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ABSTRACT: Accurate modeling of structural dynamics of proteins and
their differentiation across different species can help us understand
generic mechanisms of function shared by family members and the
molecular basis of the specificity of individual members. We focused
here on the family of lipoxygenases, enzymes that catalyze lipid
oxidation, the mammalian and bacterial structures of which have been
elucidated. We present a systematic method of approach for character-
izing the sequence, structure, dynamics, and allosteric signaling
properties of these enzymes using a combination of structure-based
models and methods and bioinformatics tools applied to a data set of 88
structures. The analysis elucidates the signature dynamics of the
lipoxygenase family and its differentiation among members, as well as
key sites that enable its adaptation to specific substrate binding and
allosteric activity.

■ INTRODUCTION

Understanding the structural dynamics and allosteric mecha-
nisms of proteins and their differentiation among family
members is still a challenge despite its significance for accurate
design of proteins with finely tuned activities and for
understanding their response to intermolecular or environ-
mental effects. The accumulation of structural data on well-
studied proteins now permits us to learn from the evolution of
sequence and structure toward gaining insights into key sites
and interactions that underlie the stability and function.1−6

Equally important is to assess the molecular mechanisms/
dynamics that underlie the adaptability of the same protein to
evolving functions. Recent advances in both molecular
modeling and bioinformatics tools now offer the possibility
of quantitatively characterizing the shared properties of family
members as well as member-specific features. The present
study aims at introducing such a computational approach and
providing insights into the biologically significant family of
lipoxygenases (LOXs) − enzymes crucial for catalyzing lipid
oxidation, thus regulating a broad range of cellular activities.

LOXs are found in both prokaryotes (e.g., bacteria) and
eukaryotes (plants, fungi, and animals). LOXs are involved in
formation of lipid mediators - signaling molecules involved in
inflammatory cascades in animals, including a variety of
eicosanoids (e.g., leukotrienes, hydroxyeicosatetraenoic acid
[HETE], and 15-hydroperoxyeicosatetraenoic acid [15-
HPETE],7,8 to name a few). In plants, they play a role in
the defense system against pests, synthesis of oxylipins,
germination, and senescence.9 LOXs are also present in
some prokaryotes, although only a few have been biochemi-
cally characterized.8 The most common substrates of LOXs are
polyunsaturated fatty acids (PUFAs).7,10−12 The specificity of
LOX catalytic activity (the position of the oxygenation site in
the PUFA) has been an intriguing question for biologists.13

There exist LOXs specific to most of the available oxidizable
positions on linoleic acid (LA) and arachidonic acid (AA) -
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two common substrates of LOXs. LOX family members are
named after the PUFA carbon they oxygenate; for example,
12LOX oxygenates AA at carbon 12 (C12), 15LOX at C15,
etc. The human genome contains six functional arachidonate
LOX (ALOX) genes.14 Two of these encode 15LOX forms,
which have been extensively studied due to their involvement
in ferroptosis15,16 and aberrant metabolic reactions associated
with asthma, brain, kidney, and intestinal injuries.17 ALOX15
encodes 15LO1, which is expressed at high levels in
eosinophils, interleukin-4 treated airway epithelial cells, and
monocytes;18−20 ALOX15B encodes 15LO2, which is highly
expressed in a variety of epithelial cells.18,21

The members of the LOX superfamily share a common
structural core irrespective of their origin−bacterial, plant,
fungal, invertebrate, or vertebrate. These are single polypeptide
chains with a molecular mass of ∼75−80 kDa in animals and
∼94−104 kDa in plants and a highly conserved catalytic
center.22−26 Figure 1a illustrates the shared structural core and

catalytic site in the LOX from Pseudomonas aeruginosa (also
called pLoxA),27 which we use as our reference. LOXs have an
N-terminal β-barrel domain, also called a PLAT domain that
assists in association with the lipid bilayer (except in
prokaryotes where it is replaced by the lid helices) and a
larger catalytic domain. The catalytic site contains a nonheme
iron liganded to at least three conserved histidines and a
conserved isoleucine at the C-terminus. The active LOX is in
the ferric (Fe3+) form, but the enzymes isolated experimentally
tend to be in the inactive, ferrous (Fe2+) form.
We recently reported that phosphatidylethanolamine (PE)-

binding protein 1 (PEBP1), a small promiscuous scaffolding
protein, allosterically modulates the oxygenase activity of
15LOX by changing its substrate specificity from f ree PUFA to
PUFA esterified in phosphatidylethanolamine PUFA-PE, thus
regulating ferroptotic cell death.15,16 Computational modeling
revealed that the PEBP1-binding site on 15LO1 includes
residues K156, F166, D173, and A179 and the highly

Figure 1. Sequence and structure properties of the lipoxygenase family members. (a) Structural core of LOXs shared by 88 family members colored
in ice blue, generated using the pLoxA structure (PDB id: 5ir5) as reference. Transparent gray regions display the lid helices that are not present in
all LOXs. The catalytic site is enlarged on the right. (b) Distributions of percent sequence identity (SID) with respect to pLoxA. Six structures
(pLoxA mutants) with 99−100% SID are excluded for better visualization. The ribbon diagram on the right is color-coded by the average % SID of
each residue in the 88 PDB structures with respect to pLoxA sequence. Residues with high levels of SID (i.e., evolutionarily conserved residues) are
in blue, residues with intermediate levels of SID are in white, and residues with low levels of SID are in red. The mean value of SID percentage and
its standard deviation is 28.6 ± 3.7. The pink sphere is the iron (Fe2+) ion at the catalytic site. (c) Distribution of RMSDs among LOX structures
with respect to pLoxA (lef t). The mean value is 2.1 ± 0.3 Å. A superposition of the 88 structures (right) is colored as above to highlight regions
with structural similarity and variation. Note the largest structural variation at the β-barrel domain on the upper-lef t part, which is shared by
mammalian LOXs but is absent in bacterial LOXs.
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conserved R402 (which correspond to P161, F171, I179,
V185, and G419 in pLoxA). The interface closely neighbors
the catalytic site of 15LOX. Anisotropic Network Model
(ANM)28 analysis of the 15LOX-PEBP1 complex revealed the
role of PEBP1 in altering the conformational dynamics of
15LOX.15 We also showed that the bacterial lipoxygenase,
pLoxA, from Pseudomonas aeruginosa, hijacks this cell-death
mechanism to infect human host epithelial cells.29

