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Previous research has indicated that long-chain fatty acids
can bind myoglobin (Mb) in an oxygen-dependent manner. This
suggests that oxy-Mb may play an important role in fuel delivery
in Mb-rich muscle fibers (e.g. type I fibers and cardiomyocytes),
and raises the possibility that Mb also serves as an acylcarnitine-
binding protein. We report for the first time the putative inter-
action and affinity characteristics for different chain lengths of
both fatty acids and acylcarnitines with oxy-Mb using molecular
dynamic simulations and isothermal titration calorimetry
experiments. We found that short- to medium-chain fatty acids
or acylcarnitines (ranging from C2:0 to C10:0) fail to achieve a
stable conformation with oxy-Mb. Furthermore, our results
indicate that C12:0 is the minimum chain length essential for
stable binding of either fatty acids or acylcarnitines with oxy-
Mb. Importantly, the empirical lipid binding studies were con-
sistent with structural modeling. These results reveal that: (i) the
lipid binding affinity for oxy-Mb increases as the chain length
increases (i.e. C12:0 to C18:1), (ii) the binding affinities of acyl-
carnitines are higher when compared with their respective fatty
acid counterparts, and (iii) both fatty acids and acylcarnitines
bind to oxy-Mb in 1:1 stoichiometry. Taken together, our results
support a model in which oxy-Mb is a novel regulator of long-
chain acylcarnitine and fatty acid pools in Mb-rich tissues. This
has important implications for physiological fuel management
during exercise, and relevance to pathophysiological conditions
(e.g. fatty acid oxidation disorders and cardiac ischemia) where
long-chain acylcarnitine accumulation is evident.
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Long-chain fatty acids (LCFAs)® serve as an important fuel
source for muscle cells, especially Type I “oxidative” muscle
fibers and cardiomyocytes (1). Efficient fat combustion requires
coincident delivery of fuel and O, to mitochondria, with their
subsequent metabolic conversions driven by energy demand.
On a molecular scale, intracellular trafficking of lipophilic
metabolites through a hydrophilic environment presents an
interesting problem. Fatty acid-binding proteins (FABPs) have
been identified in a variety of cells that solubilize, traffic, and
transiently sequester LCFAs (2—8). In this manner, the FABPs
help regulate LCFA availability for metabolism and generation
of lipid second messengers. Specifically, LCFAs are substrates
for acyl-CoA synthetases that activate LCFAs to their CoA
esters. These activated moieties flow toward mitochondrial or
peroxisomal catabolism, mono-/di-/triacylglycerol synthesis,
or metabolism to other derivatives such as ceramides. Acylcar-
nitines of various chain lengths are formed from a carnitine
molecule and their specific fatty acyl-CoA precursors through
the actions of acylcarnitine transferases associated with mito-
chondria and peroxisomes (9).

Importantly, the LCFA availability in muscle can exceed oxi-
dative capacity, and this mismatch, as reflected in plasma or
tissue concentrations of acylcarnitine markers of incomplete
LCFA B-oxidation, is more apparent during exercise (58) or
with insulin resistance and type 2 diabetes (10, 11). Under the
latter condition, LCFA accumulation in intramyocellular lipid
(IMCL) is evident and IMCL content also correlates with insu-
lin resistance in untrained individuals (12). Interestingly, aero-
bic training leads to the “athlete’s paradox” in which IMCL is
increased despite excellent insulin sensitivity in muscle (13).
This contrast between trained and untrained individuals is
hypothesized to derive from efficient sequestration of fatty
acids into triacylglycerol, where they remain relatively “inert,”
thus limiting accumulation of “lipotoxic” intermediates such as
ceramides or diacylgylcerols (14). However, additional possibil-

® The abbreviations used are: LCFAs, long-chain fatty acids; MD, molecular
dynamics; FA, fatty acids; AC, acylcarnitines; ITC, isothermal titration calo-
rimetry; oxy-Mb, oxymyoglobin; Met-Mb, metmyoglobin; deoxy-Mb,
deoxymyoglobin; FABP, fatty acid-binding protein; IMCL, intramyocellular
lipid; r.m.s. fluctuation, root mean square fluctuation; PLM, palmitate; PLC,
palmitoylcarnitine.
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Lipids Binding to Myoglobin

ities may be at work including training-associated changes
in the expression and/or post-translational modification of
sequestration proteins.

Besides being a well-known marker of incomplete 3-oxida-
tion, recent studies highlight the multifunctional role that
LCFA-acylcarnitines play in the cell. These lipid moieties serve
as natural zwitterions that modify membrane-associated sys-
tems or enzymes. In turn, these changes can contribute to insu-
lin resistance, inflammation, and myocyte stress responses rel-
evant to cardiac ischemia and inborn errors of fatty acid
oxidation (15-17). Despite the importance of acylcarnitines
in terms of normal cellular and body-wide fuel metabolism, and
their possible involvement in myocellular function (or dysfunc-
tion, when in excess), little is known about myocyte acylcarni-
tine trafficking and sequestration.

