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Interaction of Myoglobin with Oleic Acid

Lifan Shih, Youngran Chung, Renuka Sriram, and Thomas Jue
Department of Biochemistry and Molecular Medicine, University of California Davis, Davis, CA
95616-8635

Abstract

Previous studies have shown that palmitate (PA) can interact with myoglobin (Mb). The present
study has investigated the interaction of the more soluble unsaturated fatty acid, oleic acid (OA).
Indeed, TH NMR measurements of the Mb signal during OA titration also show signal changes
consistent with specific and non-specific binding. At OA:Mb ratio < 4:1, OA perturbs selectively
the 8-heme methyl signal, consistent with a local and specific fatty acid-protein interaction. As
OA:Mb ratio increases from 4:1 to 40:1, all hyperfine shifted MbCN signals decrease, consistent
with a non-selective, global perturbation of the protein. The pH titration analysis indicates that the
observed OA methylene signal in the presence of Mb reflects a non-specific interaction and does
not originate from a shift in the lamella-micelle equilibrium. Given the OA interaction with Mb, a
fatty acid flux model suggests that Mb can play a fatty acid transport role under certain
physiological conditions.
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1. INTRODUCTION

Even though biochemistry canon asserts an O, storage and a facilitated O, transport role for
Mb, many questions still abound about its cellular function (21; 55; 56). Experiments have
certainly detected Mb supplying O in plants and in mammalian tissue, and in vivo NMR
experiments have observed Mb releasing its O, store to maintain oxidative metabolism
during apnea and at the initiation of skeletal muscle contraction (5; 42). Yet, under anoxia
the O5 store of Mb in mammalian heart can only prolong normal respiration for only a few
seconds (4). CO inactivation of Mb function does not impair cardiac respiration, metabolism
or contraction (3; 14). Indeed, a mouse without Mb exhibits no striking deficits in its oxygen
consumption rate, contractile function, bioenergetics, and metabolism (13; 19). Despite
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compensating physiological mechanisms, the knock-out (KO) mice have led to suppositions
about a nitric oxide (NO) bioscavenging and NO reduction role for Mb (11; 28; 30; 43).

In the Mb KO myocardium, metabolism switches its substrate preference from fatty acid
(FA) to glucose. FA to glucose utilization ratio drops from 3/1 to 0.7/1 (10). Many
researchers have simply ascribed the metabolic switch to the missing contribution of Mb in
facilitating O transport, since oxidative fatty acid metabolism requires O,. However,
several studies have now shown that Mb in the cell appears to diffuse too slowly to compete
effectively with free O, (33; 34; 40; 41). If Mb does not have a predominant storage or
facilitated diffusion O, under normal physiological conditions, the reduced fatty acid
metabolism could indicate a missing Mb mediated fatty acid transport, as some early Mb
studies have implicated (17; 18; 20).

Indeed, recent IH NMR studies have found evidence for palmitate (PA) binding specifically
and non-specifically with Fe (111) MbCN (48). Moreover, PA interacts differentially with
physiological states of Mb. PA interacts with MbCO but does not interact with deoxy Mb.
The results suggest that Mb could serve as a fatty acid transporter and use a convenient
loading-unloading mechanism that follows the O, gradient from the sarcolemma to the
mitochondria. In fact, a fatty acid transport model indicates that Mb can compete effectively
with fatty acid binding protein (FABP) above a fatty acid concentration threshold (47).

To corroborate and characterize the fatty acid interaction with Mb, we have conducted a set
of experiments with oleic acid (OA), an 18 carbon (C18) unsaturated fatty acid. Because OA
has a higher solubility than PA, it permits the use of a wider range of fatty acid
concentrations to titrate into Mb. As with PA, OA interacts specifically and non-specifically
with MbCN to perturb selectively the 8-heme methyl signal (32). At high OA:Mb, OA
perturbs the overall Mb structure.

The experimental results confirm that Mb can interact specifically and non-specifically with
OA without forming a detectable amount of hemichrome. Moreover, the Mb interaction with
OA does not appear to arise from any alteration in the lamella-micelle equilibrium. Given
the specific interaction of OA, a model of intracellular fatty acid transport indicates that Mb
can compete with fatty acid binding protein (FABP) to transport both saturated and
unsaturated fatty acid in the cell (16; 33; 34; 47; 48). Mb may then have a role in regulating
fatty acid metabolism and presents a unique model to interrogate protein-fatty acid
interaction.