The biological significance of the above-described inter-
actions and the versatility of LOX family members to bind a
range of substrates and perform a diversity of catalytic actions,
while sharing the same structure, call for a thorough evaluation
of their sequence-structure-dynamics-function relations. While
the catalytic regio- and stereospecificities of LOXs are
known,13 the structural basis of their mechanochemical activity
and the critical sites that control their conformational
dynamics and allosteric interactions remain to be elucidated.
Here we propose to shed light on the functional dynamics of
LOXs as well as the identity of key residues that mediate their
mechanics and allostery, by an ensemble analysis of family
members combined with sequence analysis. An integrative
method of approach that takes advantage of the wealth of
sequences and structural data available for LOXs (Table S1) is
adopted. As explained below, the method of approach
integrates modules existing in the ProDy30 interface and
DynOmics31 server with newly implemented modules, to enable
an automated evaluation of sequence-structure-dynamics
features. Specifically, we determine here the shared structural
dynamics of the LOX family of enzymes, as well as unique
features of selected members; the type and strength of
couplings between catalytic sites and functional motifs; and
the identities of the residues that act as sensors and effectors of
allosteric signals. Our findings help gain a deeper under-
standing of the molecular basis of recent experimental
observations, including the change in the PUFA-oxygenation
specificity of LOX elicited by the complexation of LOX with
PEBP1.
Figure 1b displays the distributions of percent sequence

identity (SID) of the 88 members that will be examined here
with respect to the reference (see also the matrix in Figure
S1a). We note that the percent SID varies in the range 21 to
38% (excluding a few cases corresponding to mutants), with a
mean SID percent of 28.6 ± 3.7 (Figure 1b). Despite this
relatively low SID, family members share the same fold, as
evidenced by their root-mean-square deviations (RMSDs) that
are less than ∼2.3 Å (Figure 1c and Figure S1b), except for
manganese LOXs which deviate from others by ∼3.2 Å. Note
that the largest structural variation occurs at the β-barrel
domain (see the color-coded diagram in Figure 1c, right panel)
and at the lid helices (not displayed in Figure 1c). The method
of approach proposed here, which will characterize the
signature dynamics of the family as well as distinctive features
of family members required to achieve their specific catalytic
and allosteric activities, is broadly applicable to any protein
with sufficient structural and sequence data.

■ MATERIALS AND METHODS
Ensemble Analysis of Structurally Characterized

LOXs. We analyzed a data set of 88 structures (Table S1)
retrieved from the Protein Data Bank (PDB32,33) with the Dali
server34 using the bacterial pLoxA crystal structure determined
at 1.48 Å resolution (PDB code: 5ir5)27 as query. The
sequence and structure distributions of this data set of LOXs

are presented in Figure 1 and Figures S1 and S2, and a detailed
list is provided in Table S1. The methods utilized here allow
for a comparison and classification of the LOXs in this data set
based on their (i) sequence, (ii) structure, (iii) dynamics, and
(iv) allostery.
An ensemble of superposed structures was created with the

Python advanced programming interface ProDy30 using the
alignments provided by Dali. This ensemble included only the
conserved core residues that could be aligned to the pLoxA
structure used as a reference. The ensemble was subjected to
principal component analysis (PCA) to determine the
principal changes in structure and used for the comparative
analyses described below.
The dynamics of individual members was analyzed using a

simple elastic network model (ENM), the Gaussian Network
Model (GNM),35 complemented by molecular simulations for
selected members (see below). We focused on the softest
(lowest frequency) modes that are usually relevant to
function.36−39 The system-environment framework40−42 was
adopted for analyzing collective dynamics of the conserved
core (system) in the context of its environment. Here the
environment refers to the remaining (noncore) portions of
each structure such as extra domains or loops belonging to
selected members that are different from the reference. The
analysis characterizes the “signature dynamics” of the family,
i.e. the average fluctuation profile of residues and their cross-
correlations under physiological conditions, as well as the
departures of the individual members from the signature
behavior, thus permitting us to identify both generic (shared)
and specific (divergent) features. To ensure comparison of
equivalent modes, we reordered the modes from each structure
to match those in the reference structure using the framework
of a linear assignment problem (Kuhn 1955). The correlation
cosine, ρkl(A, B) = νk

A·νl
B, between each pair of modes k and l

belonging to proteins A and B, was used to evaluate the cost of
matching them as [1 − ρkl(A, B)], and the set of pairs that
minimizes the total cost was selected.
Allosteric properties were deduced from perturbation

response scanning (PRS) analysis,43−46 which is an extension
of linear response theory.47 PRS allows for the calculation of
the response of residue i to perturbation at residue j. The N-
dimensional vector ΔRd of node displacements in response to
the application of a perturbation (an N-dimensional force
vector F) obeys Hooke’s law F = ΓΔRd, where Γ is the N × N
Kirchhoff matrix in the GNM theory. The ith element of ΔRd

designates displacement of the ith residue away from its
equilibrium position in response to the exerted force F. We
evaluate the response ΔRd = Γ−1F of all residues to a unit force
applied to the j site using the operation, Γ−1Fj, where Fj is
composed of all zeros, except for the jth element that is equal to
one. Repeating (scanning) this procedure for all sites yields a
response matrix, P, the ijth element of which provides a
measure of the sensitivity of i to perturbation at j. Elements in
each row are normalized with respect to the diagonal term.
The averages over the rows and columns of the normalized P
yield the sensitivity and effectiveness profiles, with peaks
therein designated as sensors and ef fectors, respectively. We also
applied mechanical stiffness (MechStiff) analysis, which
calculates the resistance of all residue pairs to uniaxial
tension.48,49

