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Abstract

A nonperturbing '3C nuclear magnetic resonance (NMR)
method was used to monitor the equilibrium distribution of car-
boxyl "C-enriched fatty acids (FA) between distinct binding
sites on human serum albumin, native human lipoproteins, and/
or phospholipid model membranes, under conditions that
mimic the normal and diabetic human circulation. Two vari-
ables pertinent to the diabetic circulation were examined: FA/
albumin mole ratio (as elevated in insulin deficiency and/or
nephrosis) and pH (as decreased in acidosis). '3C NMRspectra
for samples containing carboxyl "C-enriched palmitate, human
serum albumin, and phospholipid vesicles or native lipopro-
teins (all samples at pH 7.4, 370C) exhibited up to six carboxyl
NMRresonances corresponding to FA bound to distinct bind-
ing sites on albumin and nonalbumin components. When the
sample FA/albumin mole ratio was 1, three FA carboxyl reso-
nances were observed (182.2,181.8, and 181.6 ppm; designated
peaks ft, y, and if', respectively). These resonances corre-
sponded to FA bound to three distinct high-affinity binding
sites on human serum albumin. When the sample mole ratio
value exceeded 1, additional carboxyl resonances correspond-
ing to FA bound to phospholipid vesicles (179.0 ppm, peak l),
lipoproteins (180.7 ppm, peak a), and lower affinity sites on
albumin (183.8 ppm, peak ca, 181.9 ppm, peak Y), were ob-
served. The intensity of peaks 4 and a increased with increasing
mole ratio or decreasing pH. Using Lorentzian lineshape analy-
sis, the relative mole quantities of FA bound to albumin and
nonalbumin binding sites were determined. Plots of the fraction
of FA associated with nonalbumin components as a function of
FA/albumin mole ratio were linear and extrapolated to the ab-
scissa at a mole ratio value of 1. This pattern of FA distribution
was observed regardless of the type of nonalbumin acceptor
used (phospholipid vesicles, human high- or low-density lipo-
proteins) or the type of FA used (palmitate, oleate, or stearate),
and provided evidence for negative cooperativity for human
serum albumin upon binding of 1 mol of FA per mole albumin.
These in vitro NMRresults suggest that the threshold FA/al-
bumin mole ratio value for alterations in FA distributions in the
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human circulation may be 1, rather than 3, as previously held.
The pathophysiological implications of these findings are dis-
cussed. (J. Clin. Invest. 1991. 87:1431-1441.) Key words: dia-
betes mellitus * fatty acids -ipoproteins * model membrane.
nuclear magnetic resonance * serum albumin

Introduction

In humans, - 200 g of fatty acids are mobilized from adipose
tissue each day and transported in the circulation at concentra-
tions -100- 1,000-fold higher than their monomer solubility
limit.' Solubilization and transport is mediated primarily by
serum albumin, a three-domain protein with at least six high-
and medium-affinity binding sites for long-chain fatty acids
(1-4). Albumin prevents the self-association of fatty acids into
liquid-crystalline or crystalline aggregates at neutral pH (5, 6)
and provides tissues with a readily available source of fatty
acids for energy production and lipid synthesis (7).

Under normal conditions in humans, it is thought that
> 99% of the circulating fatty acids are bound to serum albu-
min (7-9). However, plasma lipoproteins and cellular mem-
branes also have a high affinity for fatty acids (8, 10) and may,
under certain normal or abnormal conditions, compete with
albumin for fatty acid binding. Such conditions could include
elevated circulating fatty acid levels (secondary to uncontrolled
diabetes mellitus, myocardial infarction, hyperthyroidism, or
sepsis), decreased albumin levels (secondary to nephrotic syn-
drome, liver diseases, genetic defects), and/or altered albumin
binding properties (secondary to acidosis, drug administration,
nonenzymatic glycosylation, or hyperbilirubinemia). The most
severe abnormalities in fatty acid transport are expected in dia-
betic ketoacidosis complicated by nephrosis, since large eleva-
tions in circulating fatty acids are superimposed with decreased
albumin levels and acidosis.

In vitro, fatty acids in blood cells, endothelial cells, and
lipoproteins have been shown to induce a variety of detrimen-
tal functional effects (reviewed in reference 7) that maycontrib-
ute to the pathogenesis of vascular complications in diabetic
subjects. However, the in vivo significance of these effects re-
mains unknown, largely because the distribution of fatty acids
in the human circulation is not easily determined or predicted.
A number of variables, such as those mentioned above, may
affect the distribution of fatty acids between albumin and non-
albumin components, but the quantitative contribution of
each variable is not known. In addition, the molecular basis for

1. The term "fatty acid," rather than "nonesterified fatty acid" or "free
fatty acid," is used throughout this manuscript. Use of the term "fatty
acid" is not meant to imply any information regarding the ionization
state of the carboxyl group.
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fatty acid interactions with binding sites on human serum albu-
min, cell membranes, and lipoproteins is only partially under-
stood. Moreover, nonperturbing techniques for quantitating
fatty acid distributions between albumin and nonalbumin bind-
ing sites under physiological conditions have not been avail-
able.

In the present study, a new 13C nuclear magnetic resonance
(NMR)2 model system approach was used to monitor the equi-
librium distribution of carboxyl 13C-enriched fatty acids in re-
constituted and whole human plasma and blood under condi-
tions that mimic steady-state conditions in the normal and
diabetic human circulation. This NMRapproach, based on
earlier work (1 1), is nonperturbing and provides physicochemi-
cal information regarding the distribution of fatty acids be-
tween individual albumin and nonalbumin binding sites and
the mechanisms that govern this distribution. The effects of
two variables pertinent to the diabetic circulation were exam-
ined: fatty acid/albumin mole ratio (increased during insulin
deficiency and/or nephrotic syndrome), and pH (decreased
during ketoacidosis). The influence of these variables on fatty
acid distributions have previously been examined using bio-
chemical approaches (1, 7, 9). In the present study, the 13C
NMRapproach has been applied to reexamine the quantitative
contributions of these variables and to investigate the molecu-
lar mechanisms governing fatty acid transport in the normal
and abnormal human circulation.

Methods

Materials. Palmitic acid [1-_3C, 90% enriched] was purchased from
KORStable Isotopes, Cambridge, MA(Lot DM-I-89), and was > 99%
pure fatty acid by thin-layer chromatography and > 95%pure palmitic
acid by gas-liquid chromatography. Egg yolk phosphatidylcholine was
purchased from Lipid Products, Nutley, England, and was > 99%pure
by thin-layer chromatography.

Crystallized, lyophilized fatty acid-free human serum albumin was
purchased from Sigma Chemical Co. St. Louis, MO(A-3782, Lot 76F-
9335), and analyzed as follows. Sodium dodecyl sulfate-polyacryl-
amide gel electrophoretic analysis of human albumin using 3-24% gra-
dient gels (25 ug human serum albumin per lane) demonstrated a ma-
jor band at 66 kD and several minor bands (totaling - 5%) with
molecular masses corresponding to albumin oligomers. Previous stud-
ies indicated that the presence of covalently linked albumin oligomers
did not affect 13C NMRspectra of fatty acid/albumin complexes (3). In
addition, 13C NMRcarboxyl resonances for fatty acids bound to hu-
man serum albumin from lyophilized preparations were identical to
those observed in spectra of whole human plasma freshly isolated from
individual healthy donors. No impurity bands were observed at a mo-
lecular mass corresponding to apoprotein A-I. "Fatty acid-free" albu-
min was analyzed for residual fatty acid content using gas-liquid
chromatography. Fatty acids were extracted twice using a benzene/
chloroform/methanol procedure ( 12) and transesterified using boron-
triflouride-methanol. Gas-liquid chromatographic analysis of the
methyl ester derivatives, using heptadecanoic acid as a quantitative
internal standard, indicated that the albumin preparation contained
< 0.01 mol fatty acid per mole albumin.