2. EXPERIMENTAL

2.1. Protein Preparation

Mb and albumin solutions were prepared from lyophilized horse heart protein and
essentially fatty acid free bovine serum albumin (Sigma Chemical Inc., St. Louis, MO).
DeoxyMb was prepared from lyophilized metMb as described previously (29). The
preparation of MbCO solution followed a similar procedure. All the samples were prepared
in 30mM Tris buffer with ImM EDTA at pH 7.4. The pH was measured at 35°C using a
calomel electrode (Orion 7110BN Micro Calomel pH, Thermo Electron Corporation). Five
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times excess KCN was added to the metmyoglobin in Tris to produce MbCN, and the pH
was adjusted to 7.4.

A UVIKON (941KONTRON Instruments) spectrophotometer measured the MbCN
absorbance from 300-650 nm. Specifically, extinction coefficient of the 542nm absorbance
(¢542=11.3mM~1.cm™1) provided the basis to determine the MbCN concentration.

2.2. Fatty Acid-Mb Preparation

2.3. NMR

OA (Sigma Chemical Inc., St. Louis, MO) and 13C; OA (Cambridge Isotope, Tewksbury,
MA) were dissolved in 30mM Tris buffer with ImM EDTA at pH 8.5 at 65°C. Stock
solutions of 10mM and 100mM were prepared and kept in a heating block (Thermolyne
17600 Dri-Bath) at 65°C. An aliquot of 10mM or 100 mM OA in Tris buffer at 65°C was
added to 600pl of 0.2-0.8 mM myoglobin at 35°C to yield a final solution with Mb:OA ratios
from 1:0.1 to 1:60. In these experiments, the methodological approach appears more
effective and efficient than the alternative procedure that requires first dissolving a fatty acid
solution in the NMR tube, evaporating the organic solvent, and then adding stoichiometric
amount of protein to create the final fatty acid: protein mixture (7).

The time between OA addition and the start of the NMR measurement was approximately 5
minutes. The pH was measured at 35°C using a calomel electrode. All NMR experiments
were then conducted at 35°C.

A Bruker Avance 600 MHz spectrometer recorded the 1H NMR signals. The 5 mm probe 1H
90° pulse, calibrated against the HOD signal from a 0.15 M NaCl solution, was 9 ys.
Watergate pulse sequence was used to suppress the water signal. Sodium-3-(trimethylsilyl)
propionate 2,2,3,3 d4 (TSP) served as the internal chemical shift and concentration
reference. All samples contained 10% D,0 to enable the deuterium lock during signal
acquisition. All measurements were carried out at 35°C. A typical spectrum required 1024
scans and used the following signal acquisition parameters: 36 KHz spectral width, 8k data
points, and 124ms recycle time.

The 13C signals collected at 151 MHz used the following acquisition parameters: 8.25 s 90
pulse, a 33 KHz spectral window, and 16K data point and 1.25s recycle time. A GARP pulse
sequence decoupled the 1H signals, and 13C, acetate provided an internal chemical shift
reference at 24.2 ppm. Zero-filling the free induction decay (FID) and apodizing with an
exponential window function improved the spectra. A spline fit then smoothed the baseline.

2.4. PK Determination

NMR determination of pK used the following equation that relates the observed chemical
shift to pH and pKa:

54— b,

50})served = 6P + m
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Sonserved = Observed chemical shift at a given pH, p=chemical shift of the protonated form,
8q=chemical shift of the deprotonated form.

2.5. Fatty Acid Binding Affinity

: i [OA] Blma‘x [OA] X i
The curve fit used the equation bound K+ |OA] T determine a one site

specific binding of OA to Mb based on the signal intensity loss of the 8 heme methyl where
OA:Mb < 2:1.

[OA] = oleate; K4 = dissociation constant; and Bax= maximum capacity for oleate binding.
The analysis assumes that the maximum signal loss of the 8-heme methyl corresponds to
B1max Of the fully OA bound state.

Modeling a 2-site binding (a specific and a non-specific binding site) used the following
equation:
Blma.x [OA] BZmax [OA] Blmax [OA}

OA _ + - +Ns [OA
[ ]bound Ky + [OA] Ky Kan+ [OA] [ ]

At high OA concentration, the analysis assumes Ns= B1mnax/Kgz in the region where Kgp <
[OA] (37).

