency increases with the degree of
motional flexibility. However, for the two LOX-isoforms
compared in this study we did not confirm this hypothesis.
Although the Ky-values for fatty acid substrates are com-
parable (47), the sb-15-LOX is catalytically more active (kca
of 300 s™! for sb-15-LOX vs 20 s~! for rr-12/15-LOX). The
molecular basis for this difference has not yet been clarified,
but it might be related to the higher degree of motional
flexibility of substrates at the active site, which counteracts
precise positioning of the fatty acid molecule in relation to
the non-heme iron. Such less precise substrate alignment may
hinder catalysis of hydrogen abstraction from a bisallylic
methylene, which is the rate-limiting step of the LOX
reaction.
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