Native human HDL(d = 1.081-1.21) and LDL (d = 1.025-1.050)
fractions were purified by ultracentrifugation from one unit of plasma

2. Abbreviations used in this paper: NMR,nuclear magnetic resonance;
NOE, nuclear Overhauser enhancement; T,, spin-lattice relaxation
time.

after a 12-h fast. Samples of heparinized whole human plasma used for
NMRanalysis were drawn from healthy donors after a 12-h fast, and
levels of albumin, total protein, total cholesterol, HDL cholesterol,
total bilirubin, triglycerides, and nonesterified fatty acids were mea-
sured in each plasma sample.

The buffer solution used throughout this study contained 135 mM
NaCl, 4 mMKCl, 0.8 mMMgSO4, 2 mMCaCl2, 0.1 mMNaN3, 0.1
mMascorbic acid, and 40 mMN-tris[hydroxymethyl]methyl-2-ami-
noethanesulfonic acid buffer, at pH 7.4.

Preparation of NMRsamples containing fatty acid, human albu-
min, and model membranes. The general approach for equilibrating
potassium salts of fatty acids with albumin (3) and the physical-chemi-
cal basis for that approach (5, 6) have been discussed in detail else-
where. In short, stock solutions of '3C-enriched fatty acids in chloro-
form were prepared and their concentrations were determined by mea-
suring dry weights on a microbalance (Cahn Instruments, Inc.,
Cerritos, CA). An appropriate aliquot (typically 400 Mug) was pipetted
directly into a 10-mm NMRtube and the solvent was evaporated
under a stream of nitrogen. A I00-Ml aliquot of H20 or D20 (for NMR
lock signal) and 1.2 equivalents of 1 NKOHwere added to the NMR
tube, and the sample was mixed and equilibrated at 35-450C until all
crystalline- or oil-phase fatty acid was completely converted to the po-
tassium salt and dissolved in the aqueous phase. The resulting sample
consisted of an optically clear micellar solution (- 15 mM). For potas-
sium palmitate, the samples underwent a reversible gel to micellar
phase transition at - 30°C and were warmed in a 37°C water bath
before mixing with albumin, vesicle, lipoprotein, or plasma samples.

Unilamellar phospholipid vesicles (100 mg/ml in buffer) were pre-
pared by sonication (50 min, 25 watt, 35% duty cycle) under N2 in an
ice-water bath using a Sonifier (Branson Sonic Power Co., Inc., Dan-
bury, CT) equipped with a microprobe tip. The phospholipid prepara-
tions contained no detectable fatty acids or lysolecithin by thin-layer
chromatography (100 Mgof phospholipid spotted), either before or after
sonication. Aliquots of phospholipid vesicles (0.8 ml) and albumin (0.8
ml, 100 mg/ml) were combined in a 10-mm NMRtube, and a small
quantity of D20 (100 M1, for NMRlock signal) was added. The sample
pH was adjusted to 7.4, and a '3C NMRspectrum was acquired. Then
the sample was transferred to a second NMRtube containing carboxyl
13C-enriched potassium palmitate in 100 Ml of H20, equilibrated for
five minutes, and the pH was adjusted to 7.4. This sample contained a
fatty acid/albumin mole ratio of 1:1, an albumin/phospholipid weight
ratio of 1:1, and an albumin concentration of 47 mg/ml. An NMR
spectrum was acquired, and additional '3C-enriched palmitate was
added using the procedure noted above to yield total palmitate/albu-
min mole ratio values of 2:1 and 3:1. In a similar manner, a separate
sample was prepared with starting mole ratio of 4:1, and palmitate was
added to yield samples containing 5:1 and 6:1 fatty acid/albumin mole
ratio values. NMRspectra were acquired at each mole ratio increment.
Negative-stain electron micrographs of the 6:1 mole ratio sample after
NMRanalysis were essentially identical to those for the vesicle prepara-
tion with no added albumin or palmitate and revealed a relatively ho-
mogeneous population of unilamellar vesicles with a mean diameter of

30 nm.
In a similar manner, otherwise identical samples containing less

phospholipid (final concentrations, 24 and 11 mg/ml) were prepared.
Preparation of NMRsamples containing fatty acid, albumin, and

native human lipoproteins. HDLand LDL fractions were pressure dia-
lyzed against three volumes of sample buffer using a 10-ml Amicon
ultrafiltration apparatus (Amicon Corp., Danvers, MA) equipped with
a XM300 filter. HDL- and LDL-protein concentrations were deter-
mined by a modified Lowry method (13). Humanserum albumin and
HDL(0.8 ml each) were combined in a 10-mmNMRtube so that their
final protein concentrations were 47 and 24 mg/ml, respectively. A '3C
NMRspectrum was acquired at pH 7.4 before the addition of fatty
acid. The sample was subsequently transferred to a second 10-mm
NMRtube containing 0.1 ml of aqueous '3C-enriched potassium pal-
mitate to yield a total fatty acid/albumin mole ratio of 2:1. Samples
with mole ratio values of 4:1 and 6:1 were prepared in a similar man-
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ner. In addition, separate samples containing a different concentration
of HDL (final HDL protein concentration, 9 mg/ml) or containing
LDL (final LDL protein concentration, 11 mg/ml) were prepared using
identical procedures.

Gas-liquid chromatographic analyses of HDLand LDL fractions
before addition of fatty acid or albumin contained 0.39 and 0.32 mol of
natural abundance (no '3C enrichment) fatty acid, as expressed per
mole of albumin in the final NMRsamples. The reported fatty acid/al-
bumin mole ratio values include the endogenous unenriched plus the
added "3C-enriched fatty acids. Negative-stain electron micrographs of
the samples containing the highest fatty acid/albumin mole ratio were
essentially identical to those for isolated HDLor LDL with no added
fatty acid or albumin and showed a relatively homogeneous population
of round particles with a meandiameters of 1 1 and 22 nm, respectively.

'3CNMRspectroscopy. '3C NMRspectra were recorded on a model
WP-200 NMRspectrometer (Bruker Instruments, Inc., Billerica, MA;
50.3 MHz for `3C) as described elsewhere (14) and a home-built 360
MHzNMRspectrometer (90.58 MHzfor `3C) at the Molecular Bio-
physics Laboratory, Francis Bitter National Magnet Laboratory, Mas-
sachusetts Institute of Technology. NMRinternal sample temperatures
were controlled to 37±1 'C. The chemical shift of the narrow resonance
from albumin e-Lys/fi-Leu carbons (3) was used as an internal refer-
ence after calibrating this resonance (39.52 ppm) against external tetra-
methylsilane. The estimated uncertainties in chemical shift values were
±0.1 ppm. In some cases, relative peak intensities were measured using
the integration routines provided within the Bruker DISNMRand
M.I.T. RNMRsoftware packages. In order to deconvolute overlapping
resonances and measure individual peak intensities, Lorentzian spec-
tral simulations were generated using the Bruker GLINFIT program.
Ninety-degree pulses were used throughout and spectral pulse intervals
(4.82 s; > 4-5 x spin-lattice relaxation time [T.]) were sufficiently long
to obtain full relaxation and equilibrium NMRintensities for palmitate
and oleate carboxyl resonances. Spin-lattice relaxation and nuclear
Overhauser enhancement (NOE) values were measured as previously
described (3). The minimum time between sample mixing and the
beginning of NMRdata collection was 30 min. NMRresults were
independent of equilibration time for times 2 30 min.

pH measurements. All sample pH measurements were made di-
rectly in the NMRtube using a thin glass combination electrode (Micro-
electrodes, Inc., Londonderry, NH). Measurements madeat room tem-
perature (21-24°C) were corrected to values at 37°C using the follow-
ing conversion factor. ApH/AT= -0.0 146 (15). All reported pH values
in this manuscript represent values corrected to 37°C.