2.6. Intracellular Fatty Acid Transport

The intracellular fatty acid flux has contributions from free OA and protein mediated OA
diffusion as expressed in the following equation, which assumes zero unbound OA at the
mitochondrial surface:

c OA

J = D,,0A+D ———
or AT IO XTI 08

X

J=the overall fatty acid flux, OA=oleic acid; Cx = cellular concentration of Mb ([Mb]c) or
FABP ([FABP]cen); Doa=diffusion coefficient of free oleic acid, Dy = diffusion coefficient

of Mb (Dpp) or FABP (Dgagp) in the cell, Kif = invitro OA dissociation constant of Mb or
FABP (33-35; 44; 48). Because the reported diffusion coefficients of fatty acid in the cell
vary widely from 3.5 x 1079 cm?s71 to 4.6 x 1076 cm?s~1, the model has used the highest
value to set an upper bound for unbound OA contribution (35; 52). The model also assumes

an identical in vitro and in vivo K)D( Table

2.7. Statistical Analysis

Statistical analysis used the Sigma Plot/ Sigma Stat program (Systat Software, Inc., Point
Richmond, CA) and expressed the data as mean value + standard error (SE). Nonlinear
regression analysis of the average data points determined the dissociation constant using
Marquardt-Levenberg algorithm. Statistical significance was determined by two-tailed
student’s t-test, P<0.05.
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3. RESULTS

The addition of OA to MbCN produces a selective signal intensity loss of the 8 heme methyl
resonance (inset figure of heme). Figure 1 shows the 10-30 ppm spectral region of 0.8mM
MbCN with and without at a 1:1 ratio of OA:Mb in Tris and in phosphate buffer (Pi) at pH
7.4 and 35°C. The 'H NMR MDbCN spectra with OA in Tris (fig 1A-1B) and Pi (fig 1C-1D)
show a selective signal intensity decrease of 8 heme methyl peak at 13.2 ppm, fig. 1. Neither
the hyperfine shifted heme 5-CH3 (26.2 ppm) nor 1-CHs3 (17.8 ppm) peak shows any
significant perturbation (2; 32).

Given the selective change of the 8 heme methyl signal and an apparent signal intensity
plateau at about OA:Mb 2:1, which the data analysis has presumed to correspond to a fully
OA bound Mb (Mb-OA) state, a graph of the fractional amount of Mb-OA as a function of
OA leads to the determination of an apparent Kq = 45 uM for the specific OA binding to
MbCN, fig 2 (47; 48).

At high OA:Mb ratios (8:1 to 40:1), however, all the hyperfine shifted signals (10-30 ppm)
of MbCN lose intensity. New peaks around 8-9 ppm emerge, fig 3. Above an OA:Mb ratio
of 24, all hyperfine shifted signal intensities approach zero.

Fig 4 graphs the peak intensity of the heme 1-CH3 and 8-CHs as a function of added OA.
The heme 8-CHs peak intensity decreases selectively to about 0.6 of its original intensity as
OA:Mb reaches 2:1. Continuing addition of OA decreases intensity of all observed
hyperfine shifted signals. Above an OA:Mb ratio of 2:1, the 1-CH3 5-CH3 and 8-CH3
signal intensities begin to decrease similarly with respect to OA (1-CHs: y = -0.032x + 0.96
(r=0.99); 5-CH3: y = -0.032x + 0.96 (r=0.99); 8-CH3 : y = —0.029x + 0.70 (r=0.99)). The 5-
CH3 and 1-CHg signal intensities show an identical relationship with OA (5-CH3 data not
shown). The 8-CHs peak intensity drops selectively at OA:Mb < 2:1. Above OA:Mb of 2:1,
its signal intensity loss parallels the response of the 5-CH3 and 1-CHs signal to OA.

Despite the large alterations in the NMR spectra with high OA:Mb ratios, the characteristic
Mb Soret band at 422 nm shows no significant perturbation with OA:Mb ratio up to 5:1.
From OA:Mb ratios between 20:1 to 50:1, the band shifts slightly to 420 nm and exhibits <
5% reduction in intensity, fig 1S (Supplemental Data). The optical spectra show no
detectable metMb signal.