Myoglobin (Mb) is a single polypeptide of ~153 amino acids
length. Mb is one of the most abundant proteins in muscle and
cardiomyocytes (18) and its concentrations in muscle are
increased by aerobic training (19). Mb has eight right-handed
a-helices that are arranged in a distorted bundle orientation or
a triangular prism shape structure (20-22). The arrangement
of the protein is highly compact and contains a heme group (i.e.
porphyrin ring with iron at its center), where the heme is held
by a proximal histidine group attached directly to iron. A distal
histidine group placed on the opposite side of heme is not
bonded to iron; rather, it is involved in binding small molecular
ligands (20). The heme is surrounded by the neighboring non-
polar amino acids in the interior of the Mb. This compact
nature of Mb allows only a few small molecules to reach its
interior. Molecular O,, being non-polar, freely diffuses into the
interior of the protein and binds to the heme iron. Binding of O,
changes the Mb conformation by pulling the iron into the heme
plane (i.e. in deoxy-Mb the Fe is out of the heme plane). Hence,
O, binding alters the orientation of the proximal histidine,
resulting in a conformational change in the helix F of oxy-Mb.

A growing body of evidence points to Mb as a protein
involved in binding LCFAs in an oxygen-dependent manner
(23-25). In support, biochemical and NMR studies have dem-
onstrated the in vitro interaction between oxy-Mb and palmi-
tate or oleate (26 —28). Recently, our group utilized molecular
dynamic structural modeling to identify the putative binding
site and key amino acid residues involved in fatty acid binding
to oxy-Mb, but not deoxy-Mb (23). Although it has been pro-
posed that fatty acid binding to Mb is promoted with unsatura-
tion and increases as a function of chain length (25), the full
range of fatty acids bound by oxy-Mb remains to be deter-
mined. Nevertheless, these observations raise the intriguing
possibility that Mb helps regulate LCFA oxidative versus non-
oxidative fates under dynamic physiological states (i.e. rest ver-
sus exercise) and/or contrasting metabolic health conditions
(i.e. fit insulin-sensitive versus sedentary insulin-resistant
states). In other words, Mb may be an integral part of the net-
work of players that modulate physiologic and lipotoxic out-
comes in muscle cells.

Given the LCFA and oxy-Mb interactions, it is reasonable to
consider that oxy-Mb may bind acylcarnitines in a chain
length-specific manner as well. It is further reasoned that due to
the carnitine headgroup, the binding characteristics will differ
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FIGURE 1. Cluster analysis from AutoDock, displaying docking conforma-
tions of horse (A) deoxy-Mb with PLM, (B) oxy-Mb with PLM, (C)
deoxy-Mb with PLC, and (D) oxy-Mb with PLC. The best 20 models for PLM
and PLC are displayed as teal-blue lines and each representative set represen-
tative model is displayed as a stick. Similar patterns were observed for all the
different chain lengths starting from C12 and up to C20, where the ligands for
deoxy-Mb are docked close to the lysine residues (K56 and K50) and the
ligands for oxy-Mb were placed near the porphyrin ring and the hydrophobic
core close to the residues (K45 and K63).

from LCFA due to polar interactions at the interface between
the oxy-Mb hydrophobic pocket and the outside of the protein.
To evaluate these hypotheses, we determined the chain length
specificity of fatty acid and fatty acylcarnitine binding to
oxy-Mb versus deoxy-Mb utilizing molecular dynamics (MD)
simulations and isothermal titration calorimetry (ITC) experi-
ments. Our findings support a heretofore unrecognized role
of Mb in the acylcarnitine pathway and contribute to the
understanding of the structural determinants, dynamics,
and stability of different chain lengths and ligands with dif-
fering unsaturation.

Results
AutoDock Predictions

In our previous study using MD simulations, we showed the
mechanistic features predicting the ligand binding site, ligand
interactions, and effect(s) of oxygen binding on the heme struc-
ture that enables fatty acid binding (i.e. palmitate or oleate) to
oxy-Mb but not to deoxy-Mb (23). In the current study, we
performed molecular docking experiments involving varying
chain lengths (C2 to C20) of both fatty acids and acylcarnitines
to oxy-Mb and deoxy-Mb.

Docking results for these ligands with deoxy-Mb showed no
favorable binding, consistent with previous MD studies and
experimental results with LCFAs (23, 27) (Fig. 1, A and C). This
lack of interaction is likely due to the effect of the dome-shaped
heme and the degree of heme tilting in deoxy-Mb, which is the
result of a slight decrease in the coordination bond length
between the iron and histidine (Ne2 (e nitrogen of His) and the
imidazole ring) (29, 30). For the oxy-Mb simulations, our pres-
ent results accord with our previous docking outcomes. Both
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TABLE 1

Estimated binding energy (BE) results for different chain lengths of
both FAs and ACs with oxy-Mb from AutoDock

Name Estimated BE
Length FAs ACs FAs ACs
keal/mol
C2:0 Acetic Acetyl —3.54 —3.77
C4:0 Butyric Butyroyl —3.61 —3.81
C6:0 Caproic Caproyl —3.72 —3.85
C8:0 Caprylic Capryloyl —3.84 —3.93
C10:0 Capric Caprioyl —3.90 —4.01
C12:0 Lauric Lauroyl —4.52 —5.03
C14:0 Myristic Myristoyl —4.75 —5.97
C16:0 Palmitic Palmitoyl —5.99 —6.16
C18:1 Oleic Oleoyl —6.09 —6.43
C20:4 Arachidonic Arachidonoyl —6.81 -7.33

LCFAs and long-chain acylcarnitines exhibit similar binding
modes, in that they bind near the porphyrin group and the
hydrophobic region of the protein (Fig. 1, Band D). Specifically,
the carboxyl headgroup of the fatty acid or acylcarnitine inter-
acts with the side chain amino group of Lys** and Lys®,
whereas the lipid tail region exhibits hydrophobic contacts.
Estimated binding energies predicted by Autodock (see Table
1) were lower for the short- and medium-chain fatty acids and
their respective acylcarnitines (i.e. C2 to C10 values less than
—4 kcal/mol), when compared with LCFA and long-chain acyl-
carnitines. Overall, we found that C2-C10 metabolite binding
was not stable (discussed below).