Results

To examine the effect of increasing fatty acid/albumin mole
ratio on the equilibrium distribution of fatty acids between
binding sites on human serum albumin and model mem-
branes, '3C NMRspectra were obtained for samples containing
albumin, phospholipid vesicles, and increasing amounts of car-
boxyl '3C-enriched fatty acid, all at pH 7.4 and 37°C. Sonicated
phospholipid vesicles were chosen as model systems to mimic
the fatty acid binding properties of cell membranes and lipo-
protein surfaces for the following reasons. First, phospholipid
model membrane systems have affinities for fatty acids similar
to those of red blood cells and platelets (10). Secondly, the 13C
carboxyl resonances for fatty acids bound to phospholipid vesi-
cles are narrow, unlike those for fatty acids bound to red blood
cells. Finally, carboxyl resonances for fatty acids bound to vesi-
cles, which occur at 179 ppm at pH 7.4, are well resolved
from those for fatty acids bound to human serum albumin
(181.6-183.8 ppm). The biological relevance of vesicles as a
model fatty acid acceptor was assessed by comparing the results
using vesicles as acceptors to those obtained using native accep-

tors (isolated human lipoprotein fractions and whole human
plasma).

The carboxyl/carbonyl region of '3C NMRspectra for sam-
ples containing human serum albumin, phospholipid vesicles,
and increasing amounts of carboxyl '3C-enriched palmitate are
shown in Fig. 1. With no added palmitate (Fig. 1 A), several
resonances were observed in addition to the broad carbonyl
fringe centered at 175 ppm. The latter represents natural abun-
dance resonances from the carbonyl and carboxyl carbons of
the protein polypeptide backbone and aspartate side-chain resi-
dues (16, 17). The resonance at 181.0 ppm, designated g, repre-
sents glutamate side-chain carboxyl carbons of albumin (3),
and the narrow doublet at 173.6 and 173.3 ppm, the carbonyl
carbons of phosphatidyl-choline molecules on the outer and
inner monolayer leaflets, respectively, of phospholipid vesi-
cles (18).

When the fatty acid/albumin mole ratio in the sample was
1:1 (Fig. 1 B), a partially resolved triplet was observed at
182.14, 181.82, and 181.58 ppm, in addition to the peaks
noted above. These three resonances (designated peaks fl, y,
and #,' respectively) were also seen in samples containing pal-
mitate and human albumin but no phospholipid. They were
assigned to the carboxyl carbons of palmitate bound to the
three highest-affinity fatty acid binding sites on human serum
albumin based on independent results presented elsewhere
(D. P. Cistola and J. A. Hamilton, manuscript submitted for
publication). Resonances fl, y, andf3 are analogous to peaks b,
d, and b' that represent fatty acids bound to the three highest
affinity binding sites on bovine serum albumin (3, 4). With an
increase in sample fatty acid/albumin mole ratio to 2/1 (Fig. 1
C), peaks ,B, y, and , increased in intensity, and an additional
resonance was marginally detected at 179.1 ppm (designated
peak 4). At higher mole ratio values (Fig. 1, D-F), peak 4 was
unequivocally observed and increased in intensity with in-
creasing mole ratio. The chemical shift of peak b was identical
to a peak observed in samples containing palmitate and phos-
pholipid vesicles, but no albumin, and was assigned to the car-
boxyl carbons of palmitate associated with the phospholipid
bilayer (see Fig. 2 and reference 1 1).

To determine whether peak 4 was reproducible at 2:1 mole
ratio and to improve its signal-to-noise ratio, an NMRspec-
trum was acquired for a sample prepared in an identical man-
ner to that shown in Fig. 1 C, except that four times more NMR
transients were acquired. A small, but clearly defined reso-
nance at 179.0±0.1 ppm was observed (spectrum not shown).
In addition, an NMRspectrum for a third, identically prepared
sample also exhibited a resonance corresponding to peak 4 at
179.1±0.1 ppm.

To determine the ionization state of fatty acids correspond-
ing to peak 4, an NMRtitration curve was obtained for palmi-
tate associated with phospholipid vesicles under conditions
identical to those used in Fig. 1, except that no albumin was
present. This titration curve and a selected NMRspectrum are
shown in Fig. 2. The carboxyl chemical shift of palmitic acid/
palmitate bound to phospholipid vesicles increased from 175.9
ppm at pH 3.3 to 181.2 at pH 10.5 and exhibited a sigmoidal
titration curve with an apparent pK. value of - 7.3. The chemi-
cal shift at pH 7.4 was 179.0 ppm, essentially identical to that
for peak q in Fig. 1. This result indicated that, in samples con-
taining both albumin and vesicles, - 58% of the fatty acid
molecules bound to phospholipid vesicles were ionized at pH
7.4. This is in contrast to the fatty acids bound to serum albu-

Nuclear Magnetic Resonance Study of Fatty Acid Distributions in Plasma 1433



186 182 178 174 170

Chemical Shift (ppm)

Figure 1. Carboxyl/carbonyl region of 50.3-MHz '3C NMRspectra
for samples containing human serum albumin, sonicated phospho-
lipid vesicles, and increasing quantities of carboxyl '3C-enriched pal-
mitate, all at pH 7.4 and 370C. The numerical ratios above the right
edge of each spectrum indicate the total mole ratio of palmitate to
human serum albumin in each sample. The letter g denotes natural
abundance glutamate carboxyl resonance from human serum albu-
min (see Results). The letters fl, y, and , denote carboxyl resonances
of '3C-enriched palmitate bound to the three high-affinity binding
sites on human serum albumin. At higher mole ratio values, peak oy
may also contain a contribution from an overlapping resonance
representing fatty acid bound to medium-affinity binding sites (peak
y'; D. P. Cistola and J. A. Hamilton, manuscript submitted for publi-
cation). The resonance labelled 4 represents palmitate associated with
phospholipid vesicles. The doublet at 173.6/173.3 ppm corresponds
to phospholipid carbonyl carbons in the outer and inner monolayer
leaflets, respectively, of phospholipid vesicles. NMRspectra were
recorded after 2,000 accumulations using 900 pulses and a pulse in-
terval of 4.82 s. The T. values for peaks #/'y/j' and X were 1.1±0.1
and 0.9±0.1 s, respectively, and the NOEvalues for all of these peaks
was identical (1.4±0.1). A line broadening factor of 3 Hz was used
in spectral processing. Spectra shown in Dand E were recorded after
4,000 accumulations. The concentrations of human serum albumin
and phosphatidylcholine were 47 mg/ml, each.

181.0-

180.0-

t2L 184 160 176 172 166
,179.0- CHEMICAL SHFT (PPM)

IJ t pK,- 7.3

178.0-

I

177.0-

176.0-

2.0 3.0 4.0 5.0 6.0 7.0 8..0 id.o 11 .0

pH

Figure 2. NMRtitration curve for sonicated phospholipid vesicles
containing 5 mol% '3C-enriched palmitate at 370C, and a selected
"3C NMRspectrum at pH 7.3 (inset). Corresponding spectra were re-
corded after 400-1,600 accumulations, and the spectrum shown in
the inset, after 1,200 accumulations. Reported sample pH values were
corrected to values at 370C as described in Methods. Each data point
was derived from a single NMRspectrum.

min binding sites in the same sample, which, at equilibrium,
were fully ionized at pH 7.4 (D. P. Cistola and J. A. Hamilton,
manuscript submitted for publication).

To estimate the exchange rates of palmitate between hu-
man serum albumin and phospholipid vesicles and between
individual binding sites on human albumin, NMRspectra in
Fig. 1 were compared with spectra for samples containing pal-
mitate and human serum albumin (but no vesicles) and palmi-
tate and vesicles (but no albumin). The corresponding carboxyl
resonances had essentially identical chemical shifts and line-
widths in all cases. Therefore, palmitate appeared to be in slow
exchange, on the NMRchemical shift time scale, between bind-
ing sites on human albumin and phospholipid vesicles (<< 140
exchanges per second) and between individual sites on human
albumin (4 10 exchanges per second). No detectable changes
were observed in these exchange rate upper limits with increas-
ing fatty acid/albumin mole ratio.