The chemical shift of the EFG peak in the 1H NMR spectra of OA does not respond to pH
change. In either Tris at pH 7.4 or Tris at 12.1, the EFG peak position remains constant. Fig
5A and 5B show the 'H NMR OA spectra in Mb and in Tris buffer at pH 7.4 and pH 12.1,
respectively. The EFG peak of OA in Tris and Pi appears at 1.32 ppm.

1 G F C A A C F E D B
CH—(CH:)s—CH—CH—CH=CH—CH>—(CH:)r—CH—CH>—CH—CO2

In Mb, the EFG peak position shifts upfield 0.13 ppm to 1.19 ppm, fig 6C. OA in Pi yields a
similar spectral profile (data not shown). Peaks B and C also show a slight 0.07ppm upfield
shift and peak J show a 0.02 ppm during the transition from pH 7.4 to 12. Peak C shifts 0.23
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ppm upfield, while peak J shifts 0.11 ppm. The peak line widths vary with pH and in the
presence of Mb, Table 1-2.

The EFG signal of OA yields an estimate of OA solubility in Tris, in Pi, and in Mb. NMR
detects about 43% of the OA in Tris or inorganic phosphate (Pi) but about 78% of the OA in
Mb, Table 3.

Fig 6 and 7 show the pH dependent change of the various OA peaks in the H NMR spectra.
The pH dependent chemical shift for peaks B and D, referenced to peak position at pH
12.14, yields a pK of 8.22 and 8.07, respectively, fig 6. In contrast, peaks C, EFG, and J,
referenced to the respective chemical shifts at pH 2, exhibit a pK of 5.37, 5.40, and 5.76,
respectively, fig 7 and Table 4.

The IH NMR chemical shifts of OA in Mb do not match the OA peak positions in the
monomer, lamella, or micelle state below the critical micelle concentration (CMC), Table 5.

13¢, chemical shift of OA in Tris also varies with pH, fig 8. Below pH 6, it appears at 180.6
ppm. Above pH 9, it resonates at 184.0 ppm. Analysis of the pH titration curve yields a
pK=8.42. At pH 7.4 the 13C; OA peak appears in Tris at 180.9 and in Mb at 181.3 ppm, fig
2S (Supplemental Data).

The experimentally determined Mb-OA Ky of 45 pM provides an input value for a model of
intracellular fatty acid flux, given the assumption that MbCN and MbO,, exhibit similar Kd
values, fig 9, Table 6, and equation 1 (47; 48). Curve A estimates the FABP mediated fatty
acid flux using a cellular FABP concentration of 50 uM and a K4 = 14 nM (15; 45).
Literature reports provide the diffusion coefficients for FABP (Dgagp) and Mb (Dmp) (34;
35). Curve B shows fatty acid transport based OA solubility and diffusion coefficient of free
OA in Tris. Curve C shows that Mb facilitated transport of OA based on cellular
concentration of [Mb]=0.26mM and the apparent Kq=45uM will exceed FABP facilitated
OA flux at cellular OA concentration above 0.02uM (36; 48). OA in the presence Tris (43%
solubility) will exceed FABP facilitated OA transport at 0.07 uM OA.

4. Discussion

4.1. Specific OA Interaction with Mb

Previous experiments have shown that the addition of palmitate (PA) to Fe (111) MbCN
perturbs selectively the hyperfine shifted 8 heme methyl signal. Mb also increases the PA
solubility (47; 48). However, PA does not interact specifically or non-specifically with
deoxy Mb. The contrasting PA interactions with ligated vs. unligated Mb have spawned a
hypothesis that Mb could play a potential role in transporting intracellular fatty acid. The
differential fatty acid binding affinity with the state of Mb oxygenation provides a
convenient mechanism for loading and unloading fatty acid. At the sarcolemma, the high
oxygen environment favors MbO, and fatty acid binding, while at the mitochondria, the low
O, environment favors deoxy Mb and fatty acid release.

Whether Mb binds only to PA or can bind other fatty acids, such as OA, poses a
fundamental question. OA has a different molecular conformation, because of the
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unsaturated bond between carbons 9 and 10 and has a higher solubility than PA in aqueous
solution.