The ProDy30 application programming interface (API) and
the DynOmics server31 were used for ENM-based studies
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together with in-house codes. The structures and properties
were visualized using the molecular graphics software VMD.50

Sequence Analysis of Pfam Data. We also analyzed a
larger set of LOX sequences based on a multiple sequence

Figure 2. ENM results for LOX family members.(a) Mean square fluctuation profile (dark line) and standard deviation (lighter bands) for residues
as predicted by the GNM softest 10 modes computed for the data set of 88 PDB structures. Residues along the abscissa refer to the pLoxA catalytic
domain (residues I50−I685, excluding V114-D206 indicated by the gray breakpoint). Regions labeled 1−5 display the highest differences among
family members. Yellow bars along the abscissa highlight functional sites with minimal fluctuations. (b) Regions 1−5 shown on the representative
crystal structure (pLoxA, PDB code: 5ir5). Sites 1−5 are centered around D207-R211, I250-E276, A338, S585-S588, and A666-R668. This
structure includes a PE lipid (green sticks) bound at the catalytic site and the catalytic iron ion (pink sphere). Yellow sticks represent the WxxAK motif
comprising residues W357−K361 in pLoxA. The transparent region represents the lid helices (V114-D206) of pLoxA, which are excluded from the
plots as they are not present in all LOXs. (c-d) Soft modes (modes 1−3; c) and low-to-intermediate frequency (LTIF) modes (modes 4−10; d) for
different types of LOX family members. Regions labeled 1−5 correspond to those indicated in panels a and b. Results are presented for 13
representative LOXs, which are indicated by their UniProt IDs: two manganese lipoxygenases (F2QXM5, MNLOX), arachidonate 15-lipoxygenase
(LOX15, also designated as 15LO1), arachidonate 12-lipoxygenase (LOX12), arachidonate 5-lipoxygenase (LOX5), arachidonate 15-lipoxygenase
B (LX15B also designated as 15LO2), allene oxide synthase-lipoxygenase protein (AOSL), 11R-lipoxygenase (Q2N410), seed linoleate 13S-
lipoxygenase-1 (LOX1), seed linoleate 9S-lipoxygenase-3 (LOX3), linoleate 9/13-lipoxygenase (LOX), arachidonate 15-lipoxygenase (LOXA), and
arachidonate 15-lipoxygenase (B7JX99). (e) Distribution of LOXs in the subspace spanned by the two principal components obtained by PCA of
the 88 PDB structures.
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alignment (MSA) of LOXs retrieved from the Pfam database.51

The MSA was refined by removing the outliers (poorly aligned
sequences) as well as highly similar sequences that provide
redundant data. These filtering criteria led to a final alignment
of 218 sequences. We used MUSCLE52 for sequence
alignment and sorting, and manual curation, where applicable.
We analyzed the sequence conservation properties of the final
MSA using the Evol module of ProDy30 as previously
described.29

Molecular Dynamics (MD) Simulations. We performed
full-atomic MD simulations of human 15LO1 (PDB code:
1lox) alone and in the presence of PEBP1 (PDB: 1beh) using
the NAMD53 MD simulation software with CHARMM2754

force fields. Docking simulations with the Gramm-X55 were
used to generate structural models for the PEBP1-15LO1
complex, as reported previously.15 In preparatory simulations
with explicit water models (TIP3P), we adopted the following
protocol: 0.2 ns of water equilibration, 10,000 steps of
minimization, 0.35 ns of heating from 0 to 300 K, and 0.15
ns equilibration of the whole system before initiating the
production MD run. Two MD trajectories containing 15LO1
and the 15LO1-PEBP1 complex were generated, each 200 ns
duration with 2 fs time step. A cutoff of 12 Å for nonbonded
interactions was applied. Langevin dynamics and the Langevin
piston algorithm were used to maintain the temperature at 300
K and the pressure at 1 atm. We used VMD50 for visualization
and the ProDy30 API for trajectory analysis. PRS analysis was
performed as described above with the covariance matrix from
the MD simulation substituted for Γ−1.
Generation of Sequence- and Structure-Based Clado-

grams. We present sequence and structure classifications
using as metrics the pairwise Hamming distances for sequences
and RMSDs for structures (see Figure S1). Dendrograms are
visualized using in-house code to interface ProDy30 with the
iTOL server.56

■ RESULTS AND DISCUSSION
Gaussian Network Model Analysis Reveals the

Signature Dynamics of LOX Family Members. Elastic
network models (ENMs) serve as efficient tools for character-
izing the collective dynamics of proteins, albeit at low
resolution.37 Low frequency modes (also called sof t or global
modes) evaluated using ENMs provide robust information on
large-scale (often allosteric) motions uniquely encoded by the
architecture, which would otherwise require extensive MD
simulations to be visualized.39,57−59 As such, ENMs found wide
applications in modeling global dynamics and comparative
analyses of ensembles or families of proteins.60−64