To examine the effect of small decreases in pH on the distri-
bution of fatty acids, 13C NMRspectra were obtained for sam-
ples containing human serum albumin, phospholipid vesicles,
and palmitate at pH values of 7.4, 7.2, 7.0, and 6.8 (Fig. 3). The
fatty acid/albumin mole ratio in the sample was 4:1. This mole
ratio value was chosen because the ratio of plasma free fatty
acids to albumin in patients with diabetic ketoacidosis averages

4 (19-21). With decreasing pH, the relative intensity of peak
X increased, indicative of an increasing fraction of palmitate
associated with phospholipid vesicles. In addition, the chemi-
cal shift of peaks decreased from 179.1 ppmat pH 7.4 to 177.3
ppm at pH 6.8, consistent with a change in the ionization state
of palmitate bound to phospholipid vesicles (refer to Fig. 2).
The percentage of palmitate bound to phospholipid vesicles
that was ionized (anionic) was 58%, 46%, 37%, and 27% at pH
7.4, 7.2, 7.0, and 6.8, respectively. In contrast, the chemical
shifts of peaks Al, y, and ' did not change between pH 7.4 and
6.8. Therefore, essentially 100% of the palmitate bound to hu-
man serum albumin at equilibrium was anionic at all four pH
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values, consistent with our previous studies with bovine and
human albumins (reference 4 and D. P. Cistola and J. A.
Hamilton, manuscript submitted for publication).

To quantitate the percentage of fatty acids associated with
non-albumin components, the intensities (areas) of individual
carboxyl resonances were obtained by Lorentzian spectral sim-
ulation and deconvolution (see Methods). Since NMRpulse
intervals were chosen to be > 4 x T1 for palmitate carboxyl
resonances (longest T. = 1.1 s), and since nuclear Overhauser
enhancement values for the observed fatty acid carboxyl reso-
nances were equal (NOE = 1.4), the relative intensities of pal-
mitate carboxyl resonances could be directly converted into
relative mole quantities of palmitate bound to albumin binding

I I I I I I I I I 1
186 182 178 174 170

Chemical Shift (ppm)
Figure 3. Carboxyl/carbonyl region of 50.3-MHz '3C NMRspectra
for samples containing human serum albumin, sonicated phospho-
lipid vesicles, and '3C-enriched palmitate at four different pH values.
All spectra were accumulated at 37°C for a single sample with a

palmitate/albumin mole ratio of 4/1. Spectra were recorded after
2,000 accumulations and processed with 3-Hz linebroadening.
Chemical shift values in ppm are noted directly above peak 0 in each
spectrum. All other nomenclature as in Fig. 1 legend.
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pH 7.4

D 1 2 3 4 5 6 7 8
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Figure 4. Plots of the fraction of fatty acid (FA) molecules associated
with phospholipid vesicles as a function of the total sample fatty
acid/albumin mole ratio and pH. The fractions of fatty acid molecules
associated with phospholipid vesicles were calculated from the relative
intensities of '3C NMRcarboxyl resonances corresponding to fatty
acids bound to binding sites on vesicles and albumin. Peak intensities
were quantitated using Lorentizian lineshape analyses of spectra
shown in Figs. I and 3 and other spectra not shown. Each data point
was derived from a single NMRspectrum. The data for palmitate at
2/1 mole ratio was not obtained from the spectrum shown in Fig. 1
C, but from a similar spectrum containing 8,000 transients and a
twofold greater signal-to-noise ratio. No T. or NOEcorrections were
required to convert relative peak intensities into relative mole quan-
tities of fatty acids. All samples contained human serum albumin (47
mg/ml), phospholipid vesicles (47 mg/ml), and different types and
amounts of '3C-enriched fatty acids. All NMRspectra were obtained
at 37°C and pH 7.4, except where noted otherwise. (-) Palmitate, (-)
oleate, (0) stearate, (A) palmitate at four different pH values. (o)
Sample containing palmitate and a lower concentration of phospho-
lipid vesicles (24 mg/ml). The line designated 16:0 represents a linear
least squares fit of the solid circles, with a slope of 0.068, a correlation
coefficient of 0.99, and an x-intercept of 0.97. The line designated
18:1 represents a linear least squares fit of the solid squares, with a
slope of 0.063, an correlation coefficient of 0.99, and an x-intercept
of 1. 1. The estimated uncertainties in x and y values are ±0.1 and
±0.02, respectively.

sites and phospholipid vesicles.3 A plot of the fraction of total
fatty acids associated with phospholipid vesicles as a function
of total sample fatty acid/albumin mole ratio and pH is shown
in Fig. 4. The fraction of palmitate associated with phospho-
lipid vesicles increased from 0.07 at 2:1 mole ratio to 0.34 at 6:1
mole ratio, all at pH 7.4 (Fig. 4, 0). A least squares fit of these
points yielded a straight line with a slope of 0.068, a correlation
coefficient of 0.99, and an x-intercept of 1.0. Data for similar
systems containing oleate (Fig. 4, *) or stearate (Fig. 4, 0)
yielded results qualitatively and quantitatively similar to those
of palmitate (Fig. 4, 0). In addition, the percentage of palmitate
associated with phospholipid vesicles increased from 0.22 at

3. In the present study, no attempt was made to quantitate the intensi-
ties of individual carboxyl resonances corresponding to fatty acids
bound to distinct binding sites on human serum albumin, since signifi-
cant uncertanties were associated with individual measurements under
these conditions. Rather, Lorentzian lineshape analysis was performed
to quantitate the total carboxyl intensity associated with albumin vs.
nonalbumin binding sites. The occupation of individual binding sites
on human serum albumin was assessed qualitatively by inspection of
NMRspectra.
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pH 7.4 to 0.39 at pH 6.8, all at 4/1 mole ratio (Fig. 4, *). For a
similar sample containing one-half the concentration of phos-
pholipid (24 mg/ml) and a palmitate/albumin mole ratio of
6.0, the fraction of palmitate associated with the vesicles was
0.28 at pH 7.4 (Fig. 4, 0).

To determine whether the distribution of fatty acids was
affected by the type of non-albumin fatty acid acceptor used,
"3C NMRspectra were accumulated for samples containing
human serum albumin and native human HDLwith increas-
ing amounts of carboxyl 13C-enriched palmitate, all at pH 7.4
and 370C. The carboxyl/carbonyl region of these spectra,
shown in Fig. 5, were similar to those shown in Fig. 1, except
for the following. First, the narrow resonances between 171.2
and 173.9 ppm represent carbonyl carbons of triglycerides,
cholesteryl esters, and phospholipids in HDL(22). Secondly,

186 182 178 174 170
Chemical Shift (ppm)

Figure 5. Carboxyl/carbonyl region of 50.3 MHz"3C NMRspectra for
samples containing human serum albumin (47 mg/ml), native human
HDL(24 mgprotein/ml), and increasing quantities of '3C-enriched
palmitate at pH 7.4 (A-D) and pH 7.0 (E). Peak a represents palmi-
tate associated with lipoproteins. Where peaks g and a overlapped,
the composite peak is noted as g/a. Unlike bilayered vesicles (Figs.
1-3), phospholipids in HDLexhibited only one carbonyl carbon res-
onance because HDLhas a monomer surface. All other nomenclature
as in Fig. 1 legend. NMRspectra were recorded after 2,000 accumu-
lations using 900 pulses and a pulse interval of 4.82 s. The T. values
for peaks f3/,y/f' and gIoT were 1.1 and 1.0 s, respectively, for the
sample shown in D.

peak g represents glutamate carboxyl carbons from both hu-
man albumin and the apoproteins of HDL. Finally, peak o,
which overlaps with peak g at pH 7.4, represents palmitate
bound to the monolayer surface of HDL. This assignment is
based on spectra not shown for otherwise identical samples
containing palmitate and HDLbut no albumin; these spectra
exhibit a major fatty acid carboxyl resonance at 180.8 ppm at
pH 7.4.

