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The present paper reports a computational investigation of potential communication between the lysine tyrosylquinone (LTQ)
and copper cofactors within lysyl oxidase (LOX). Various substrates and inhibitors of LOX were docked into the active site in
our computer generated model of the enzyme. Conformational changes in the vicinity of the copper site as well as changes in the
electrostatic environment were identified. The appearance of a canal-like structure involving tyrosine 35 (TYR35) and glutamine
104 (GLN104) residues was shown to be consistent upon docking of a variety of different compounds. Interactions between LOX
and its natural substrate, collagen, were also explored through molecular dynamic simulations. The possibility of communication
between the organic and inorganic cofactors in LOX was proposed, aiding the ongoing debate regarding the role of copper in the
catalytic mechanism of this important enzyme.

1. Introduction

Lysyl oxidase (LOX) is a copper containing amine oxidase
(EC 1.4.3.13) that catalyzes the oxidation of lysine resulting
in the formation of peptidyl 𝛼-aminoadipic-𝛿-semialdehyde.
Once formed, this product can spontaneously condense to
form intra- and inter-chain cross-links in connective tissue
matrices [1, 2]. LOX is synthesized as a 50 kDa proen-
zyme, secreted into the extracellular environment, and then
processed by proteolytic cleavage, resulting in a functional
32 kDa enzyme [3]. Within the LOX structure, two cofactors
are of particular interest: a lysine tyrosylquinone (LTQ)
and a bound Cu(II) ion. The copper site has been partially
characterized and copper was shown to be coordinated
with three specific histidines [4], while LTQ was shown to
be formed in a self-processing, copper catalyzed reaction
between specific sequential tyrosine and lysine residues in the
presence of molecular oxygen [5–7]. Recent research shows
developing evidence that the biological role of LOX may
extend far beyond that of the structural maturation of elastin
and collagen [8–12], demonstrating connections between
LOX activity and cancer cell mobility and tumorgenesis [13–
15].

Many aspects of LOX function are the subject of con-
tinuing investigations. Although it has been shown that
Cu(II) is essential for the posttranslational formation of the
LTQ cofactor during protein folding prior to proteolytic
cleavage [5], whether or not it is imperative to the enzymes
functionality has been debated. The first rational, supported
by Gacheru et al. [16], presented evidence of copper playing
a catalytic role in LOX. It was also reported there that upon
copper removal from LOX, the resulting inactive apoenzyme
was fully reactivated by reconstitution with Cu(II), but not by
other divalent metal ions. The copper coordination complex
in LOX was also postulated using evolutionary arguments
in [17], and EPR parameters for Cu(II) ion in LOX were
reported in [16, 18] to be similar to that confirmed by X-
ray crystallography for other copper amine oxidases [19].
A second rational proposed by C. Tang and Klinman [20]
suggests that the Cu(II) ion plays only a structural role within
LOX, though both groups attempted similar procedures for
copper chelation and assessment of apoenzyme activity. The
findings of Tang and Klinman indicate that Cu(II) is required
initially for the formation of LTQ and plays only a structural
role in the enzyme afterwards. Even though both theories are
supported by experimental data, the possibility that copper
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plays a bifunctional role in LOX, being necessary for both
structural stability and catalytic function, is an avenue that
cannot be ignored either. Recent methods to obtain pure and
active LOX include purification from various sources [1, 2],
as well as the attempts of its expression using bacterial and
insect cells [21–23]. Although these studies have addressed
many important characteristics of LOX, their results differ
notably from each other [16, 20–23], and the catalytic ability
of native and apoenzyme towards elastin and collagen has
not yet been explored. The persistent lack of experimental
data regarding the three-dimensional (3D) structure of LOX
remains a major obstacle to overcome in order to learn more
about this important enzyme. At this stage of investigation,
the advantages offered by modern development of molecular
modeling become an attractive avenue to explore. Based on
our computer generated and experimentally validated 3D
model of LOX [24], we investigate the activity occurring in
LOX following small molecule docking and native substrate
molecular dynamics (MD) simulations. We report here the
conformational changes that were observed at the Cu(II) site
in LOX and reveal possible communication between both
cofactors during catalysis and/or inhibition.