Indeed, Mb can bind OA specifically and non-specifically. The interaction does not depend
on any special property of Tris buffer. It also occurs in standard Pi buffer. As in the case
with PA, the addition of OA produces a selective intensity loss of the distinct hyperfine
shifted signal of the 8-heme methyl group in the 1H NMR spectra of MbCN. The analysis of
the 8-heme methyl signal vs. OA titration curve leads to the determination of an apparent K4
= 45uM, a value similar to the MbCO-PA Kd = 39-48uM and the MbCN-PA K4 =43uM
(47; 48).

4.2. Non-specific interaction of OA with MbCN

Comparative NMR analysis of 13C; OA in buffer and in Mb solution provides perspectives
on the Mb and OA interaction. The 13C; OA signal appears at 181.3 ppm in the presence of
Mb and grows as OA concentration increases. The 13C; OA chemical shift in Mb also
deviates from its corresponding position in Tris buffer at pH 7.47 (180.9 ppm) and at pH
12.14 (184.0 ppm). Since fatty acid exists predominantly in either a lamellar-aqueous phase
at pH 7 or a micellar-aqueous phase at pH 12, a plot of the chemical shift 13C; OA signal in
Tris buffer as a function of pH reveals an apparent pK = 8.42, consistent with literature
reports (8). From this perspective, the position of C; OA in Mb (181.6 ppm) could indicate
an alteration of the lamella-micelle equilibrium, which gives rise to the observed shift in
the 1H NMR OA signals in Mb.

However, the 1H NMR data of OA in buffer at different pH values and in Mb solution
provide no corroborating evidence. In buffer, the transition of OA from pH 7.4 to 12.1 does
not produce a shift in the EFG peak. Peaks B and C show a slight 0.07ppm upfield shift,
while peak J exhibits a 0.02 ppm shift. In Mb, peak C shifts upfield 0.23 ppm; peak J, 0.11
ppm; and peak EFG, 0.13 ppm (8). A similar 0.1 ppm upfield shift of the PA —CH, shift
accompanies the interaction of PA with Mb (47; 48). The IH NMR OA peaks in the
presence of Mb at pH 7.4 do not approach the OA chemical shifts of either the lamella or
micelle state observed at pH 7.4 and 12.1, respectively. Consequently, the spectral changes
observed in the interaction of OA with Mb do not correspond to simply a shift in the lamella
to micelle equilibrium in fatty acid concentration well below the CMC (47; 48).

However, additional work must characterize thoroughly the fatty acid phases during OA
titration, following the approach reported previously (6).

4.3. OA Solubility in Mb

The NMR visible -CH, OA signal (EFG) reflects the soluble OA fraction, since NMR
cannot detect large lamellar complexes of OA or OA precipitate, which would yield severely
broadened signals (48). Based on the EFG signal, about 43% of the total OA appears soluble
in Tris buffer at pH 7.4 but 78% appears soluble in Mb at pH 7.4. In contrast, only 0.8% of
PA appears soluble in Tris but 31% appears soluble in Mb (48).

Chem Phys Lipids. Author manuscript; available in PMC 2016 October 01.
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4.4. OA interaction at high OA:Mb ratios

The supposition of a specific interaction of fatty acid with Mb predicates on a selective
change in the 8 heme methyl at OA:Mb ratio below 4:1. The 5-methyl, 1-methyl, and other
hyperfine shifted signals do not exhibit any significant change. However, above OA:Mb
ratio 4:1, all hyperfine shifted resonances begin to lose their respective signal intensity. New
peaks around 8 ppm emerge. These signals do not arise from oleic acid. At OA:Mb ratio
40:1, all the paramagnetic shifted peaks of Mb have disappeared.

Given a 2-site ligand binding model, a plot of the 1, 8 heme methyl signal from low to high
ratio of OA:Mb yields a biphasic curve. At low OA:Mb, the OA dependent changes in the 8-
methyl signal yield an apparent Ky; =45 UM (47; 48). At high OA:Mb ratios, the 8-methyl
signal yield a weaker dissociation constant of K4,=37 mM. The observation agrees with the
interpretation of a specific and non-specific binding of OA to Mb.

Because the heme electronic structure of low spin Fe (111) MbCN, which responds to the
alteration in the heme environment, determines the unique heme group hyperfine shift and
signal intensity, the non-selective change in the TH NMR spectra of MbCN upon the
addition of high ratio of OA:Mb up to 40:1 indicates a significant structural perturbation of
the heme pocket (31).