For samples containing added '3C-enriched palmitate,
peaks y,a, and , were observed (Fig. 5). As discussed above,
peaks yS,a, and , represent palmitate bound to the three high
affinity sites on human serum albumin. The intensity of peak
g/uo increased with increasing fatty acid/albumin mole ratio, as
shown in Fig. 5, B-E, indicating an increase in the amount of
palmitate associated with HDL. A decrease in sample pH from
7.4 (Fig. 5 D) to 7.0 (Fig. 5 E) resulted in a decrease in the
chemical shift of peak or from 180.8 to 180.1 ppm. Since peak g
remained unchanged at 180.9 ppm, peaks g and a were better
resolved at pH 7.0 than at 7.4.

Qualitatively and quantitatively similar results were ob-
tained for samples containing human LDL, rather than HDL,
as a nonalbumin fatty acid acceptor (Fig. 6). The intensity of
the carboxyl resonance corresponding to palmitate bound to
LDL (peak v) increased with increasing mole ratio and its
chemical shift decreased from 180.6 ppm at pH 7.4 to 179.5
ppm at pH 6.8. Peak a was assigned based on independent
spectra for samples containing fatty acid and LDL, but no al-
bumin (J. A. Hamilton, personal communication).

As observed for samples containing human serum albumin
and phospholipid vesicles, the exchange rates of palmitate be-
tween albumin and native human lipoproteins (<35 s-') and
between individual binding sites on albumin (<< 10 s-') were
slow on the NMRchemical shift time scale. In addition,
changes in fatty acid/albumin mole ratio and sample pH re-
sulted in no detectable changes in the upper limits for these
rates.

Plots of the fraction of total fatty acids bound to lipopro-
teins (HDL or LDL) as a function of total sample fatty acid/al-
bumin mole ratio, are shown in Fig. 7. Plots for samples con-
taining HDLat 24 mg/ml (-) and 9 mg/ml (U) were linear (r
= 0.98 and 0.99, respectively) and extrapolated to the x-axis at
a mole ratio value of 1. 1. These plots were very similar to those
obtained for samples containing phospholipid vesicles, rather
than HDL, as nonalbumin fatty acid acceptors (cf. Fig. 4). For
a sample containing LDL, the fraction of palmitate associated
with LDL was 0. 19 at pH 7.4 (0) and 0.28 at pH 6.8 (E), all at a
6:1 mole ratio.

To assess their spectral resolution and appearance in the
carboxyl/carbonyl region, samples of whole human plasma
and whole blood with added 13C-enriched palmitate were pre-
pared and examined by 13C NMR(Fig. 8, A-C). Carboxyl reso-
nances corresponding to fatty acids bound to human serum
albumin (peaks 3, oy, f', a) and lipoproteins (peak a) were ob-
served and the degree of spectral resolution was similar to that
observed for the reconstituted systems shown above. As
previously observed for samples containing fractionated HDL
or LDL, resolution of peaks a and g was improved by lowering
the pH from 7.4 to 6.8. A spectrum for a sample of whole blood
(Fig. 8 D) was similar to that of plasma, except for the greater
intensity of natural abundance carbonyl resonances resulting
from hemoglobin in red blood cells. Carboxyl resonances for
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fatty acids bound to red blood cell membranes are extremely
broad and not observable under these conditions.

To quantitate the distribution of added 13C-enriched palmi-
tate under conditions that mimic the fatty acid binding proper-
ties of the intact human circulation, a sample was prepared
containing whole human plasma, phospholipid vesicles, and
'3C-enriched palmitate. This sample was prepared so that the
ratio of phospholipid vesicle surface area per mole of human
serum albumin was comparable to the ratio of blood and endo-
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8 Figure 7. Plots of the fraction of fatty acids (FA) associated with
human plasma lipoproteins as a function of the total sample fatty
acid/albumin mole ratio. The fractions of fatty acids associated with
lipoproteins were calculated from the relative intensities of '3C NMR
carboxyl resonances as described in the Fig. 4 legend and in the text.
Each data point was derived from a single NMRspectrum. (.) Sam-
ples containing HDLat a concentration of 24 mgprotein/ml and
correspond to values obtained from spectra shown in Fig. 5, B-D. (i)
Samples containing HDLat a concentration of 9 mgprotein/ml and
correspond to NMRspectra not shown. (oo) A sample containing
LDL at a concentration of 12 mgprotein/ml, and spectra shown in
Fig. 6, D and E, respectively. (A) Data from an NMRspectrum of
whole plasma from a healthy, nondiabetic human donor containing
added '3C-enriched palmitate and accumulated at pH 7.4 and 370C.
This spectrum was similar to that shown in Fig. 8 B. (v) Data from
an NMRspectrum of the same plasma sample with added '3C-
enriched palmitate, except that it was accumulated at pH 6.8. This
spectrum was similar to that shown in Fig. 8 C. The plasma fatty
acid/albumin mole ratio before the addition of "C-enriched fatty acid
was 0.5:1. Other laboratory values were as follows: total cholesterol,
275 mg/dl; HDLcholesterol, 49 mg/dl; triglycerides, 156 mg/dl; al-
bumin, 5.2 g/dl.

thelial cell membrane surface area per mole of albumin found
in the normal human circulation.4 `C NMRspectra for this
sample (not shown) were similar to those shown in Figs. 8, A-C
and exhibited carboxyl resonances corresponding to peaks #, y,
ff, a, a, and 0. At a pH value of 7.4 and a mole ratio value of
5.9, the total fraction of palmitate bound to nonalbumin com-
ponents (lipoproteins and membranes) was 0.31 (Fig. 7, V). In
the same plasma sample containing no added phospholipid
vesicles, the total fraction of palmitate associated with non-al-
bumin components (lipoproteins only) was 0. 13 (Fig. 7, A).

Discussion

Wehave used a novel "C NMRapproach to determined the
equilibrium distribution of "C-enriched fatty acids in reconsti-
tuted and whole human plasma and blood under conditions

Chemical Shift (ppm)
Figure 6. Carboxyl/carbonyl region of 50.3 MHz13C NMRspectra for
samples containing human serum albumin (42 mg/ml), native human
LDL (12 mgprotein/ml) and increasing amounts of "3C-enriched
palmitate, at pH 7.4 (A-D) and 6.8 (E). All peak nomenclature, sam-
ple, and spectral conditions as in Fig. 1 and 5 legends. Spectra for
samples obtained at 90.6 MHz(not shown) were qualitatively and
quantitatively similar.

4. The ratio of phospholipid vesicle surface area per mole albumin in
these samples ranged between 0.23 and 0.45 x 107 m2/mol. The ratio of
blood and endothelial cell surface area per mol albumin in healthy
human subjects is - 0.3 x 107 m2/mol. These calculations assumed
the following: mean vesicle diameter, 250A; normal plasma albumin
concentration, 4.2 g/dl; erythrocyte surface area, 163 jUm2 (reference
15, p. 69); meanwhite blood cell diameter, 12 Mm;meanplatelet diame-

ter, 3 Mm; total endothelial surface area, 1.1 x 10' m2(see reference 52).
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Figure 8. Carboxyl/carbonyl region of 90.6-MHz '3C NMRspectra of
whole human plasma (A-C) and whole human blood (D) with added
'3C-enriched palmitate, all at 370C. The total fatty acid/albumin mole
ratio and sample pH are shown above the right edge of each spectrum.
The resonance labeled c represents carboxyl carbons of citrate, the
anticoagulant used in this sample. The plasma and blood samples
were obtained from a healthy, nondiabetic human donor after a 14-h
fast. The plasma fatty acid/albumin mole ratio prior to the addition
of '3C-enriched palmitate was 1.0. Other laboratory values were as
follows: albumin, 4.7 g/dl; total cholesterol, 164 mg/dl; HDLcholes-
terol, 39 mg/dl; triglycerides, 65 mg/dl; total bilirubin, 0.5 mg/dl; total
protein 6.7 g/dl.

that mimic steady-state conditions in the normal and diabetic
human circulation. The effect of two variables relevant to the
diabetic circulation were examined: fatty acid/albumin mole
ratio (as increased in insulin deficiency and/or nephrosis) and
pH (as decreased in acidosis).