Molecular Dynamic Simulations of the Various Ligands in the
Myoglobin Fatty Acid Binding Pocket

Our recent study, using MD simulations of oxy-Mb com-
plexed with palmitate and oleate, illustrated the crucial role of
the fatty acid hydrophobic tail in stabilizing the entire protein-
lipid complex (23). In the present study, we sought to under-
stand the structural stability of the protein-lipid complex for
different chain lengths of ligands as well as the effect of the
carnitine headgroup in binding. Therefore, we carried out
100-ns MD simulations separately for each protein-lipid com-
plex (12 fatty acids and 12 acylcarnitines in total). In addition,
we also performed simulations using arachidonate or arachi-
donoylcarnitine (C20:4) to understand the effects of polyun-
saturation on binding dynamics, due to the presence of four
double bonds. In all cases, the starting structure has the car-
boxyl group of the lipid interacting with Lys*> and Lys®® of Mb
enabling hydrogen bonding. Analysis of the trajectories for
short- and medium-chain acylcarnitines revealed that the
ligand starts to move out of the binding site within the first
10-ns simulation time and is thereafter exposed to the hydro-
philic environment (Fig. 2, A-C, illustrating C4, butyroylcarni-
tine). Similar outcomes were observed for either fatty acid or
acylcarnitine molecules ranging from C2:0 to C10:0 chain
length. In other words, there was essentially no binding of
either ligand with chain lengths up to C10:0 to oxy-Mb under
the conditions tested, as the tail is too short to have stable
hydrophobic interactions. For both fatty acids and acylcar-
nitines, C12:0 is the minimum chain length required to form a
stable complex with oxy-Mb (Fig. 3, A and F).

In our previous studies (23), stable interactions were seen
between the non-polar alkyl tail of LCFAs and hydrophobic
SASBMB
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residues Leu®’, Phe®?, Phe*?, Phe*, Val®’, Val®®, and Ile'””
within oxy-Mb. Conversely, the current MD trajectories on
short- and medium-chain lipids reveal a failure to exhibit
hydrophobic interactions during the course of the simulation
run. This is due to the fact that these short tails do not interact
with the deeper-sitting hydrophobic residues described above,
nor are the interactions strong enough to resist thermal fluctu-
ations and hold the ligands in the hydrophobic groove. More-
over, when a short-tail ligand emerges from the pocket, it lacks
a few terminal carbons that would coordinate the tail at the
pocket entrance to facilitate the return. Eventually, the short
tail region moves far enough out of the pocket, ultimately lead-
ing to the dissociation from Mb. This is in sharp contrast with
the long-chain lipid moieties in that binding and retention are
long lasting. For example, palmitoylcarnitine is stabilized in the
hydrophobic pocket, thereby forming hydrogen bonds; its “U”-
shaped tail interacts with the conserved hydrophobic residues
of Mb (Fig. 2, D—F). The energetic reason for the long-chain
hydrophobic tail occupying the hydrophobic groove is its highly
nonpolar nature, which drives penetration away from the aque-
ous environment outside of the Mb molecule. In contrast, the
fatty tails of short- and medium-chain lipids (C2:0 to C10:0) are
not pushed into the crevice because the hydrophobic forces are
roughly proportional to the exposed nonpolar area.

In MD simulations, the carboxyl headgroup in LCFA and
long-chain acylcarnitines (i.e. C12 or longer) exhibited hydro-
gen-bonding interactions with Lys*> or Lys®>. The results
showed that these headgroups switched between Lys*> and
Lys®® during the 100-ns simulation, with an average dwelling
time on the order of 25 ns. During the 100-ns simulations, the
majority of the H-bonding is associated with Lys*®, with some
exceptions (Fig. 4). Overall, we find that the headgroup of fatty
acids tend to show a higher percentage of hydrogen bonding
with Lys* or Lys®® than their respective acylcarnitines (Fig. 4).
In addition to this difference, the NH; moiety in the carnitine
headgroup also shows interactions with residues Lys*?, Lys*’,
Ser®®, His®*, and His®”.

Comparative visual analysis of various ligands (C12 and
above) in the hydrophobic pocket of oxy-Mb revealed interest-
ing features. Laurate exhibited “linear” shape conformation
throughout the 100-ns simulation run, whereas lauroylcarni-
tine switched between a linear and U-shaped conformation
before attaining a final U shape structure (Fig. 3A4). In contrast,
myristate, myristoylcarnitine, palmitate, palmitoylcarnitine,
oleate, and oleylcarnitine exhibit the characteristic U-shaped
conformation similar to the binding conformation in the FABP
proteins (Fig. 3, panels B-D and F-I) (31-38). Due to the pres-
ence of the single double bond at the center of the molecule in
both oleate and oleoylcarnitine (formation of kink in the struc-
ture due to the cis bond between C9 and C10), these two ligands
always display U shape conformation. The double-bond limits
structural flexibility, which allows the lipids to stabilize the
interactions with the surrounding hydrophobic residues. Dur-
ing the MD simulations, the saturated long-chain ligands par-
tially exhibit linear shape during the MD simulations before
attaining the final characteristic U shape conformation mim-
icking LCFAs binding mode in FABPs (31, 32). Long-chain lip-
ids (C14:0 to C18:1) show additional hydrophobic contacts