Despite the substantial OA induced perturbation of Mb in the NMR spectra, the optical
spectra do not show a significant change from OA:Mb of 5:1 to 50:1. At OA:Mb of 50:1, the
visible Soret band shifts from 422 to 420 nm and exhibits only a 5% reduction in intensity.
In contrast, a 25:1 ratio of sodium dodecyl sulfate (SDS) to Mb will shift the Soret band by 5
nm and lose 25% of its signal intensity (50). Moreover, the optical spectra do not detect any
signs of hemichrome formation as previously reported at high ratios of fatty acid to
hemoglobin (Hb) (1; 39).

4.5. Implication for Intracellular Fatty Acid Transport

Given the literature reported values for FABP (Ky, Dragp, [FABP]celr) and Mb (D,
[Mb]ce), the Mb Kd for OA and the OA solubility determined in the present study provide
input parameters to model fatty acid transport in the cell. At low [OA] (below 0.02 pM)
FABP mediated transport will predominate. Above 0.02 uM OA, however, Mb begins to
dominate. The cross over point depends on relative Kd but also on Dpagp/Dmp and
[FABP]cen/ [Mb]cel- Even though free fatty acid has a higher diffusion coefficient than
either Dpagp Or D, its limited solubility reduces its overall contribution to the fatty acid
flux. Nevertheless, OA can provide significant contribution, when the cellular concentration
reaches 0.03-0.07 uM.

Many questions still surround the model, which attempts to delineate the contribution of
FABP, Mb, and free fatty acid to fatty acid transport and metabolism. Even though
experiments have partitioned the Kd for Mb vs bovine serum albumin (BSA), no
experiments have yet determined the relative Kd for Mb and FABP (47). Nevertheless, the
model suggests that Mb can compete with Mb above a threshold fatty acid concentration and
that the current paradigm, ascribing fatty acid transport exclusively to FABP may require
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modification. Further studies must clarify. But the fatty acid model developed in this report
provides a vantage from where future studies can proceed (33-35; 44; 48).

4.6. Conclusion

The H NMR analysis reveals that an unsaturated fatty acid, OA, can interact specifically
and non-specifically with MbCN. At low OA:Mb, the specific interaction localizes to a
structural region neighboring the 8 heme methyl. At high OA:Mb, the non-specific OA
interaction disrupts the heme environment. The disruption, however, does not lead to any
hemichrome formation. OA solubility increases in the presence of Mb. The OA interaction
with Mb does not appear to shift the lamella-micelle equilibrium. Given a fatty acid
transport model, Mb appears to compete with FABP above a threshold fatty acid
concentration in the cell.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGEMENTS

We gratefully acknowledge funding support from NIH GM 58688 (TJ) and the scientific discussion with and
assistance of Dr. Ulrike Kreutzer.

Abbreviations

OA oleic acid

FABP fatty acid binding protein
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Highlights
e Oleic acid (OA) interacts specifically and non-specifically with myoglobin.

e Athigh OA:Mb ratios, the interaction produces a global perturbation of the
protein.

e  PH titration analysis indicates that Mb does not shift the OA lamella-micelle
equilibrium.

»  Given the OA interaction with Mb, a fatty acid flux model suggests that Mb can
play a role in intracellular fatty acid transport.
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1H NMR (30-10 ppm) spectra of 0.8 mM MbCN in 30mM Tris or 100mM phosphate buffer
with and without OA at pH 7.4 and 35°C. A) MbCN in 30mM Tris buffer. B) MbCN in
30mM Tris buffer with OA at OA:Mb ratio of 1:1. C) MbCN in 100mM phosphate buffer
(Pi) D) MbCN in 100mM Pi with OA at OA:Mb ratio of 1:1. In either Tris or Pi, the heme
5-CHg (26.2 ppm) and 1-CH3 (17.8 ppm) signals show no perturbation with the addition of

OA. Only the heme 8-CHs signal at 13.2 ppm decreases.
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Fig 2.
The fraction of Mb bound to OA (Mb-OA), derived from the assumption that the heme 8-

CHs peak intensity plateau corresponds to the fully bound Mb-OA state, leads to the
determination of an apparent Kd=45 pM.
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Fig 3.