13C NMRhas several advantages over other methods for
monitoring fatty acid distributions (1 1). First, distributions can
be quantitated under nonperturbing conditions, without need
for separation of components by centrifugation or chromatog-
raphy. Earlier studies utilizing ultracentrifugation (23-26) pro-
duced artifactual results, in part, because of the high salt con-
centrations utilized to separate lipoproteins. Even using
"milder" conditions, it was not certain that the separation of
components did not alter the equilibrium distribution of fatty
acids (8). Secondly, physiological conditions of temperature,

salt composition, salt concentration, and albumin concentra-
tion can be utilized, including the use of whole human plasma.
Some studies have been performed at non-physiological tem-
peratures (8, 27), or in the absence of calcium (24-29). De-
creases in calcium concentration below physiological levels
alter the conformation of albumin near physiological pH (30)
and may affect its binding properties. Thirdly, structural and
kinetic information can be obtained from NMRspectra, such
as the relative occupation of individual binding sites on albu-
min, lipoproteins, and model membranes, the ionization states
of fatty acids bound to each site, and estimates of the exchange
rates of fatty acids between albumin and nonalbumin binding
sites (3, 4, 1 1).

A limitation of this 13C NMRapproach is that fatty acids
associated with red blood cells cannot be quantitated. Because
of their large diameter, red blood cells tumble slowly in solu-
tion, resulting in broad unobservable carboxyl NMRreso-
nances for bound fatty acids. To circumvent this problem,
small unilamellar phospholipid vesicles (diameter - 30 nm)
were used as a model system to simulate the fatty acid binding
properties of cell membranes (see Results).

Molecular mechanisms governing fatty acid distribution.
The equilibrium distribution of fatty acids between human
serum albumin, model phospholipid membranes, and/or na-
tive human lipoproteins as a function of total fatty acid/albu-
min mole ratio exhibited the following general pattern. At a
mole ratio value of 1, essentially all of the fatty acid was asso-
ciated with albumin and distributed among its three highest
affinity binding sites (Figs. 1 B, 5 B, and 6 B). At mole ratio
values > 1, fatty acids associated with both albumin and nonal-
bumin components, and the fraction associated with nonalbu-
min components increased linearly with increasing mole ratio
(Figs. 4 and 7). At the highest mole ratio examined, a large
fraction of the total fatty acid was associated with nonalbumin
components. The same general pattern of fatty acid distribu-
tion was found regardless of the type of fatty acid acceptor used
(phospholipid vesicles, native human HDL, or LDL) or the
type of fatty acid used (palmitate, oleate, or stearate). There-
fore, this distribution pattern appeared to be governed primar-
ily by the binding properties of human serum albumin, rather
than the properties of a particular nonalbumin acceptor or
fatty acid.

Two mathematical models have been often used to describe
the fatty acid binding properties of albumin and to analyse
binding data. The Scatchard model assumes that fatty acid
binding sites fall into distinct classes with respect to binding
affinities. For palmitate binding to human serum albumin, the
highest affinity class contains two or three binding sites, the
medium affinity class, three to five, and the lowest affinity
class, > 20 (reviewed in reference 7). Each class is described by
an average affinity constant. The Scatchard model is oversim-
plified in that it does not account for possible cooperativity or
configurational adaptability, and the validity of grouping indi-
vidual binding sites into classes has been questioned (7, 9). A
second model, the stepwise association model, is more general
and makes no assumptions about the groupings of sites into
classes (7, 9). Association constants for each mole of bound
ligand are obtained, rather than average constants for a class of
sites. For palmitate binding to human serum albumin, the step-
wise association constants decrease, but show no abrupt
changes, with increasing fatty acid/albumin mole ratio (7).
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The NMRresults support certain features of both models
while providing new evidence for negative cooperativity in the
interactions of fatty acids with human serum albumin. At a
mole ratio value of 1, palmitate was distributed among three
structurally distinct binding sites in the population of albumin
molecules (peaks #, 'y, and , in Figs. 1 B, 5 B, and 6 B). Hence,
the NMRresults provided independent physicochemical ratio-
nale for the grouping of sites into a high affinity class in accor-
dance with the Scatchard analysis, and also indicated that there
are three, rather than two, high-affinity sites for human serum
albumin (7, 31, 32). However, at a mole ratio value of 2, before
the high affinity sites were saturated, fatty acid was also asso-
ciated with nonalbumin components, indicating that the affin-
ity of human serum albumin for the second mole of fatty acid
per mol albumin was lower than that of the first. Moreover,
plots of fatty acid distribution as a function of mole ratio (Figs.
4 and 7) intersected the x-axis at 1, rather than at 0 or 3, and
indicated a discontinuous decrease in the affinity of albumin
for fatty acid following the binding of 1 mol fatty acid per mole
HSA. These findings provide evidence for negative coopera-
tivity in the interactions of long-chain fatty acids with human
serum albumin.

Two possible explanations have been proposed for the cur-
vilinear Scatchard plots obtained for fatty acid binding data (7):
(a) fatty acid binding sites are heterogeneous, and/or (b) fatty
acid binding is associated with negative cooperativity. These
two explanations could not be distinguished using previous
equilibrium binding data. The present NMRresults indicate
that, at least for human serum albumin, both explanations are
valid.

The uptake of fatty acids as a function of increasing fatty
acid/albumin mole ratio has been monitored in previous stud-
ies using bovine serum albumin and Erlich ascites tumor cells
(9, 33, 34). The observed patterns were similar in some respects
to the distribution patterns in the present study, except that
negative cooperativity at 1:1 mole ratio was not readily appar-
ent. However, a reexamination of this earlier work in light of
the present results seems to indicate the possibility of a biphasic
pattern, with most of the data points extrapolating in a linear
fashion to 1:1 mole ratio. (See Fig. 4 of reference 33).

Small decreases in pH analogous to those seen in moderate
to severe acidosis resulted in an additional shift in the distribu-
tion of fatty acids from albumin to nonalbumin components.
For example, at a fatty acid/albumin mole ratio of 4, approxi-
mately 23%, 31%, and 39%of the total fatty acid was associated
with phospholipid vesicles at pH 7.2, 7.0, and 6.8, respectively
(Figs. 3 and 4). Concurrently, the percentage of fatty acids
bound to phospholipid vesicles that were ionized (anionic) de-
creased from - 50% at pH 7.4 to 46%, 37%, and 25% at pH
7.2, 7.0, and 6.8, respectively. In contrast, the fatty acids bound
to albumin binding sites at equilibrium were essentially 100%
ionized at all pH values between pH 7.4 and 6.8. Based on these
distribution and ionization state values, a mechanism that in-
volves a much higher affinity of protonated fatty acids for phos-
pholipid vesicles relative to human serum albumin seems
likely. Analysis of these and other related results using mathe-
matical models will help to further evaluate this proposed
mechanism. As has been suggested, small decreases in pH in
the extracellular fluids in certain tissues may promote the up-
take of fatty acids by cells by altering the distribution of fatty
acids between albumin and cell membranes (18, 34).

Implications for fatty acid transport and uptake in vivo. It
has often been assumed that > 99% of the circulating fatty
acids are bound to albumin under normal conditions in hu-
mans (7, 8). The present NMRresults support this assumption
as long as fatty acid/albumin mole ratio values remain < 1. It
has also been suggested, based on the concept of three high
affinity fatty acid binding sites, that fatty acid/albumin mole
ratio values must exceed three or four before lipoproteins and
cell membranes can effectively compete for fatty acid binding
(1, 7, 9). However, the present NMRresults indicate that lipo-
proteins and membranes can compete for fatty acid binding
when the fatty acid/albumin mole ratio value exceeds 1, before
the three "high-affinity" binding sites are completely filled.
Therefore, the threshold mole ratio value for alterations in fatty
acid distributions in the human circulation appears to be 1,
rather than 3.