Figure 2 presents the signature dynamics of the LOX family
evaluated using the GNM. Panel a shows the mean-square
fluctuations (MSFs) of residues based on the first 10 global
modes, averaged over the 88 structures in our data set (blue
curve) and its standard deviation (light blue band). The curve
will be shortly called the signature profile. The catalytic sites
(indicated by the red vertical arrows) occupy minima, i.e. they
undergo minimal movements if any, in accord with the precise
and tight positioning of catalytic residues - a requirement for
mechanochemical activity of enzymes.65 Closer examination
indeed shows that the three deepest minima in the signature
profile are located at (i) the region enclosing the catalytic
residues H555 and N559; (ii) the segment W357-A391 that
includes both the strictly conserved motif, W357 xxAK361,
characteristic of the LOX family,8 and the catalytic H377; and

(iii) F228-R248 centered at P242-N243, which includes the
conserved motif WXXD (replaced by F228 xxD231 in pLoxA).
Finally, we also note the minimum at the C-terminus P676-
I685 that includes I685 which coordinates iron at the catalytic
site and another at both sides of the helical lid (residues V114-
D206) delimiting the core domain. These regions are indicated
by the yellow bars along the lower abscissa. Residue numbers
refer to those of the reference structure, pLoxA, unless
specified otherwise. Corresponding residues in 15LO1 and
15LO2 can be found in Figure S2 and Table S2.
Minima in the global modes indicate key sites whose

perturbation would impact the function. All these regions are
therefore suggested to be implicated in LOX catalytic activity
and/or the communication between catalytic residues and
others in close proximity, which support the activity, as will be
detailed below. We have highlighted in Figure 2c the residues
located within 14 Å of the catalytic site by cyan vertical lines
and those interacting with PUFA in the pLoxA crystal structure
(PDB code: 5ir5)27 by blue shades. Strikingly, both regions
coincide with the minima in the signature profile, in support of
their significance as finely tuned and/or structurally conserved
regions (with minimal fluctuations) that enable binding and
catalysis.
The signature profile is closely shared among all LOXs as

evidenced by the narrow band, except for a few peak regions
(labeled 1−5, indicated by colored bars along the upper
abscissa and shown in panel b) where large variations occur.
Sites 1, 2, and 4 are highlighted by the respective orange, violet,
and green ovals on the pLoxA crystal structure27 in Figure 2b.
The peaks in fluctuation profiles usually indicate substrate/
ligand recognition sites, and the variations among members in
those regions may reflect their substrate specificity.65 Sites 3−5
are located around the WxxAK motif (Figure 2b, yellow sticks).
This motif, also noted above, may assist in accommodating
different substrates at the catalytic site, assisted by these
adaptable sites 3−5 in its close vicinity. Moreover, site 5 is also
within 7 Å from the catalytic site (indicated by the nonheme
iron shown as a pink sphere). The member-dependent spatial
fluctuations at site 5 (highlighted by the red box in Figure 2b)
may help customize the precise positions of specific PUFA
carbons next to the iron at the catalytic site.

Low-to-Intermediate Frequency Motions Highlight
the Differences between Specific Members.We dissected
the GNM mobility profiles in two frequency regimes: the low
frequency regime represented by modes 1−3 (Figure 2c) and
the low-to-intermediate frequency (LTIF) regime represented
by modes 4−10 (Figure 2d). Representative members were
selected based on the sequence identity (<20%) with respect
to the reference (pLoxA) and sequence coverage (>60%) to
ensure a diverse set with no significant gaps. As mentioned
above, low-frequency modes typically relate to functional (or
allosteric) changes in structure, robustly shared among
members. The low frequency profile indeed maintains the
same generic shape for all members, except for a few regions
(e.g., site 5 enclosed in the red box) that exhibit some
variations among members.
Differences in mobility profiles, potentially reflecting the

specificity of LOXs at their substrate binding sites, can be
detected in the low-to-intermediate frequency range (Figure
2d). The definition of these two regimes is indeed based on the
observations that the first three modes of LOXs were closely
conserved among members, while those in the range 4−10
exhibited member-specific features. We focus in particular on
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sites 1−4 depicted in Figure 2a and b, also enclosed in color-
coded boxes in Figure 2d. Site 1 residues are noted to neighbor
conserved residues located within 14 Å of the catalytic site
(cyan bars), suggesting that their member-specific fluctuation
behavior directly affects the sequentially (or spatially)
neighboring sites exhibited in the generic dynamics of the
family. In contrast, site 2 (I247-F264 in pLoxA) is not close to
the active site. In pLoxA as well as the mammalian LOXs (e.g.,
LOX15 and LOX15B), this region is composed of two short
helices linked by a coiled segment, and it is connected to a
three-strand β-sheet. Its solvent exposure, spatial decoupling
from the catalytic site, and coiled conformation indicate high

flexibility to adapt to substrates without interfering with
enzymatic reactivity. Site 3, which also exhibits distinctive
peaks at specific LOXs (LOX15B and LOX12), is spatially
adjacent to site 2, and their fluctuations are coupled (also
confirmed by inter-residue cross-correlation analysis below).
Finally, member-specific fluctuations at site 4, indicated by the
green box in Figure 2d and green oval in Figure 2b, invite
attention to two plant lipoxygenases, LOX1 and LOX3, which
share unique features characterized by high fluctuations near
A590.