1H NMR spectra of 0.8 mM MbCN at pH 7.4 and 35°C during OA titration: A) Control
spectrum, OA:MbCN=0 B) OA:MbCN=8:1. C) OA:MbCN=12:1. D) OA:MbCN=16:1. E)
OA:MbCN=20:1. F) OA:MbCN=24:1. G) OA:MbCN=40:1.
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Fig 4.

G?aph of heme 1-CHj3 and 8-CHj3 peak intensity of 0.8 mM MbCN at pH 7.4 and 35°C
during OA titration: The 8CH3 peak intensity drops selectively at OA:Mb < 2:1. Above
OA:Mb of 2:1, all heme methyl signals and other hyperfine shifted peaks decline. Above the
OA:Mb threshold of 24:1, the hyperfine shifted resonances become difficult to quantify. For
the heme 8-CH3 and 1-CHg, the linear curves from OA:Mb ratio of 2:1 to 20:1 reveal the
following relationship: Ygme = —0.029x + 0.70 (r=0.99) Y 1pme = —0.032x + 0.96 (r=0.99).
Ysme = Yime (data not shown).
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Fig 5.

Cgmparison of the IH NMR chemical shifts of 0.8 mM OA in Mb and in Tris at 35°C: A) in
Trisat pH 7.4 B) in Tris at pH 12.1 C) in Mb at pH 7.4 and OA:Mb 1:1. The prominent EFG
peaks of OA at pH 7.4 and pH 12.1 have similar chemical shifts. However, in Mb the EFG
peak resonates at 1.19 ppm, 0.13 ppm upfield from its chemical shift position in Tris. A
similar chemical shift change appears in Pi. Other OA peaks also change in the presence of
Mb.
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Graph of the relative pH dependent chemical shift of peaks B and D of OA: The pH titration
curve based on the respective chemical shifts referenced to the peak positions at pH 12.14
yields a pK of 8.22 and 8.07 derived from peaks B and D, respectively.
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Grgaph of the relative pH dependent chemical shift of peaks C, EFG, and J of OA: The pH
titration curve based on the chemical shifts referenced to the respective peak positions at pH
2 yields a pK of 5.37, 5.40, and 5.76 respectively derived from peaks C, EFG, and J,
respectively.
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Fig 8.
13C spectra of 0.8 mM 13C1 OA at 35°C A) in Mb (181.3 ppm) at pH 7.4 B) in Tris (180.9
ppm) at pH 7.4 and C) in Tris at pH 12.1 (184 ppm).
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1 A. FABP+OA
==+ B.OA in Tris
m— C. Mb+OA

0.04 0.06 0.08
[OA], uM

Model of cellular fatty acid flux with curves corresponding to A) OA bound to 50uM FABP
with Kd=10nM. B) OA in Tris (43% solubility) C) OA bound to 260 uM Mb with an
apparent Kd=45 uM. Diffusion coefficients listed in Table 6. Mb-OA flux exceeds FABP-
OA flux at at OA concentration exceeding 0.02uM, and free fatty acid flux in Tris buffer
exceeds FABP-OA flux at OA concentration above 0.07 uM.
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Inset Figure.
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Table 1
Chemical Shift of Oleic Acid Peaks
13C NMR OA ' NMR 0A
Chemical Shift Chemical Shift
ppm ppm
-CO, A B c D EFG J
1CDCl4 180.6 534 | 227 | 203 | 159 | 1.27-1.35 | 0.90
2Tvis, pH 7.4 180.9 ND | 223 | 211 | 158 1.32 0.90
2Tyis, pH 12 184.0 ND | 2.16 | 2.04 | 1.55 1.31 0.88
2MbCN, pH 7.4 181.3 ND | 215 | 1.88 | 1.53 1.19 0.79
20K ' 8.22 | 5.37 | 8.07 5.41 5.76

ND = not detectable. Peak A of oleic acid in chloroform appears at 5.34 ppm.

Page 24

1No. 1035, Spectral Database for Organic Compounds (SDBS), SDBSWeb : http://sdbs.db.aist.go.jp (National Institute of Advanced Industrial

Science and Technology).