JOURNAL OF BIOLOGICAL CHEMISTRY 25135
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FIGURE 2. Snapshots of horse oxy-Mb with butyroylcarnitine (A-C) and palmitoylcarnitine (D-F) over time during MD simulations. A, 0 ns; B, 3 ns; and
G, 6 ns are the time intervals for butyroylcarnitine; and D, 0 ns; £, 50 ns; and F, 100 ns are the time intervals for palmitoylcarnitine. The protein backbone is

represented as ribbon shapes, whereas butyroylcarnitine (orange), palmitoylcarnitine (purple), Lys

4%, Lys®?, and heme are displayed as sticks. Oxygen molecules

are displayed as red ball shapes adjacent to the heme moiety. Butyroylcarnitine (circled) leaves the binding pocket rapidly, whereas palmitoylcarnitine remains
stable in the hydrophobic pocket. Water molecules and ions are excluded for clarity.

(B) myristate

(C) palmitate

(E) arachidonate

(A) laurate

\
\ -~
- e

(D) oleate

¢

(F) lauroylcarn (G) myristoylcarn (H) palmitoylcarn (@) oleoylcarn

(J) arachidonoylcarn

FIGURE 3. Structure of horse oxy-Mb interacting with fatty acids. A, laurate; B, myristate; C, palmitate; D, oleate; E, arachidonate and acylcarnitines; F,
lauroylcarn; G, myristoylcarn; H, palmitoylcarn; I, oleoylcarn; J, arachidonoylcarn. Snapshots of only the fatty acid binding pocket are shown, with various
ligands occupying the hydrophobic core near the porphyrin ring. The protein backbone is represented as a ribbon (colored pink), heme as sticks (colored gray),
and ligands as sticks (colored cyan). All the ligands appear as the characteristic U-shaped structure, which warps around the oxygen molecule (colored red) with

the exception of laurate (A) having linear and arachidonate (E) and arachidonoylcarn (J) attaining S-shaped structure.

ranging from Val®®, Leu?®, Leu®?, Phe®, Phe*®, Val®’, Val®®,
Ala”!, Leu”?, Leu'®, Ile'", and Leu'®®. Similar hydrophobic
interactions were observed with both arachidonate and arachi-
donoylcarnitine (C20:4). With respect to the latter, the pres-
ence of four cis double bonds induces categorical bends in the
lipid molecule leading it to attaining an “S”-shaped conforma-
tion (Fig. 3, E and ).

We monitored the stability of the ligands by root mean
square fluctuation (r.m.s. fluctuation). We compared the r.m.s.
fluctuation trajectories between the 5 fatty acid and 5 acylcar-
nitine ligands that show stable binding. We found that laurate
and lauroylcarnitine ligands exhibited larger movement in the
binding pocket when compared with the rest of the lipids tested
(Fig. 5). This may be due to the presence of a relatively shorter

25136 JOURNAL OF BIOLOGICAL CHEMISTRY

hydrophobic tail that switches between a linear and U-shaped
structure. Fatty acids exhibited lesser movement in the hydro-
phobic core compared with acylcarnitines. Although their
r.m.s. fluctuation profiles are similar (Fig. 5), once the hydro-
phobic tail occupied the hydrophobic pocket, the carnitine
moiety showed larger fluctuations due to the presence of the
trimethyl headgroup, which interacts with the surrounding
water molecules.

The presence of one cis double bond in oleate and oleoylcar-
nitine and four cis double bonds in arachidonate and arachi-
donoylcarnitine limits the torsional angles of these molecules.
The position of the cis double bond may also influence the posi-
tion or the energy cost of bending the tail while docked in the
hydrophobic pocket. If the position of the double bonds in the
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FIGURE 4. Histograms of percent of hydrogen-bond occupancies for interactions between different ligands with basic residues Lys** and Lys®® of
horse oxy-Mb, across 100-ns MD simulations.

Fatty Acids

e—laurate (14) =—myristate (16) palmitate (18)  ====oleate (20)

arachidonate (22)

RMSF (A)

0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22
No. of atoms in ligand
Acylcarnitines
== ]auroylcarn (24) ====myristoylcarn (26) palmitoylcarn (28) ====oleoylcarn (30) arachinodoylcarn (32)

7

6
—_ —
o 5
N’
=
7 4
2.

2

1

0

1 2 3 45 6 7 8 9 10111213 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
No. of atoms in ligand

FIGURE 5. The averaged r.m.s. fluctuation of different fatty acids and acylcarnitines that stably bind oxy-Mb, as a function of time bound to oxy-Mb,
showing the deviations by residue. Only heavy atoms (carbon, oxygen, and nitrogen) are taken into consideration, whereas calculating r.m.s. fluctuations
(hydrogens were excluded). Total number of atoms in each ligand molecule; laurate (14), myristate (16), palmitate (18), oleate (20), arachidonate (22),
lauroylcarnitine (24), myristoylcarnitine (26), palmitoylcarnitine (28), oleoylcarnitine (30), and arachidonoylcarnitine (32).

lipids changes, the pre-disposed bend might be in the wrong different location compared with arachidonate. An opposite
place for the lipid to attain stability. For example, in the case of scenario is observed in the case of arachidonate and arachi-
arachidonoylcarnitine, addition of the carnitine headgroup donoylcarnitine as they have fluctuations comparable with
appears to strengthen the binding by pushing the tail deeper, both palmitate and palmitoylcarnitine. However, addition of
still exhibiting larger r.m.s. fluctuations, whereas the bend isin  the carnitine headgroup displaces the chain and allows the
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arachidonoylcarnitine to fit more optimally. Considering the
motion of the ligands, it may be argued that fatty acids and
acylcarnitines are not locked in one conformation during the
100-ns simulation, but take on a range of possible conforma-
tions before accomplishing a stable conformation in which the
tight binding to the protein leads to a stable complex.