Principal Component Analysis Clusters LOX Struc-
tures with Similar GNM Dynamics. The above analysis also

Figure 3. Cross-correlation analysis of LOXs. (a) Mean values and (b) standard deviations for the cross-correlations between residue fluctuations
evaluated for the data set of structurally resolved LOXs. Note that catalytic residues are at the crossover regions between anticorrelated blocks of
residues, indicated by the black lines and red arrows in panel a. Black bars above the matrix in panel b show the column averages, which indicate the
overall differentiation of residues from the generic cross-correlation pattern in a. (c) Location of specific residues of interest in the pLoxA structure
(PDB code: 5ir5) based on the black bars in panel b. A high level of differentiation in cross-correlation among LOXs is shown in red, an
intermediate level is shown in white, and a low level is shown in blue. Residues in the former group (N102-I113, L611, and site 5 residues A666-
R667-R668) are labeled. Orange arrows point to regions that exhibit highly conserved cross-correlations. The inset illustrates the communication
path between the catalytic site and the WxxAK motif (yellow sticks) involving the WXXD motif (F228-D231 in pLoxA) and polar/charged residues
(T362, Q365, E368, and E36) subject to highly conserved (minimal standard deviation) fluctuations and cross-correlations. Note the close
proximity of iron-coordinating I685 to L611.
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shows which LOXs share similar dynamics (Figure 2d), e.g.
two strains of pLoxA, linoleate 9/13-lipoxygenase (LOX) and
arachidonate 15-lipoxygenase (LOXA). Likewise, the coral
LOXs 11R-lipoxygenase from Gersemia Fruticosa (Q2N410)
and allene oxide synthase-lipoxygenase (AOSL) from Plexaura
homomalla exhibit highly similar GNM profiles. The two
manganese lipoxygenases (F2QXM5 and MNLOX) exhibit a
distinctive behavior (higher mobility) compared to all other
LOXs at two regions, around site 2 (I247-F264) and around
H610 (green arrow). The preferred substrate for manganese
LOXs from Ascomycete fungi is LA,66 while for the mammalian
LOXs and pLoxA it is AA. Overall, evolutionarily close LOXs

seem to also share similar structural dynamics. Our analysis
includes four types of human AA LOXs: LOX5, LOX12,
LOX15 (or 15LO1), and LOX15B (or 15LO2). While their
overall dynamics is similar, a slightly different pattern is
observed around D207, and seed linoleate LOX3 is
distinguished by a peak at this region too (Figure 2d, top
panel; black arrow). This region is exposed to the environment,
therefore making it more amenable to substrate recognition.
In order to assess to what extent these similarities in the

LTIF regime could be traced back to similarities in structures,
we performed a PCA of the data set of LOX structures.
Interestingly, PCA identified clearly separated clusters (Figure

Figure 4. Evaluation of the role of LOX residues as sensors and effectors of allosteric signals and the variations among family members. (a) Average
PRS heat map and (b) its standard deviation among LOX family members. The bar plots on the upper abscissa (sensitivity) and right ordinate
(effectiveness) describe the propensity of residues to serve as sensors and effectors, respectively. The highest values represent the strongest sensors
and effectors, shown in red on the 3D structure of pLoxA in the lef t parts of panels c and d. Dotted red lines mark the cutoff for defining the
strongest sensors and effectors. (c-d) Structures colored by sensitivity (c) and effectiveness (d) propensities. Catalytic residues are shown in green
sticks, and the WxxAK motif is shown in yellow sticks. The diagrams on the right in the respective panels c and d highlight the regions where
maximal differentiation in the respective sensor and effector properties are observed among LOXs family members.
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2e) formed by (i) the two plant LOXs, LOX1 and LOX3; (ii) a
cluster of bacterial LOXs, including LOXA from Pseudomonas
aeruginosa and B7JX99 from Cyanothece sp. (strain PCC 8801);
(iii) human LOX5 and LOX12; (iv) LOX15, LOX15B, and
AOSL nearby; and (v) MNLOX and F2QXM5. These clusters
are in accord with the similarities/differences observed in
Figure 2d, indicating that the dynamic features elucidated by
the GNM for the individual members can be traced back to
their structural differences.
Shared Family Properties and Their Differentiation

Evidenced by Cross-Correlations between Residue
Fluctuations. We analyzed the cross-correlations between
the spatial fluctuations of residue pairs, i.e. examined whether
they tend to move in the same (correlated) or in opposite
(anticorrelated) directions with respect to each other in the
global modes, or whether they are simply uncorrelated. Figure
3a displays the results averaged over all family members, and
Figure 3b shows the standard deviation from the mean
behavior at each entry, thus permitting us to assess the generic
and specific correlations, respectively. The correlations are
normalized with respect to MSFs such that they vary from −1
(fully anticorrelated; dark blue) to 1 (fully correlated; dark
red). The dark red blocks refer to groups of residues that
undergo highly correlated (same direction) motions, and dark
blue blocks represent groups undergoing highly anticorrelated
motions. We note that the catalytic sites lie at the interface
between anticorrelated regions (indicated by black lines and
red arrows in panel a), again a feature typical of the catalytic
site of enzymes (e.g., the cleft region between two domains).
Also, the highly conserved WxxAK (357−361) and WxxD
(228−231) motifs move in concert with each other and are
anticorrelated with respect to regions that have been proposed
to be on oxygen access pathways, near L367 in 12/15
lipoxygenase67 (L383 in pLoxA, denoted by the red arrow in
Figure S3).
To visualize the residues that deviate from the generic

behavior in Figure 3a, we calculated the average of each
column in Figure 3b (black bars above the matrix). The
strongest deviations are observed in three regions (circled red
regions in Figure 3c): (i) N102-I113, (ii) L611, and (iii) A666-
R668. The first region is the PEBP1-LOX binding site region
in human LOXs (15LO1 and 15LO2).15 It has been shown
that the substrate specificity of 15LO1 (or 15LO2) is changed
from AA to esterified AA-PE in the presence of PEBP1,15 while
in bacterial pLoxA a function similar to PEBP1 is performed by
the two lid helices.29 The second region (L611) interacts
directly with the bound substrate in the pLoxA crystal structure
and is localized close to the catalytic site. The third region
comprising two arginines (R667-R668) was already noted
above to exhibit divergent dynamics (site 5 in Figure 2a, b, and
d) and suggested to control a gating motion that regulates the
access to the catalytic site to accommodate different substrates
among LOXs. This region (A666RR668) is in direct interaction
with the moderately conserved WxxD motif, which in turn
interacts with the highly conserved WxxAK motif (see inset in
Figure 3c). We also note the conserved I685 at the catalytic
site, which coordinates the nonheme iron. Thus, a dynamically
divergent region is juxtaposed next to a dynamically conserved
region, suggesting these two regions play a significant
functional role, perhaps via an allosteric modulation of the
shape or size of the catalytic cavity.
In contrast, three regions exhibit almost invariant cross-

correlations (orange arrows in Figure 3c): (i) A240-N243, (ii)