2. Materials and Methods

All simulations described in this paper were performed using
the Schrödinger Molecular Modeling Software Package [25–
33]. Energy minimizations were carried out using Macro-
Model with the OPLS2005 force field, a preconditioned reg-
ularized conjugate gradient (PRCG) minimization method,
a convergence energy gradient of 0.001 kcalmol−1, and 12 Å
nonbonding cutoff limits and were followed by implicit
solvation using Impact Soak.

2.1. Model Selection and Preparation. Previously computer
generated 3Dmodel of human LOX [24] was used for all sim-
ulations without any further modification. The compounds
used in docking simulations were selected from the pub-
lished literature data [34–39], with ligands having substrate
and/or inhibitor capabilities towards LOX. All compounds
selected were shown to bind directly to LTQ, as substrates
or irreversible inhibitors of LOX. The minimized structures
were prepared using LigPrep, pH 7.8 to mimic the enzymes
optimal catalysis and/or inhibition conditions. Chiralities for
the generated ligand were kept as created; the top ligand from
the output file was used in docking simulations. Collagen
fibril X-ray structures for all molecular dynamics (MD) runs
were downloaded from the Protein Databank (PDB), where
both a lysine-free 14 kDa collagen fibril (pdb Id: 3b0s) [40]
and an 8.5 kDa lysine-containing collagen fiber (pdb Id: 2klw)
[41] were used.

2.2. Docking Simulations. The receptor docking grid was
created through the receptor grid generation program
GLIDE and consisted of 15 Å × 15 Å × 15 Å volume cube
grid centered around LTQ. Upon proper grid generation,
compounds were docked flexibly through GLIDE ligand
docking software, where both nitrogen inversions and ring

confirmations were sampled, while nonplanar amide con-
firmations were penalized. The top pose with the lowest
computed GLIDE score was subjected to final structural
analysis.

2.3. Molecular Dynamics Simulations. All MD simulations
were carried out using Impact dynamics, where the Verlet
integration algorithm was implemented. Water molecules
remained nonrigid and all bonds were unconstrained
throughout the duration of each simulation, where the
sample velocity for each trajectorywas recorded concurrently
every five frames. For efficient screening, 200,000 iterations
were permitted, with a time step of 0.001 fs and equilibration
time step of 0.010 fs with total simulation time of 20 ps,
at 300K. For large substrate MD simulations, variations in
residual position were measured between the initial and final
frame for each trajectory.

3. Results and Discussion

It is a well-established fact [42] that the catalytic processing
of peptidyl amine substrates by LOX consists of a two-step,
ping-pongmechanism. To do so, the primary amine group on
the peptidyl lysine substrate initiates the reaction by reacting
with carbonyl oxygen of the LTQ cofactor. Due to the incor-
poration of this primary amine functional group into many
synthetic small molecule substrates and inhibitors, it can be
speculated that these compounds behave similar to substrates
as they bind to LTQ. In silico modeling, as presented,
provides an avenue to explore the interactions occurring
between LOX and its substrates and inhibitors. Complete
structural characteristics such as the tertiary conformation
of LOX, both native and upon small-molecule binding, as
well as the quaternary structure of the LOX complex with
its macromolecule substrates are still not known. Though
some information about the Cu(II) complex in LOX has been
reported [17, 18, 24], the Cu(II) site in LOX is only partially
characterized. A list of compounds known to be substrates
and/or inhibitors to LOX was selected for simulation.