The r.m.s. deviations for heme were calculated by aligning
the frames of the heme moiety in all the protein-lipid com-
plexes for the whole 100-ns simulation. Analysis of the heme
movements (ie. trajectories) in the presence and absence of
various lipids revealed an interesting observation. The heme
trajectory shows small (<1 A) r.m.s. deviations throughout the
MD simulation, except in a couple of instances where r.m.s.
deviations of the heme ring shows larger fluctuations. There
was no evidence of large changes in the movement of the heme
ring either in the presence or absence of lipid ligands, except for
myristate and lauroylcarnitine. However, even small fluctua-
tions in the heme moiety may have a functional role in the
release of long-chain lipids, in the process of conversion of
oxy-Mb to deoxy-Mb.

Isothermal Titration Calorimetry (ITC)

Optimization of ITC Experimental Conditions and Confir-
mation of FA and AC Binding to Oxy-Mb—MD simulations
support a model in which long-chain ligands exhibit preferen-
tial binding to oxy-Mb over deoxy-Mb. We experimentally
tested this hypothesis by performing ITC studies. Before con-
ducting the full range of ITC experiments, we assessed different
experimental parameters with palmitate (PLM, ie. C16) and
Mb. The commercial source of equine myoglobin generally
exists in Met-Mb form, which is in ferric (Fe*") state. Conver-
sion of Met-Mb to Mb was accomplished by the addition of
sodium dithionite, which facilitates the reduction of heme iron
from ferric (Fe") to ferrous (Fe*™) state, thus promoting oxy-
gen binding (25). To increase the percentage of the dissolved
oxygen, the Mb solution containing sodium dithionite was fur-
ther purged with molecular O, gas to attain enriched oxy-Mb.
For control preparations, deoxy-Mb was generated by purging
the Mb preparation with N, gas, which eliminates the dissolved
oxygen from the solution. Under these conditions, we found a
lower binding affinity of PLM to the deoxy-Mb enriched prep-
aration. Specifically, the affinity of PLM for Mb decreased by
~50% (K, values in um: N, purge, 67.1 * 3.0 versus standard
condition, 32.7 * 1.1 (data not shown)). Comparing standard
conditions (i.e. sodium dithionite alone) and O, purge (i.e.
sodium dithionite + O,), we found no significant difference in
the PLM K, values. This notwithstanding, we continued to use
the O, purge in the follow-up ITC experiments because some
ligands may be more sensitive to O, concentration than PLM.
We also tested the effect of pH and temperature on the affinity
of fatty acids or acylcarnitines with Mb. Across the range of pH
6—8 or temperatures 25 to 37 °C, there were no major differ-
ences in K, values between PLM and oxy-Mb (data not shown).

Importantly, the quality of the Met-Mb and oxy-Mb samples
was verified by acquiring UV-visual spectra of the samples
before and after the ITC experiments. UV-visual spectra of
Met-Mb showed the characteristic absorption maxima at
417 nm, and the B and « bands at 504 and 530 nm, respec-
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tively. In contrast, oxy-Mb showed significant red shift of the
corresponding bands (to 422, 510, and 560 nm, respectively,
data not shown). These results are consistent with values
reported in the literature for Met-Mb and oxy-Mb-enriched
solutions (39).

Having now optimized experimental parameters, we con-
ducted ITC experiments with varied chain lengths of ligands to
determine binding to oxy-Mb (enhanced by O, purge) versus
Met-Mb (comprises most of commercial preparations) (Fig. 6).
As a negative control, we conducted identical experiments
with hen egg white lysozyme, which was titrated indepen-
dently with palmitate (PLM) and palmitoylcarnitine (PLC)
(Fig. 6, A and E). Lysozyme (~14 kDa) has a similar molec-
ular mass as Mb, and is known to not bind fatty acids. In
accord, we found that lysozyme did not exhibit discernable
binding to either of the ligands tested. Taken together, these
results support the hypothesis that the interaction of LCFAs
and long-chain acylcarnitines to oxy-Mb is specific (Fig. 6,
B-D and F-H).

Notably, the variation in the solubility of different fatty acids
and acylcarnitines resulted in slight changes in the peaks
evolved during the injection process. This is mainly due to the
effect of possible aggregation of either fatty acids or acylcar-
nitines during the titration process, which cannot be accounted
for accurately. Nevertheless, appropriate background correc-
tions were performed to eliminate heats of dilution and
potential heat changes arising due to products formed dur-
ing the course of the ITC experiments (see “Experimental
Procedures”).

Effect of Chain-length of FA and AC on Thermodynamic
Binding Parameters of Oxy-Mb—In ITC experiments, fatty
acids or acylcarnitines from chain length C6 to C10 showed no
significant binding to either Met-Mb or oxy-Mb (Table 2). In
contrast, ligands with chain lengths C16:0 and C18:1 showed
significant binding to oxy-Mb but not to Met-Mb (Table 2; see
Fig. 6 for representative ITC traces). A ~3-fold differential
binding affinity was observed in the case of C16:0 and C18:1
fatty acids versus acylcarnitines (Table 2). Conversely, C12:0
ligands exhibited very weak binding to oxy-Mb with a K, value
of 509 * 177 umM (fatty acid) and 864 * 259 um (acylcarnitine)
due to low heat changes, which may have resulted in an incom-
plete saturation.

