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Abstract We have isolated in pure form a fatty acid binding 
protein (FABP) from human cardiac muscle. After preparation 
of a 100,000 g supernatant fraction, the procedure required 
only one gel chromatographic (Sephacryl S 200) and two cation 
exchange (CM-Sephadex C 50) steps. The recovery of FABP 
was 55%. Pure FABP (12.5 mg) was obtained from a 1-g of dry 
powder equivalent of the high-speed supernatant. The protein 
had an M, of 15,500 & 1,000 Da and an isoelectric point of 5.3. 
The properties of human cardiac FABP, i.e., molecular mass, 
isoelectric point, amino acid composition, ultraviolet spectrum, 
and affinities for hydrophobic ligands, were close to those found 
for FABPs from bovine heart (Jagschies et al. 1985. Eur. J. 
Biocha. 152: 537-545). In addition, immunological cross-reac- 
tivities showed a relationship between FABPs from several 
mammalian heart tissues.l The data elaborated by us and others 
support the existence of a cardiac-type FABP that is distinct 
from the well-defined hepatic-type and gut-type FABPs.-Un- 
terberg, C., C. Heidl, D-B. von Bassewitz, and F. Spener. Iso- 
lation and characterization of the fatty acid binding protein from 
human heart. J.  Lipid Res. 1986. 27: 1287-1293. 
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The existence of low molecular mass proteins with high 
affinity for fatty acids in the cytosol of mammalian cells 
is well established (1 -4). Such fatty acid binding proteins 
(FABPs) were characterized in many instances (5-8) and, 
based on their primary structures (9-1 2), immunochem- 
istry, and regulation (4, 13, 14), a hepatic-type and a gut- 
type protein were defined. The type of FABP does not 
necessarely preclude its occurrence in different organs; 
for example, in rat intestinal cells both types of FABP are 
present (1 4). 

FABPs from heart tissue were isolated from rat (15- 
19), pig (20,2 l), and cattle (22). In a recent review, Glatz, 
Paulussen, and Veerkamp (1 7) presented first data on such 
a binding protein from human heart. The reported M, 
of 12 to 15 kDa is within the range found for these pro- 
teins, whereas the PI of 7.0 appears to be much higher 
than their known acidic PIS reported up to now. Accord- 
ing to Fournier and collaborators (15, 19-21), cardiac 
FABP is involved in the transport and supply of fatty acids 

to the mitochondrial @-oxidation system; a reversible self- 
association of FABP from pig and rat heart possibly mod- 
ulates this supply. However, this self-association phenom- 
enon was not observed with bovine FABP (22). The high 
concentrations of FABP, up to 8% of soluble proteins, in 
rat heart cytosol may be subject to diurnal variation (23). 
In this process, cardiac FABP may protect the cell from 
detergent action of fatty acids and their CoA esters and 
may buffer the modulation of enzymic activities by these 
metabolites (23). 

In the course of our studies on intracellular transport 
and recognition of fatty acids (22, 24-26), we present 
here an expeditious four-step procedure for the isolation 
of FABP from human heart that affords mg amounts of 
pure protein. We have characterized the protein and its 
properties are discussed in context with previous data on 
cardiac proteins (1 7, 18,22) that may justify the definition 
of a cardiac-type FABP. 

MATERIALS AND METHODS 

CM-Sephadex C 50, Sephacryl S 200 superfine, and 
Sephadex G 75 were supplied by Pharmacia; materials 
for electrophoretic experiments, polyester sheets and am- 
pholines for IEF in ultrathin gels as well as for staining 
of proteins were from Serva (Heidelberg). Amino acids 
for electrode solutions, DABITC, and fatty acids were 
obtained from Sigma. All other reagents were from Merck 
and were of analytical grade. 

Abbreviations: FABP(s), fatty acid binding protein($; PAGE, poly- 
acrylamide gel electrophoresis; IEF, isoelectric focusing; DABITC 
4-N,Ndimethylaminoazobenzene-4'-isothiocyanate; PMSF, phenyl- 
methylsulfonyl fluoride; TLC, thin-layer chromatography. ' This paper is part VI1 of a series Fatty Acid Binding Proteins; part 
VI appeared elsewhere (25). This work was presented in part at the 
Vortragstagung der Deutschen Gesellschaft fur Fettwissenschaft, Got- 
tin en, 1985 (26). 

'To whom correspondence and reprint requests should be ad- 
dressed. 
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Long-chain [ I-"C]-labeled fatty acids and their CoA 
esters (sp act 5 1-60  Ci/mol),  di-[  I-"C]palmitoyl- 
sn-glycero-3-phosphocholine (95 Ci/mol), I-[ I-%]- 
palmitoyl-sn-glycero-3-phosphocholine (48 Ci/mol), and 
[4-"C]cholesterol  (52.5 Ci/mol) were  purchased from 
New England  Nuclear. Mediumchain [ I-'4C]-labeled  fatty 
acids and their CoA esters (1 -5 Ci/mol) were a gift from 
Dr. J. Knudsen, Institute of  Biochemistry,  University of 
Odense, Denmark.  Radioactive purity was greater than 
96% as checked by TLC  and autoradiography. 