This finding has important implications for both normal
and abnormal transport of fatty acids in the circulation. Under
most physiological conditions, steady-state ratios of plasma
fatty acids to albumin are < 1 (7, 35, 36). Although the distri-
bution of fatty acids (governed by thermodynamic processes) is
heavily weighted toward albumin binding, efficient removal of
fatty acids from the circulation occurs because of rapid kinetic
processes, that is, rapid dissociation from albumin and clear-
ance from the circulation (7, 9). However, the ratios of fatty
acids to albumin in plasma can transiently exceed 1 in healthy
individuals, particularly following prolonged exercise and/or
fasting (19, 37, 38). In this case, there may be an additional
thermodynamic contribution to fatty acid clearance. This con-
tribution, mediated by the negative cooperativity property of
human serum albumin, would transiently shift the distribution
of fatty acids from albumin toward cell membranes and facili-
tate their clearance from the circulation under conditions
where fatty acids are being rapidly metabolized by tissues.
Therefore, the negative cooperativity property of albumin pro-
vides a fine tuning capability that allows adjustment of its affin-
ities for fatty acids to the present metabolic needs. Such a nega-
tive cooperativity and fine tuning capability is analogous to
that observed for oxygen interactions with hemoglobin.

In several abnormal conditions, steady-state fatty acid/al-
bumin ratios in plasma become acutely or chronically elevated
above L.' Chronic elevations to values typically between 1 and
2 occur in obesity (21, 35, 36, 39), hypertriglyceridemia (40),
and insulin-treated diabetes mellitus (21, 36). Acute elevations
occur in uncontrolled diabetes mellitus (19-21, 36), gram-
negative infection and sepsis (41), nephrotic syndrome (24),
hyperthyroidism (35), myocardial infarction (42, 43), and
acute emotional or psychological stress (44-46). The highest
mole ratio values are observed in uncontrolled diabetes, where
values often exceed 2 and occasionally reach 6 (19-21, 36). In
patients with diabetic ketoacidosis complicated by nephrosis,
mole ratio values may exceed 6, and pH values below 7.2 are
not uncommon.

5. The plasma fatty acid/albumin mole ratio values reported here are
based on an assumed normal plasma albumin of 4.2 g/dl. Since plasma
fatty acid measurements neglect the potential fatty acid fraction asso-
ciated with blood and endothelial cell membranes, it is likely that
plasma fatty acid/albumin mole ratio values underestimate the total
mole ratio values in the circulation when the former exceed 1.
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Extrapolating from the present in vitro NMRresults, we
predict that a substantial fraction (up to 50%) of the total circu-
lating fatty acid pool may associate with plasma lipoproteins
and the membranes of blood cells and vascular endothelial
cells during uncontrolled diabetes in humans. The degree of
fatty acid association with nonalbumin components depends
on the value of the fatty acid/albumin mole ratio and the pres-
ence and severity of acidosis, in accordance with previous re-
sults (7). However, we also predict that significant alterations in
fatty acid distributions may occur in less extreme conditions
such as obesity, nephrotic syndrome, and diabetes controlled
with conventional insulin therapy.

Possible consequences of abnormalfatty acid distributions.
Fatty acids are known to exert a variety of effects on cells in
vitro. For example, fatty acids inhibit neutrophil chemotaxis
(47), enhance platelet aggregation (48, 49), and increase the
transfer of macromolecules across endothelial cells in culture
(50). In addition, fatty acids have been recently shown to in-
hibit the binding of LDL to human fibroblast LDL receptors
(5 1). Interestingly, the inhibition was observed at fatty acid-al-
bumin mole ratios at and above 2, which corresponds to the
values where abnormal distributions were observed in the pres-
ent study. Such a fatty acid-mediated inhibition of LDL uptake
could have important pathological consequences in abnormal
states such as diabetes mellitus.

Acknowledaments

The authors thank Mr. Ronald P. Corey and Ms. Cheryl Oliva of the
Biophysics Core C facility for performing gas-liquid and thin-layer chro-
matographic analyses, and Mr. Michael Gigliotti for isolation of lipo-
proteins from plasma. Wealso thank Mr. Donald Gantz for electron
micrographs of lipoprotein and vesicle preparations and Dr. James A.
Hamilton for helpful discussions.

This research was supported by U. S. Public Health Service grants
HL-26335 and HL-07224. A portion of this work was performed using
NMRinstrumentation at the Francis Bitter National Magnet Labora-
tory, Massachusetts Institute of Technology, Cambridge, MA, sup-
ported by National Institutes of Health Grant RR-00995. Dr. Cistola
was the recipient of the Andrew Costello Research Fellowship of the
Juvenile Diabetes Foundation International.

References

1. Spector, A. A. 1975. Fatty acid binding to plasma albumin. J. Lipid Res.
16:165-179.

2. Brown, J. R., and P. Shockley. 1982. Serum albumin: structure and charac-
terization of its ligand binding sites. In Lipid-Protein Interactions, Volume 1.
P. C. Jost and 0. H. Griffith, editors. John Wiley & Sons, Inc., NewYork. 26-68.

3. Cistola, D. P., D. M. Small, and J. A. Hamilton. 1987. 13C NMRstudies of
saturated fatty acids bound to bovine serum albumin. I. The filling of individual
fatty acid binding sites. J. BioL. Chem. 262:10971-10979.

4. Cistola, D. P., D. M. Small, and J. A. Hamilton. 1987. "3C NMRstudies of
saturated fatty acids bound to bovine serum albumin. II. Electrostatic interac-
tions in individual fatty acid binding sites. J. Biol. Chem. 262:10980-10985.

5. Cistola, D. P., D. Atkinson, J. A. Hamilton, and D. M. Small. 1986. Phase
Behavior and Bilayer properties of fatty acids: hydrated 1:1 acid-soaps. Biochemis-
try. 25:2804-2812.

6. Cistola, D. P., J. A. Hamilton, D. Jackson, and D. M. Small. 1988. The
ionization and phase behavior of fatty acids in water: application of the Gibbs
phase rule. Biochemistry. 27:1881-1888.

7. Spector, A. A. 1986. Plasma albumin as a lipoprotein. In Biochemistry and
Biology of Plasma Lipoproteins. A. M. Scanu and A. A. Spector, editors. Marcel
Dekker, Inc., NewYork. 247-279.

8. Goodman, D. S., and E. Shafrir. 1959. The interaction of human low
density lipoproteins with long-chain fatty acid anions. J. Am. Chem. Soc. 81:361-
370.

9. Spector, A. A., and J. E. Fletcher. 1978. Transport of fatty acid in the
circulation. In Disturbances in Lipid and Lipoprotein Metabolism. J. M.
Dietschy, A. M. Gotto, and J. A. Ontko, editors. American Physiological Society,
Bethesda, MD. 229-249.

10. Pjura, W. J., A. M. Kleinfeld, and M. J. Karnovsky. 1984. Partition of
fatty acids and fluorescent fatty acids into membranes. Biochemistry. 23:2039-
2043.

1 1. Hamilton, J. A., and D. P. Cistola. 1986. Transfer of oleic acid between
albumin and phospholipid vesicles. Proc. NatL. Acad. Sci. USA. 83:82-86.

12. Cistola, D. P., J. C. Sacchettini, L. J. Banaszak, M. T. Walsh, and J. I.
Gordon. 1989. Fatty acid interactions with rat intestinal and liver fatty acid-bind-
ing proteins expressed in Escherischia coli: a comparative 13C NMRstudy. J.
Biol. Chem. 264:2700-2710.

13. Markwell, M. A. K., S. M. Haas, L. L. Bieber, and N. E. Tolbert. 1978. A
modification of the Lowry procedure to simplify protein determination in mem-
brane and lipoprotein samples. Anal. Biochem. 87:206-210.

14. Hamilton, J. A., and Small, D. M. 1981. Solubilization and localization of
triolein in phosphatidylcholine bilayers: a '3C NMRstudy. Proc. NatL. Acad. Sci.
USA. 78:6878-6882.