Large negative enthalpic (AH) values for both fatty acids and
acylcarnitines suggest that the binding interaction to oxy-Mb is
favored (Table 2). Observing a decrease in the enthalpy and an
increase in the entropy (AS) of fatty acids with larger tail length
supports the binding of respective ligands to oxy-Mb which is
predominantly driven by hydrophobic interactions. Con-
versely, an opposite trend is observed in acylcarnitines, where
an increase in enthalpy and decrease in entropy supports that
the interactions are governed by both hydrophobic and hydro-
gen bonding. On average, all the lipids studied showed a bind-
ing stoichiometry of ~1 suggesting the presence of a single,
binding site in equine oxy-Mb for either fatty acids or acylcar-
nitines. The binding affinity of arachidonic acid to oxy-Mb
could not be studied due to its poor solubility under the condi-
tions used in the ITC experiment. In addition, experiments
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FIGURE 6. Isothermograms representing the binding of lysozyme, Met-Mb, and oxy-Mb with different chain lengths of fatty acids and acylcarnitines.
Within each metabolite isothermogram, the upper panel depicts the raw data of titration of reactants with time in minutes on the x axis and the energy
releases/absorbed per second on the y axis. The lower panel is the integrated data with the molar ratio on the x axis and energy released/absorbed per injection
on the y axis. The solid line in the bottom panels represents the best-fit of the experimental data, using a one-set of sites binding model from MicroCal Origin™

TABLE 2

Thermodynamic binding parameters of fatty acids and acylcarnitines
titrated against Met-Mb or oxy-Mb in ITC experiments

Samples met-Mb oxy-Mb AH AS No. of
Chain length  Kd (app) pM___Kd (app) pM____ (keal'mol™") _ (cal'mol*K™")  binding sites
[C6:0 NSB* NSB NSB NSB NSB
C8:0 NSB NSB NSB NSB NSB
FAs — C10:0 NSB NSB NSB NSB NSB .
C12:0 NSB 509 £ 177 -8.01 -12.1 1.6+£0.4
Cl16:0 NSB 29.1+4.1 -6.81 -2.14 0.76 £0.12
=C18:] NSB 6.17+1.6 -4.33 9.32 0.83 +£0.42
C6:0 NSB NSB NSB NSB NSB
C8:0 NSB NSB NSB NSB NSB
ACs — C10:0 NSB NSB NSB NSB NSB
C12:0 NSB 864 +259 -4.2 -0.07 1.5+0.33°
Cl6:0 NSB 9.76 £2.6 =17 -2.9 0.98 +0.11
LC18:1 NSB 1.98 +0.6 -1.1 -10.8 0.94+0.18

“N.S.B., no specific binding detected.
’ Due to incomplete saturation, the n value is greater than 1.

could not be performed with arachidonoylcarnitine as it was
not commerecially available at the time of the experiments.

Discussion

For both fatty acids and acylcarnitines, ITC data show a
consistent strengthening of binding with an increase in the
length of the hydrocarbon tail, which agrees with the MD
simulations and the expectation that the hydrophobic exclu-
sion of the nonpolar tail from water and its van der Waal
interactions with the crevice are crucial factors for the com-
plex stability.

However, there are clear distinctions between fatty acids and
acylcarnitines in the enthalpic and entropic contributions to
the binding energy, which can be reasonably interpreted in the
context of the differences of their headgroup structure. Fatty
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acids show binding entropy increasing with the tail length. This
trend is typical for hydrophobic exclusion as more water gets
released from the vicinity of the tail when it enters the Mb
crevice. This favorable component is partially balanced by
the decreasing favorable enthalpy observed in ITC. For sim-
ilar systems, the favorable binding enthalpy often comes
from strong electrostatic interactions, and its waning in the
case of fatty acids is likely due to decrease in the ability of the
carboxyl group to engage in polar contacts with the posi-
tively charged Mb groups because the larger tail holds it
deeper into the Mb crevice and restricts conformational
freedom.

In contrast, in the case of acylcarnitine binding, the increase
in tail length favors the strengthening of the enthalpic contri-
bution, whereas the unfavorable (negative) entropic part
becomes even more pronounced. A possible structural reason
for this opposite trend may be due to the headgroups of the lipid
moieties. Compared with the small carboxyl in fatty acids, the
carnitine headgroup is much larger and heterogeneous in terms
of atomic polarity. The carnitine adds both hydrophilic (car-
boxyl and trimethylammonium) and hydrophobic (two CH2
and one CH) groups to the ligand. It is reasonable to consider
that this larger headgroup, with more charged atoms, is able to
form more polar contacts with Mb. These interactions may be
especially pronounced when a larger lipid tail enforces a deeper
placement into the Mb crevice, the situation when the contact
abilities of the fatty acid carboxyl are likely to be limited,
whereas the larger carnitine headgroup has a farther reach and
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more conformational freedom. These differences may contrib-
ute to the increase in the enthalpic part of the binding energy
with the tail lengthening observed in acylcarnitines. At the
same time, several hydrophobic atoms present in the acylcarni-
tine headgroup might provide a possible “docking spot” for the
hydrophobic tail, whereas acyl carnitines are still in the bulk
solution. In this case, wrapping of the tail to cover those carbons
from water could also limit the size of the hydration shell of the
nearby polar atoms in the carnitine headgroup. When acylcar-
nitines bind to Mb, the tail would unwrap, enter into the Mb
crevice and thus expose non-polar carbons of the headgroup to
water that would also allow the polar atoms of the headgroup to
increase the hydration shell. Typically, hydration of polar atoms
makes favorable enthalpic contributions, which would agree
with ITC data for acylcarnitines. Additionally, increased hydra-
tion of both polar and non-polar atoms in the “uncovered” car-
nitine headgroup is expected to cause ordering of nearby
waters, a likely reason for the larger negative entropy observed
with the increased tail length. Hence, affinity of fatty acids and
acylcarnitines to oxy-Mb increases with the increase in chain
length, whereas the specific energetic contributions and group
interactions might differ.