Docking of each compound, shown in Table 1, at the LTQ
active site in LOX revealed variations at themolecular surface
and in charge distribution. Some of these variations in residue
position could be a result of the motion in the LOX random
coil structural motifs during the span of each simulation.
However, the most significant motion observed in a large
majority of simulations could be attributed to two residues.
Specifically, the reorientation of glutamine 104 (GLN104) and
tyrosine 35 (TYR35) in close proximity to the Cu(II) site was
observed to occur, as a result closing a preexistent canal-like
structure identified by a yellow arrow in Figures 1 and 2. Prior
to molecular docking at the LTQ site, TYR35 and GLN104
are in an orientation that permitted this canal formation to
remain in its open position. After docking and subsequent
energy minimization, these two residues shift themselves in
a fashion that effectively closes this canal, partitioning the
Cu(II) and LTQ site from one another. The superimposition
of two structures before and after small-molecule docking
shown in Figure 1 reveals the motion of GLN104 and TYR35
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Table 1: The list of various docked substrates and inhibitors, and their effect on the conformational rearrangements GLN104 and TYR35.
Distances were measured between the hydroxyl oxygen of TYR35 and the oxygen bound to the 𝛿-carbon of GLN104.

Name Abbreviation GLN104-TYR35 distance (Å)
Lysyl oxidase (control) LOX 9.00
𝛽-Aminopropionitrile BAPN 8.90
Bromoethylamine BEA 9.10
Chloroethylamine CEA 5.60
Ethylenediamine EDA 5.70
3-Aminodihydrofuran-2-one ADF 5.70
3-Aminodihydrothiophen-2-one ADT 5.90
Nitroethylamine NEA 5.50
para-Bromobenzylamine pBBA 5.70
para-Chlorobenzylamine pCBA 5.50
para-Fluorobenzylamine pFBA 5.70
para-Methylbenzylamine pMBA 5.50
trans-2-Phenylcyclopropylamine tPCPA 5.40

TYR35

Cu(II)

GLN104

Figure 1: Electrostatic surface of two superimposed LOX structures
(before and after docking)with specific residuesGLN104 andTYR35
displayed near the copper (II) site. Curved arrows indicate residue
motion, while the straight arrow indicated position of canal.

that is responsible for the closing of this canal-like structure
during docking simulations.

To do so, GLN104 reorients its amide functional group,
while TYR35 rotates in a fashion that brings the hydroxyl
group in TYR35 in close proximity to the nitrogen bound
to the 𝛿-carbon of GLN104. This conformational shift results
in the bridging of these two residues, effectively closing the
canal. Our simulations raised the possibility that this change
in residual separation from 9 Å to 5.6 Å is a connection
between LTQ and Cu(II) that occurs during small-molecule
processing. Therefore, all presented evidence indicates the
existence of potential communication between the Cu(II) ion
and the LTQ through the significant changes in conformation
of two key residues, TYR35 and GLN104. Although LOX
can catalytically process and/or become inhibited by many
different synthetic compounds, comparing these interactions

to those between LOX and its larger natural substrates should
be tested. To date, as indicated in the literature, no in vitro
studies have investigated the ability of LOX to process the
peptidyl lysine present in its naturally occurring substrates
collagen and elastin. However, attempts have been made to
better probe these interactions through the use of synthetic,
larger peptide chains as potential substrates of LOX [43].
Such studies have revealed the preferential bias of LOX
to readily catalyze peptides with specific peptidyl anionic
residue sequence with respect to the catalytic lysine, where
even slight translation of this charge can lead to a significant
decrease in the rate of catalysis [43].Therefore, simulations of
LOX with its natural substrate collage have been conducted
in this investigation to elucidate a better understanding of
the interactions that occur during catalysis at the molecular
level. Further, based on results from the small molecule
docking simulations which suggest communication between
LTQ and Cu(II), would a similar effect be observed between
LOX and collagen? Illustrated in Figure 2, MD simulations of
LOX, LOX and a lysine-containing collagen fibril, and LOX
with a lysine-free collagen fibril show similarities in residual
movement observed in the docking simulations previously
described.