Zrhis work
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Table 2
Linewidth of Oleic Acid Peaks
13C NMR OA 1H NMR OA
Linewidth Linewidth
Hz Hz
pH -CO, B C D EFG J
Tris
pH 7.4 209+ 11 49+7 | 38+3 | 49+2 | 49+1 | 37x1
Tris
pH 12.1 183+3 35+1 | 35+1 | 39+1 | 49+1 | 351
MbCN
pH 7.4 203+4 46+3 | 46+3 | 45+2 | 605 | 593
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Table 3
Oleate solubility
Solution Solubility Solubility Reference
M 9/100g
19.8mM MbCN in Tris, pH 7.4 35°C 2.49x1073 7.03x1072 This work
110.8mM MBCN in phosphate, pH 7.4
35°C 2.33x1078 6.59x1072 This work
130 mM Tris buffer, pH 7.4 35°C 1.43x1073 4.04x1072 This work
130 mM Tris buffer, pH 12 35°C 2.99x1073 8.45x1072 This work
1100 mm phosphate buffer, pH 7.4
35°C 1.26x1073 3.56x1072 This work
Water at 20-25°C 4.28-44.0x1077 | 1.21-12.4x1075 (38; 49)
0.2 M HEPES, pH 7.4 at 37°C 6.00x107 1.70x1074 (46)
66 mM phosphate buffer, pH 7.4 at
37°C 1.00x1076 2.83x107° (53)
Acetone at 20°C 00 00 (22)
Benzene at 20°C 00 00 (22)
95% of ethanol at 20°C 00 00 (22)

1Defined at 3.2mM or 0.09049/100g of total OA added.
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Table 4
Oleic acid pK
OA pK Temp Method Reference
mM °C
1 0.8-3.2 mM 8.42 35 13C NMR This work
2 0.8 mM 8.07-8.22 35 1H NMR This work
308mm | 537576 | 35 H NMR This work
neutralization
1-2mM 5.02 25 endpoint (54)
10 mM 4.95 25 surface tension | (25)
80 mM 8-8.5 39 13C NMR 8)
25 mM 8-9 25 ESR (12)
neutralization
350 mM 9.85 20 endpoint (26)

1pK determined from the13C chemical shift of C1 OA during pH titration.

sz determined from the LH chemical shifts of B and D during pH titration: Peak B yields a pK=8.22, whereas peak D yields a pK=8.07.

3pK determined from the 1H chemical shifts of peak C=5.37, EFG=5.41, and J=5.76.
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Table 5

Critical micelle concentration (CMC) of Oleic Acid

CMC | Temperature Method Reference
mM °C
0.8 25 refraction 27)
small angle neutron
0.9 “ scattering (@)
0.9-1 25 dye titration (27)
1 20 viscosity (51)
small angle neutron
11 40 scattering (@4)
1 26 conductivity (57)
21 25 conductivity 9)

Oleate, the conjugate base of oleic acid, would form micelles in the aqueous solution. The critical micelle concentration (CMC) values of oleate
were measured in the pure water.

2SANS stands for small angle neutron scattering.

Lrhe pH is measured as 10.3.
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Table 6
Fatty acid flux model parameters
Parameter Value Reference
FABP 50 (52)
Concentration, (Cragp)
(HM)
Mb (Cyp) 200-500 (23; 36; 56)
lKMbl 45 This Work
Dissociation X
Constant (uM) KMb2 37 x 108 This Work
Kragp 1.4x1072 (15; 45).
Fatty acid 4.6 x 1078 (52)
(Don)
Diffusion 9
Constant (D, (EABP) 3.05x10 (35)
CmZS_l) FABP.
Myoglobin 7.85x 1077 (34)
(D)
Mb & FABP 0.02 This Work
Eauipose [OAT | oA in Mb & 0.03 This Work
_ FABP
Flux A= Flux B
(M) OA in Tris 007 This Work
& FABP
Maximum " Mb ir;_ 1.6-3.9x 1074 | This Work
Facilitated Fatty ?\Tmal fan
Acid Flux uscle
(nmolcm?s1g~1) FABP 15x 1077 This Work
Mb 3.72x 1076 This Work
DC/K (cm%s~1)
FABP 153 x 1075 This Work
i -1
OA Solubility Tris 4.3x10 (48)
Kk
M) MbCN g82x 10t | This work

KMb1 = specific binding; Kipp2 = non-specific binding
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