The results from our molecular modeling simulations dem-
onstrate that medium- and long-chain lipids (from C12:0 to
C20:4) have the ability to bind oxy-Mb, due to the presence of
the long alkyl tail that forms a U- or S-shaped structure occu-
pying the hydrophobic groove of Mb. MD simulations suggest
that short- and medium-chain fatty acids and acylcarnitines of
C10 or below do not bind to oxy-Mb. Calculated binding ener-
gies suggest that acylcarnitines bind relatively more favor-
ably compared with fatty acids because of the presence of the
carnitine headgroup. Furthermore, the MD simulations
revealed crucial Mb residues Lys* and Lys®® anchor the
charged end of lipids, whereas hydrophobic residues interact
with the hydrophobic tail of the lipid establishing a stable
conformation. Consistent results from molecular modeling
and ITC studies validate the physical binding of both fatty
acids and acylcarnitines to oxy-Mb. Future experiments are
warranted to study the mechanism of entry and exit, and to
determine the importance of specific residues identified
herein (i.e. through site-directed mutagenesis). Interest-
ingly, recent studies indicate that oxy-Mb interacts with
mitochondria in the muscle cells, initiating a conformational
change in the oxy-Mb during the release of oxygen (40, 41).
These results must be taken into account in future studies of
the retention of fatty acids or acylcarnitines when bound to
oxy-Mb that may simultaneously release both oxygen and
lipids to the mitochondria.

The novel observation that some acylcarnitines bind to
oxy-Mb raises the intriguing possibility that Mb serves as a
physiological carrier of fatty acid fuels, especially Mb-rich type
I “oxidative” muscle fibers or cardiomyocytes that rely heavily
on fatty acid combustion. In addition, MD simulation studies of
oxy-Mb with fatty acids and acylcarnitines suggest an impor-
tant role for these metabolites in the physiological function of
the myoglobin as a carrier of oxygen. Indeed, these ligands
might stabilize oxygen binding as they partially occlude one of
the major oxygen diffusion pathways in Mb. In support, it has

25140 JOURNAL OF BIOLOGICAL CHEMISTRY

been shown that other obstacles can affect the rates of oxygen
release (42—44).

Long-chain acylcarnitines can accumulate in muscle: (i) dur-
ing exercise, (ii) in some fatty acid oxidation disorders, (iii) in
the insulin resistant state, and (iv) in cardiac ischemia. More-
over, these metabolites have been hypothesized to serve as bio-
active “stress” signals when accumulation is abnormally high
(10, 16). It is reasonable to speculate that oxy-Mb impacts the
free intracellular concentration of these metabolites, and
may be a means by which bioactive acylcarnitines are
metered and trafficked in myocytes. Recently, long-chain
acylcarnitines were associated with regions of tissue damage
in a heart cardiac ischemia model (45). The untoward effects
of acylcarnitines on mitochondrial function were amelio-
rated with addition of total cellular proteins but not FABP or
acyl-CoA-binding protein, suggesting the presence of an
unknown acylcarnitine-binding protein in cardiomyocytes.
Our results suggest that oxy-Mb serves as one such protein.
Under conditions of low tissue oxygenation and enrichment
of tissue deoxy-Mb (i.e. cardiac ischemia), such a model
would predict that acylcarnitine binding to Mb drops,
thereby raising free intracellular acylcarnitine concentra-
tions with concomitant increases in acylcarnitine-associated
cell bioactivities and stress outcomes.

Experimental Procedures

Molecular Docking—We used the identical horse oxy-Mb
structure/model coordinates that were previously used to study
the PLM and oleate (OLE) interactions with oxy-Mb (23). For
horse (Equus caballus) deoxy-Mb structure, we used PDB code
2V1K and due to the non-availability of horse oxy-Mb, we
transferred the oxygen molecule coordinates from sperm whale
oxy-Mb (PDB ID 1MBO) to the deoxy-Mb of horse (46, 47). To
attain equilibrium and stability, we performed MD simulations
on the generated oxy-Mb complex for a period of 10 ns before
using the model for docking studies. All the ligand molecules,
which include different fatty acids and acylcarnitines starting
from acetic/acetyl- (C2) to arachidonic/arachidonoyl (C-20)
were sketched and minimized using Marvin Sketch software
(Marvin version 5.7.1, 2011, ChemAxon). The difference
between the fatty acid and acylcarnitine is only the addition of
carnitine molecule to the headgroup of the fatty acid. Molecular
docking was performed using Autodock 4.2 to estimate their
binding free energies and to obtain the best orientation of fatty
acids and acylcarnitines in oxy-Mb to generate the initial pro-
tein-lipid complex for MD simulations (48). A hybrid Lamarck-
ian Genetic Algorithm was used for all the calculations listed in
the Autodock module (49). The torsional angles for residues
Lys*® and Lys®?, which are involved in the binding of PLM and
oleate, were kept flexible along with the torsional angles of all 24
ligand molecules (48, 50). All the other residues in the oxy-Mb
were held rigid. Polar hydrogen atoms were added to the
oxy-Mb structure using Autodock and subsequently Kollman
united atom partial charges were assigned (48 —50). The same
input parameters used in our previous study (23) were used for
the grid box settings, which is set to 70 X 70 X 70 points with
grid spacing of 0.375 A. Maximum energy evaluations of
25,000,000 steps were performed with a population size of 300,
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whereas the total independent runs were fixed to 150. The clus-
tering algorithm described in ADT/AutoDock to group the
similar conformation or “clusters” based on their lowest energy
conformations and their r.m.s. deviations to one another is
applied (48, 50). The docked poses with lowest energy from
each run were saved and clustered with an r.m.s. deviation cut-
off of 2 A. Finally, the most energetically favorable conforma-
tion of each ligand was selected.