In Figure 2(a), a similar canal structure composed of
GLN104 and TYR35 residues is present, where upon MD
simulations with a collagen fibril containing lysine residues
(middle, http://www.rcsb.org/), a rearrangement of GLN104
and TYR35 occurs. Conducting identical MD simulations
with a lysine-free collagen fibril (right, http://www.rcsb.org/)
does show GLN104 and TYR35 reorientation; however, the
similarities in these conformational changes are debatable.
Figure 3 outlines the details of these changes in residue
position, depicting a superimposition of all three simula-
tions shown in Figure 2. From the analysis of these three
superimposed structures, it is evident that during the control
simulation of LOX without substrate (Figure 3: blue residues,
denoted as 𝛼), the displayed residues remain within their
typical distance from one another. Upon MD simulations of
LOX and lysine-containing fibril (Figure 3: green residues,
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Figure 2: A comparison between the electrostatic surface of LOX upon MD simulations with and without a synthetic collagen fibril. The
electrostatic surface of LOX upon MD simulations in the absence of any collagen fibril ((a), the arrow indicated canal position), LOX upon
MD simulation with a lysine-containing collagen fibril (b), and LOX upon MD simulations with a lysine-free collagen fibril (c).

GLN104𝛾

GLN104𝛼 GLN104𝛽

TYR35𝛾

TYR35𝛼

TYR35𝛽

Figure 3: The positions of GLN104 and TYR35 residues upon
completion of MD simulations. MD of LOX without substrate is
colored blue and denoted as 𝛼, LOX and lysine-containing collagen
is colored green and denoted as 𝛽, and LOX and lysine-free collagen
is colored red and denoted as 𝛾.

denoted as 𝛽), GLN104 and TYR35 migrate within 4.0 Å
from one another and in doing so create a cationic, solvent
accessible pocket centered on the Cu(II) atom. In contrast,
MD simulations between LOXand a lysine-free collagen fibril
(Figure 3: orange/red residues, denoted as 𝛾) shift left with
respect to the Cu(II) atom in a fashion that creates a more
anionic environment in the vicinity of the copper site.

The appearance of a primarily cationic and/or anionic
environment in the vicinity of copper site during MD
simulations with the different collagen fibrils identified in
Figure 2 may have potential ramifications on the assembly
of collagen and elastin within the extracellular matrix. As
discussed by Kothapalli and Ramamurthi [44], the structural
integrity of the extracellular matrix is heavily dependent on
the initial assembly and alignment of tropoelastin fibrils.
This alignment of the extracellular proteins promotes proper
LOX-catalyzed lysine oxidation, where microfibrils guide the
alignment of substrate molecules in a fashion that enables
cross-linking and fiber formation to occur. Lysine oxidation

is driven predominantly by electrostatic interactions between
LOX and substrate [43], suggesting that the appearance of
a cationic environment about the copper site as a result
of GLN104 and TYR35 rearrangement may be necessary to
facilitate proper substrate orientation.

To summarize, this paper presents evidence of the
potential communication between Cu(II) and LTQ dur-
ing LOX interactions with a primary amine in synthetic
small molecules and natural substrates. We hope that fur-
ther detailed analysis may provide more information about
the specific role of copper in this elusive enzyme. It is
of particular interest to simulate the enzyme’s structural
response upon reduction of Cu(II) to Cu(I) and how this
reduction affects substrate and inhibitor binding. Knowing
the enzyme response to reduction, it would be possible to
further speculate howGLN104 andTYR35 are involved in the
catalysis process of LOX. The work is in progress to further
elucidate evidence to support the presence of a possible
communication of Cu(II) with LTQ during the processing of
synthetic small molecules and natural substrate collagen.

4. Conclusion

The lack of the detailed structural information about the
Cu(II) binding site coordination, its geometry and precise
location inside of enzyme precludes the resolution of the
debate behind the role of Cu(II) in primary amine processing
by LOX. Although the results presented here do not negate
or support either side of this still-standing incongruity,
our results reveal that upon docking of amine-containing
compounds at the LTQ site, an apparent shift in position of
GLN104 and TYR35 residues occurs in the vicinity of the
Cu(II) site. The lysine-containing collagen fibril and LOX
complex exhibited similar shifts during MD simulations as
observed upon small molecule docking. The presence of
a canal-like structure in the proximity of the Cu(II) site
that reorients into a closed position upon perturbing of the
LTQ site might suggest possible communication between
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LTQ and Cu(II) during catalysis. Work is in progress to
determine whether this connection between the organic and
inorganic cofactors in LOX can be attributed to copper’s
catalytic, structural, or perhaps multifunctional role within
this important enzyme.
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