P561, and (iii) W357-E369 that also includes the WxxAK
motif. All three regions are tightly packed and buried inside the
LOX helical domain and are in direct contact with the catalytic
site histidines (H377, H382, H555; see Figures 1a and 3c
insets). These “conserved” cross-correlations emerge as generic
properties of all LOX family members.

Residues Acting As Sensors and Effectors of
Allosteric Communication Are Identified by Perturba-
tion-Response Scanning. We examined the potential
mechanisms of allosteric signaling shared by LOX family
members by perturbation response scanning (PRS) analysis.
The resulting average PRS heat map and its standard deviation
(ΔPRS) are presented in Figure 4a and b. The ijth entry in the
PRS map describes the effect of perturbing residue i on the
dynamics of residue j. Each row corresponds to the
perturbation (random displacement) of a given residue i, and
the elements of that row show the response of all residues.
Likewise, the jth column represents the response of residue j to
the perturbations of every single residue. Large/small effects
are shown in red/blue.
PRS maps describe the propensity of residues to sense and

transmit perturbations and thus elicit cooperative responses,
such as an allosteric conformational change induced at site j
upon ligand binding to a highly “sensitive” site i.43,44 Residues
distinguished in PRS analysis by their ability to sense and to
transmit signals have been proposed to serve as sensors and
ef fectors of signals, respectively.44 Along the axes of the heat
maps in Figure 4a and b, we display the sensitivity and
effectiveness of each residue, averaged over the elements in the
corresponding column and row, respectively. Many residues
that show high signals in panel a also exhibit peaks in panel b,
suggesting that sites distinguished by their strong role in
allosteric communication also have member-specific roles.
The locations of the strongest sensors (peaks in the

sensitivity plot along the upper abscissa of Figure 4a) on the
structure are displayed on the lef t side of panel c. These
include the exposed residues Q56-V69 and D506 and five
charged residues E261, E262, D271, D272, and E276 at the
above identified site 2 (see Figure 2). Some of these residues
are also characterized by the highest variances (peaks in Figure
4b and right ribbon diagram in Figure 4c).
The high propensity to serve as sensor observed at the N-

terminal region Q56-V69 prevails equally for both the mean
PRS sensitivity profile and its variance profile (Figure 4a-b,
highlighted yellow circle). Notably, this particular region, which
also appeared as the highest peak in Figure 2a around D58-
G62, is involved in the association of the N-terminal β-barrel
domain that is present in mammalian LOXs to the catalytic
domain (see Figure 1c). In human LOXs, the β-barrel serves as
an anchor to the membrane, whereas in bacterial (pathogenic)
LOXs such as pLoxA, this β-barrel is absent.29 It is instead
replaced by a helical hairpin (called the lid helices and shown
in semitransparent gray in Figure 1a). Its ability to serve as
sensors and therefore bind substrates is consistent with its role
in stabilizing the β-barrel domain in mammalian LOXs. Finally,
we also note that site 5 residues Q665-A666 noted earlier
(Figure 2c) to be implicated in specific substrate recognition
are distinguished by their significant variation in sensitivity
(Figure 4c, right, red oval), also consistent with a member-
specific substrate-recognition role.
Ef fectors of allosteric signals typically occupy positions near

the active site and potentially form a pathway to the response
site. Often times, because of their crucial role in mediating
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activity, they belong to the protein core which is buried and
thus protected from external factors.68 LOX effectors, Q365-
E369, M565-M566, and F234-R238, are also localized close to
the catalytic site, notably lining the path between catalytic
residues and the highly conserved WxxAK motif (Figure 4d,
lef t; see also Figure 3c inset), and some exhibit strong
dependencies on the member type (Figure 4d, right). Note
that all three groups of residues lie in minima in the signature
profile (Figure 2a), i.e. their spatial fluctuations are severely
restricted. The latter property presumably underlies their
effectiveness as signal propagators/effectors as they themselves
resist movement and cause other residues to move instead.
The high variance observed for Q365 suggests that the effector
role at this site is specific to selected LOXs only.
Complexation with PEBP1 Changes the Sensitivity of

LOX without Altering the Signal Propagation Proper-
ties of Effector Residues. We recently reported that PEBP1
binding allosterically modulates the activity of 15LO1 by
changing its substrate specificity from PUFA to PUFA-PE. In
order to examine the effect of PEBP1 binding on 15LO1
allosteric properties, we analyzed the sensor and effector
residues in a 15LO1 structure using the PRS method. The

results are presented in Figure S4 panels a and b for 15LO1
alone and for its complex with PEBP1, respectively. We note
that the residues in the β-barrel domain of this human LOX
exhibit a high propensity to serve as sensors (colored red in the
middle diagram in Figure S4a). This domain apparently serves
as a sensor for membrane binding/localization. The same
property is maintained in the complex (red arrow, middle
diagram in Figure S4a). Notably, this region has been
associated with a potent activator for LOX5.69 Another region,
located on the back side of 15LO1 (corresponding to Q431-
F435), has been pointed out as a sensor region. Interestingly,
this region is located on the protein surface and leads to a
buried site that has been linked to allosteric activation in
15LOX.70,71