15. Lentner, C., editor. 1984. Geigy Scientific Tables, Volume 3. Ciba-Geigy
Corporation, West Caldwell, NJ. 70.

16. Gurd, F. R. N., and P. Keim. 1973. The prospects for carbon-13 nuclear
magnetic resonance studies in enzymology. Methods Enzymol. 27:836-911.

17. Shinodo, H., and J. S. Cohen. 1976. Observation of individual carboxyl
groups in hen egg-white lysozyme by use of high field '3C-nuclear magnetic reso-
nance. Proc. NatL. Acad. Sci. USA. 73:1979-1983.

18. Schmidt, C. F., Y. Barenholz, C. Huang, and T. E. Thompson. 1977.
Phosphatidylcholine '3C-labeled carbonyls as a probe of bilayer structure. Bio-
chemistry. 16:3948-3954.

19. Laurell, S. 1956. Plasma free fatty acids in diabetic ketoacidosis and star-
vation. Scand. J. Clin. Lab Invest. 8:81-82.

20. Gerich, J. E., M. M. Martin, and L. Recant. 1971. Clinical and metabolic
characteristics of hyperosmolar nonketotic coma. Diabetes. 20:228-238.

21. Reitsma, W. D. 1967. The relationship between serum free fatty acids and
blood sugar in non-obese and obese diabetics. Acta Med. Scand. 182:353-361.

22. Hamilton, J. A., C. Talkowski, E. Williams, E. M. Avila, A. Allerhand,
and E. Cordes. 1974. Natural abundance carbon- 13 nuclear magnetic resonance
spectra of human serum lipoproteins. Science (Wash. DC). 180:193-195.

23. Lindgren, F. T., A. V. Nichols, and N. K. Freeman. 1955. Physical and
chemical composition studies on the lipoproteins of fasting and heparinized hu-
man sera. J. Phys. Chem. 59:930-938.

24. Shafrir, E. 1958. Partition of unesterified fatty acids in normal and ne-
phrotic syndrome serum and its effect on serum electrophoretic pattern. J. Clin.
Invest. 37:1775-1782.

25. Shafrir, E., S. Gatt, and S. Khasis. 1965. Partition of fatty acids of 20-24
carbon atoms between human serum albumin and lipoproteins. Biochim.
Biophys. Acta 98:365-371.

26. Skipski, V. P., M. Barclay, R. K. Barclay, V. A. Fetzer, J. J. Good, and
F. M. Archibald. 1967. Lipid composition of human serum lipoproteins. Bio-
chem. J. 104:340-352.

27. Goodman, D. S. 1958. The interaction of human erythrocytes with so-
dium palmitate. J. Clin. Invest. 37:1729-1735.

28. Spector, A. A., J. D. Ashbrook, E. C. Santos, and J. E. Fletcher. 1972.
Quantitative Analysis of uptake of free fatty acid by mammalian cells: lauric acid
and human erythrocytes. J. Lipid Res. 13:445-451.

29. Spector, A. A. Influence of pH of the medium on free fatty acid utilization
by isolated mammalian cells. J. Lipid Res. 10:207-214.

30. Foster, J. F. 1977. Some aspects of the structure and conformational
properties of serum albumin. In Albumin: Structure, Function, and Uses. V. M.
Rosenoer, M. Oratz, and M. A. Rothschild, editors. Pergammon Press, Oxford.
53-84.

31. Goodman, D. S. 1958. The interaction of human serum albumin with
long-chain fatty acid anions. J. Am. Chem. Soc. 80:3892-3898.

32. Arivdsson, E. O., F. A. Green, and S. Laurell. 1978. Branching and hydro-
phobic binding: partition equilibria and serum albumin binding of palmitic and
phytanic acids. J. Biol. Chem. 246:5373-5379.

33. Spector, A. A., Steinberg, D., and Tanaka, A. 1965. Uptake of free fatty
acids by Ehrlich ascites tumor cells. J. Biol. Chem. 240:1032-1041.

34. Spector, A. A. 1969. Influence of pH of the medium on free fatty acid
utilization by isolated mammalian cells. J. Lipid Res. 10:207-214.

35. Dole, V. P. 1956. A relationship between non-esterified fatty acids in
plasma and the metabolism of glucose. J. Clin. Invest. 35:150-154.

36. Bierman, E. L., V. P. Dole, and T. N. Roberts. 1957. An abnormality of
nonesterified fatty acid metabolism in diabetes mellitus. Diabetes. 6:475-479.

37. Havel, R. J., A. Naimark, and C. F. Borchgrevink. 1963. Turnover rate
and oxidation of free fatty acids of blood plasma in man during exercise: studies
of continuous infusion of palmitate-1-'4C. J. Clin. Invest. 42:1054-1063.

38. Havel, R. J., L.-G. Ekelund, and A. Holmgren. 1967. Kinetic analysis of

1440 D. P. Cistola and D. M. Small



the oxidation of palmitate- I -'4C in manduring prolonged heavy exercise. J. Lipid
Res. 8:366-373.

39. Taskinen, M.-R., C. Bogardus, A. Kennedy, and B. V. Howard. 1985.
Multiple disturbances of free fatty acid metabolism in noninsulin-dependent dia-
betes: Effect of oral hypoglycemic therapy. J. Clin. Invest. 76:637-644.

40. Kissebah, A. H., S. Alfarsi, P. W. Adams, and V. Wynn. 1976. Role of
insulin resistance in adipose tissue and liver in the pathogenesis of endogenous
hypertriglyceridaemia in man. Diabetologia. 12:563-571.

41. Gallin, J. I., D. Kaye, and W. M. O'Leary. 1969. Serum lipids in infection.
N. Engl. J. Med. 281:1081-1086.

42. Kurien, V. A., and M. F. Oliver. 1966. Serum free fatty acids after acute
myocardial infarction and cerebral vascular occlusion. Lancet. ii: 122-127.

43. Katz, A. M., and F. C. Messineo. 1981. Lipid-membrane interactions and
the pathogenesis of ischemic damage in the myocardium. Circ. Res. 48:1-16.

44. Bogdonoff, M. D., E. H. Estes, Jr., and D. Trout. 1959. Acute effect of
psychologic stimuli upon plasma non-esterified fatty acid level. Proc. Soc. Exp.
Med. 100:503-504.

45. Taggart, P., and M. Carruthers. 1971. Endogenous hyperlipidaemia in-
duced by emotional stress of racing diving. Lancet i:363-366.

46. Baker, L., A. Barcai, R. Kaye, and N. Haque. 1969. Beta adrenergic
blockade and juvenile diabetes: Acute studies and long-term therapeutic trial. J.
Pediatr. 75:19-29.

47. Hawley, H. P., and G. B. Gordon. 1976. The effects of long chain free fatty
acids on human neutrophil function and structure. Lab. Invest. 34:216-222.

48. Hoak, J. C., A. A. Spector, G. L. Fry, and E. D. Warner. 1970. Effect of
free fatty acids on ADP-induced platelet aggregation. Nature (Lond.). 228:1330-
1332.

49. Gjesdal, K., A. Nordoy, H. Wang, H. Bernsten, and 0. D. Mjos. 1976.
Effects of fasting on plasma and platelet-free fatty acids and platelet function in
healthy males. Thromb. Haemostasis. 36:325-333.

50. Henning, B., D. M. Shasby, A. Fulton, and A. A. Spector. 1984. Exposure
of free fatty acid increases the transfer of albumin across cultured endothelial
monolayers. Arteriosclerosis. 4:489-497.

51. Bihain, B. E., R. J. Deckelbaum, F. C. Yen, A. M. Gleeson, Y. A. Carpen-
tier, and L. D. Witte. 1989. Unesterified Fatty Acids Inhibit the Binding of Low
Density Lipoproteins to the HumanFibroblast Low Density Lipoprotein Recep-
tor. J. Biol. Chem. 204:17316-17321.

52. Schmidt, R. F., and G. Thews. 1985. HumanPhysiology. Springer-Verlag,
Berlin. p. 417.

Nuclear Magnetic Resonance Study of Fatty Acid Distributions in Plasma 1441