MD Simulations—MD simulations were performed on all of
the 24 protein-lipid complexes (12 fatty acids and 12 acylcar-
nitines) using the NAMD (51) package developed by the Theo-
retical and Computational Biophysics Group at University of
Illinois at Urbana-Champaign (52). All the simulations were
conducted using the NPT ensemble using CHARMM36 force
field parameters (53, 54). Before performing the MD simula-
tions, the protein-lipid complex was energy minimized for the
AutoDock-generated ligand poses. These minimizations used
periodic boundary conditions, where the protein-lipid complex
was solvated with a TIP3 water model (55) in a rectangular
three-dimensional periodic box, of which the dimensions in
every direction were chosen to be at least 10 A larger than the
protein-lipid complex. Na* and Cl~ ions were added up to
equivalent of 150 mwm salt concentration to each protein-lipid
(oxy-Mb/FA, oxy-Mb/AC) complex to maintain the electro-
neutrality for all the 24 complexes. Using Langevin dynamics, a
constant pressure (1 atm) and temperature regulation (1 to 300
K) with a collision frequency of 1.0 is maintained (56, 57). For
the entire MD simulation for each test, periodic boundary set-
tings were maintained with the cutoff distance applied for non-
bonded interactions taken as 12 A, and the particle mesh Ewald
method was used to treat long-range electrostatic interactions
with the switching distance 1.5 A. A three-stage protocol was
employed for energy minimization of the solvated protein-lipid
complex. In the first step, to avoid clashes between conflicting
contacts, energy minimization was performed only on the
solvent molecules keeping the protein fixed using the steep-
est descent in the first 3000 steps. In the second step, a con-
jugate gradient method for 3000 steps was employed keeping
the heavy atoms of the oxy-Mb fixed, whereas both the sol-
vent and hydrogen atoms in the oxy-Mb were allowed to
relax. In the final step, all the solvent molecules and the
protein atoms were allowed to relax for the subsequent 3000
steps during optimization. To achieve equilibrium, the sys-
tem was subjected to steady heating until it reached 300 K at
1 atm. Throughout the MD simulations, the coordinates of
each system were saved every 1 ps. R.m.s. deviation calcula-
tions were performed using the plugin r.m.s. deviation tra-
jectory tool, whereas hydrogen bonding interactions of the
protein-lipid complex were analyzed using HBonds plugin in
vmd 1.9.1 (52).

Isothermal Titration Calorimetry—All the ITC experiments
were performed on iTC200 microcalorimeter (GE, Northamp-
ton, United Kingdom). Stock solutions of samples containing
different chain lengths of free fatty acids and respective acylcar-
nitines were prepared in 100% ethanol, and diluted to a final
concentration of 50 uM in 10 mm sodium phosphate buffer, pH
7.2, containing 50 mm NaCl and 10% ethanol. Incorporation of
10% ethanol in the titration buffer increased the solubility of
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FAs/ACs at room temperature. At higher concentrations
(>500 um), aggregation was observed in both FAs and ACs.
FAs/ACs were always loaded in the reaction cell at a concentra-
tion of 50 um and titrated against 500 um oxy/Met-Mb solution.
Oxy-Mb samples (500 um) were prepared in the same buffer by
the addition of 3 mMm sodium dithionite, and O, gas was purged
into the solution for 10 min. Both the protein and FA/AC sam-
ples were equilibrated to 25 °C before the start of the titration. A
total of 25 injections (1.6 ul each) from the syringe to cell was
carried out to generate the ITC curves within each experiment.
Samples were thoroughly mixed by constant stirring of 1000
rpm. Between each injection, a 10 s gap was maintained to
achieve a proper baseline. Data obtained from the ITC experi-
ments were best fit to one-set of sites binding model, available
on Origin™ software (version 7.0) provided by the manufac-
turer. Heats of dilutions and heats due to potential products
formed during the course of the ITC experiments were cor-
rected by performing appropriate blank titrations, consisting of
oxy/Met-Mb into buffer and buffer into FAs/ACs, from the
actual sample titrations.

Author Contributions—S. V. C.and S. H. A. conceived the acylcarni-
tine-Mb binding. S. V. C. conducted all computational experiments,
and interpreted MD simulation results in consultation with P. L. M.,
D.V.R,and A. A. S.J.and R. K. G. conducted ITC experiments and
analyzed results with T. K. S. K,,S. V.C,,S. H. A, T.K. S. K,,and S. J.
conceived the experimental design. S. V. C. and S. H. A. wrote the
manuscript, with input and edits by all authors.
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