The heat maps on top of the two panels show little
difference, except for the increased sensitivity of 15LO1
residues toward the C-terminus gained upon binding PEBP1
(which can be seen clearly from the comparison of the bar plots
along the upper abscissa). In particular, the residues G638-
K643 are distinguished by their newly gained sensor role,
shown in the middle diagram in Figure S4b. The bottom
diagrams show that the enzyme signal propagation properties

Figure 5. Conservation of characteristic motifs present in LOXs. (a) Conservation propensity of LOX residues. Shannon entropy subtracted from
maximum entropy is shown for the LOX catalytic domain (residues G217-Y671 in pLoxA) based on Pfam data. The highest values correspond to
the most conserved residues. Stars show the WxxAK motif (black), the WxxD motif (blue), the catalytic residues (red), and the residues I331, P328,
I660, N664, E368, H372, and D483 (green) with a relatively high level of conservation, displayed in the inset. The inset in the right panel displays
conservation mapped on the 3D structure of pLoxA. Residues with the highest conservation are displayed in red, residues with a moderate level of
conservation are displayed in white, and residues with a weak level of conservation are displayed in blue with the exception of the highly conserved
WxxAK (yellow sticks) and WxxD (magenta) motifs. (b) Sequence identity matrices corresponding to the WxxAK (lef t) and WxxD (right) motifs
obtained from 218 LOX sequences from all domains of life. High sequence similarity is in blue, intermediate sequence similarity is in yellow/green,
and low sequence similarity is in red. The matrix generated for the entire LOX sequence in our previous study29 shows blocks evident for plants,
animals, and bacteria that are indicated here. Residues from the WxxAK motif (lef t panel) are highly conserved in all species, whereas residues from
the WxxD motif (right panel) exhibit a moderate level of conservation with species-specific differentiation with bacteria having dissimilar sequences
to eukaryotes.
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(mediated by effector residues) remain almost unchanged -
apart from a small uniform enhancement in the complex.
This analysis thus reveals that the change in substrate

specificity gained upon PEBP1 binding, experimentally
detected in earlier studies,15,16 is essentially conferred by a
gain of function at the segment G638-K643 near the C-
terminus of 15LO1. The sequence analysis presented next will
further show the evolutionary significance (strong conserva-
tion) of several residues in this segment.
Sequence Analysis Reveals the Conservation or

Variation of Amino Acids Consistent with Their Generic
or Specific Roles. We next examined to what extent residues
identified here to play a key unifying role in LOX dynamics
and allostery are sequentially conserved and, conversely, to
what extent those responsible for differentiation among
members are sequentially variable. The residues identified to
be highly constrained in the GNM modes have been shown in
previous application to a diverse data set of proteins to be also
conserved evolutionarily.72

Figure 5a displays the conservation profile of LOX family
members, using the sequence numbering of pLoxA. The
highest peaks therein indicate the most conserved residues
(colored in Figure S2). Among the peaks we note the residues
that coordinate the iron atom (H377, H382, H555, I685, and
N559; indicated by red stars), which are absolutely essential for
the enzymatic function.7 All those conserved sites exhibit
minimal fluctuations in the global modes (indicated by red
arrows in Figure 2a), and they were pointed out above to lie in
the two deepest minima of the signature profile. In contrast,
site 2 residues (E261-E276) distinguished by their large-
amplitude member-specific motions (Figure 2a, b and d; violet
circle/box) and by their role to serve as sensors for binding
substrates (Figure 4c) exhibit low conservation (indicated by
the violet box in Figure 5a). The low mobility of conserved
residues and high mobility of variable residues are consistent
with the concept of coupling between sequence- and structure-
variations validated in an earlier study.72

We now turn our attention to the WxxAK motif (W357-
K361; black stars in Figure 5a), seen to be conserved across
different species (Figure 5b, lef t). Likewise, the WxxD motif
(F228-D231 in pLoxA) localized next to WxxAK in the
structure shows a relatively high level of conservation (blue
stars), while also exhibiting some species-specific evolutionary
trends (Figure 5b, right). Detailed analysis on the 3D structure
(Figure 5a, right panel) provides additional insights. We see
that the WxxAK motif interacts with I331 and P328, which are
also highly conserved (indicated by green stars on the lef t
panel), thus forming a tight network of interactions. It is
interesting to note that the residues indicated by the PRS
analysis to serve as effectors are adjacent to this conserved
network. Among them, E368 and H372 (Figure 5a, green stars)
are conserved at a moderate level. We also noticed a very high
conservation level of Q562, which is in close vicinity to the
catalytic site.
Interestingly, we can see three highly conserved residues,

I660, R663 and N664, that are sequentially neighboring site 5
(Figure 2a) and spatially neighboring the conserved D483
(Figure 5a). Likewise, MechStiff analysis demonstrates that the
region T659-N664 is distinguished by its high stiffness (or
resistance to conformational change; see Figure S5). In
contrast, the site 5 residues themselves (A665, R666, and
R667) are highly variable consistent with their high
fluctuations and variation among family members discussed

in Figure 2. Significance of site 5 has been evidenced in the
LTIF regime distinctive behavior (Figure 2d), as well as the
cross-correlation (Figure 3c) and PRS (Figure 4c, right)
analyses. Such juxtaposition of sequentially conserved (and
dynamically constrained) and sequentially variable (and
dynamically flexible) residues appears to be a design feature
to mutually support the respective generic and specific
properties of the enzyme. Presumably site 5 serves as a
regulator of conformational motions that trigger the opening
and closing of the active site to accommodate different
substrates among LOXs.

■ CONCLUSION
The present study introduces an integrated approach for
automated analysis of sequence-structure-dynamics properties
of protein family members toward assessing the shared
mechanisms of function across family members (termed
generic features), as well as the differences between family
members (specific features). The approach takes advantage of
the wealth of structural data accumulated for well-studied
proteins, on the one hand, and recent advances in structure-
and sequence-based computational models and methods, on
the other. The conservation of internal dynamics among
enzyme family members is not a new concept and has been
demonstrated in numerous case studies.1−5,62,63,73−75 The
approach adopted here allows for utilizing sequence- and
structure-based modules in our Python advanced programming
interface ProDy,30 together with other well-established
software, such as the Dali structural alignment tool34 and the
interactive tree of life (iTOL) visualization software,56 in a
unified platform to facilitate fully automated data retrieval,
output generation, analysis, and visualization.
Application to the family of lipoxygenases, enzymes crucially

important for regulating cellular responses upon oxidation or
peroxidation of phospholipids and/or PUFAs esterified into
lipids, highlighted several key sites and interactions, some
consistent with our recent experiments,15,16 others yet to be
tested/validated. A list of such residues distinguished by their
dynamic and allosteric properties is presented in Table S2 for
the bacterial pLoxA, along with their counterparts in the
human lipoxygenases 15LO1, 15LO2, and LOX12. Conserved
residues among them refer to those supporting family
properties, and others are proposed to enable specificity.
First, our analysis of the signature dynamics of the LOX

family indicated a series of regions highly constrained in the
global motions of the enzyme (minima in Figure 2a) all of
which coincide with the active and/or AA-binding sites of the
LOXs (indicated by the respective cyan and blue bars in Figure
2c and d). The same regions also include the signature motifs
WxxD and WxxAK. The signature profile thus reveals the
critical loci, whose perturbations would potentially impact the
function, which include evolutionarily conserved residues
(Figures S2 and 5). Note that this profile is uniquely defined
by the shared architecture of family members, without
knowledge/input on substrate-binding or active sites.
Second, the signature profile, especially the modes in the low-

to-intermediate frequency (LTIF) regime, reveals certain sites
(labeled 1−5) whose conformational dynamics deviate from
the average behavior (Figure 2d). These presumably underlie
the specificity of family members, also supported by their
sequence variations. Among them we note site 5 (A666-R668
in pLoxA) distinguished by its member-specific cross-
correlations (Figure 3) and site 2 (E261-E276) exhibiting a
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high propensity to serve as a sensor of allosteric signaling−
typical of substrate recognition sites, confirmed by MD
simulations (Figure S4). Our analysis also reveals the sites
that are likely to play a key role in transmitting allosteric signals
(effectors), such as Q367-E369 (see Figures 4d and 5b).
While the WxxAK motif has been known to be a highly

conserved motif in LOXs,7 its function has not been
characterized. This motif is connected to at least two catalytic
histidines that coordinate the nonheme iron and to the
conserved WxxD motif. The latter interacts with site 5 which is
likely to mediate specificity. The two conserved motifs
(WxxAK and WxxD) along with site 5 and near-neighboring
conserved residues (Figures 3c inset and 5a right) may be
important in modifying the cavity shape/size allosterically, to
facilitate precise positioning of the respective carbon atom of
the AA/PUFA whose (per)oxidation is catalyzed by a
particular LOX. Another interesting observation is anticorre-
lated motion observed around the putative oxygen access
channel with the conserved blocks including the WxxAK and
WxxD motifs. This anticorrelated motion may be facilitating
access of oxygen to the catalytic site. The fact that this region
shows a conserved mobility profile in all the LOXs, which are
all oxygen-dependent for their catalytic function, supports this
putative role, which is yet to be experimentally validated.
Notably, the method of approach is applicable to any protein

provided that a sufficiently large number of structures,
preferably from different domains of life, are available.
Sequence data are also needed for evaluating sequence
conservation. For example, multiple sequence alignments of
218 bacterial sequences were used in the present study to
examine the sequence features of LOXs. Typically, shared
biological functions would be associated with conserved
sequence, structure, and dynamics features, whereas specificity
would be manifested as nonconserved aspects of both
structural and dynamics properties. We noted that the
differences are mostly observed in the regions surrounding
the catalytic site (but not in the immediate vicinity), which are
exposed to the environment, or are in the spatial neighborhood
of highly conserved motifs. Another design principle emerges
from the comparison of the fluctuation behavior of sensors and
effectors (Figures 4 and S4). Sensors are usually subject to
large fluctuations (being usually on the enzyme surface), and
their exposure and high mobility enable their adaptability to
binding substrates. In contrast, effectors lie at the minima of
the fluctuation profile; their tight interactions on a local scale
and/or key mechanical role (as hinge centers) help effectively
mediate between anticorrelated regions. We anticipate the
current methodology to be of utility for rigorous evaluation of
family based mechanisms of motions and their differentiation
in general and assist in the design, evaluation, and/or
alterations of the specific functionalities of structural
homologues.

■ ASSOCIATED CONTENT

*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.jcim.9b00006.

Figure S1, matrices and dendrograms; Figure S2,
sequence alignments; Figure S3, details of generic
cross-correlations; Figure S4, PRS results for 15LO1
alone and in complex with PEBP1; Figure S5, generic
mechanical stiffness properties; Table S1, 88 lip-

oxygenases used in this study; and Table S2, key
residues dominating dynamics and allostery of LOX
family members (PDF)

■ AUTHOR INFORMATION
Corresponding Authors
*E-mail (I.B.): bahar@pitt.edu.
*E-mail (K.M.R.): karolami@pitt.edu or karolamik@fizyka.
umk.pl.
ORCID
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