Anodic  disk-PAGE was carried out at pH 8.3  in  I-mm 
slab  gels (T = 1 1.2%. C = 2.6%) as described by Maurer 
(27). SDSPAGE was performed in  I-mm  slab  gels (T 
= 15.0%, C = 2.6%) containing urea according to  the 
procedure of Burr  and  Burr (28); molecular  masses were 
determined with the aid  of  electrophoresis  calibration kits 
for low molecular mass proteins as well as for polypeptides 
(Pharmacia). 

FABP solutions were added to radioactive  ligands 
placed in  2-ml  glass tubes and incubated for 5 min at 
room temperature with constant shaking.  Isoelectric  fo- 
cusing  of proteins and protein/ligand complexes was per- 
formed in 50-pm  polyacrylamide  gels and pH gradients 
from 3 to 10, proteins were stained with  Serva  Violett, 
and radioactive  ligands were detected by autoradiogra- 

Protein was determined according to Bradford (29). 
The amino  acid  composition  of  cardiac  FABP was derived 
from automatic analysis and individual determinations as 
described by Jagschies et al.  (22).  Immunological  cross- 
reactivities  were studied by the double diffusion method 
(30) using the antiserum  against  bovine PI 4.9-FABP (22). 

Human heart tissue was excised from female  subjects 

phy  (22). 

12  hr post mortem in accordance with the regulations of 
the University  of  Munster  Medical  School and frozen in 
liquid nitrogen until  work-up. The buffer for homoge- 
nization was 0.01 M potassium phosphate, 0.154 M po- 
tassium chloride, l mM 2-mercaptoethanol, pH 7.4 (buffer 
A);  buffers used in chromatography were 0.02 M potas- 
sium  phosphate, I mM 2-mercaptoethano1,  pH  6.3  (buffer 
B) or pH 6.1 (buffer C).  Buffers Band C contained 0.02% 
sodium  azide to prevent microbial growth. The progress 
of  purification (Table 1) was monitored with the aid  of 
[ I-'4C]oleic  acid  bound to FABP as described by Jagschies 
et al. (22). In brief, 1-ml aliquots of fractions were chro- 
matographed on a Sephacryl S 200 column (80 X 1 cm) 
and assayed for radioactivity in the M, 15 kDa region. 
The content of  FABP was then calculated from the frac- 
tions' total radioactivity  relative to that of the high-speed 
supernatant. 

RESULTS 

Detection of cardiac  fatty  acid  binding  protein 
A high-speed supernatant of  human cardiac muscle, 

obtained as described below, was incubated with [I- 
14C]oleic  acid and fractionated on Sephacryl S 200 with 
buffer C. Radioactivity coeluted with proteins of the  60 
kDa and  15 kDa range. The former contained albumin 
from contaminating blood proteins; the latter was re- 
chromatographed on Sephadex G 75 (buffer B) for re- 
moval of  residual  albumin. The 15 kDa proteins were 
recharged with [ I-'4C]oleic acid and focused; the auto- 
radiogram and the stain for protein (Fig. 1) showed strong 

A 
I I 

I I I I 1 I 

3 4 5 6 7 8 9 p H  
Fig. 1. Detection of human  cardiac pl 5.3-FABP in the 15 kDa-fraction obtained after g e l  chromatography of 
the high-speed supernatant on Sephacryl S 200 and Sephadex G  75. The fraction was loaded with 40 nCi of [ 1- 
"CJoleic acid and separated by I EF ( I  00 pm gels, Servalyte AG 3- IO). Lane A, autoradiogram after 24 hr- 
exposure of the gel; lane P, the gel stained for protein (Serva Violett). Comigration of FABP and ligand  is 
indicated by the dark zones at  pH 5.3. 
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bands for ligand and protein at pH 5.3. Obviously, the 
bands' superposition reveals the presence of a fatty acid 
binding protein, whose affinity for oleic acid was strong 
enough not to dissociate under the electric field applied. 
Lane A of Fig. 1 shows, furthermore, that excess of ligand 
had migrated towards the anode, whereas very minor 
proportions were retained by proteins focusing around 
pH 5.0, 5.6, 5.9, 6.8, and 7.9. The protein stain (lane P) 
reveals bands at pH 7.6 and 8.1 as major proteins of the 
M, 15 kDa fraction, presumably isoforms of myoglobin 
as judged by their red color prior to staining. 

When the FABP/[ l-'4C]oleic acid complex was isolated 
and delipidated with 20% n-butanol (3 l), the resulting 
apoprotein focused again at pH 5.3. In contrast to obser- 
vations made with hepatic proteins (7), the state of lipi- 
dation of human cardiac FABP, referred to as 'PI 5.3- 
FABP', did not influence its PI. 

Purification 
Unless otherwise noted, all steps were performed at 

4°C. Thawed heart tissue (1 50 g wet weight) was cut into 
small pieces and rinsed three times with buffer A to sep  
an te  partly from adhering blood proteins. The pieces 
were added to 250 ml of buffer A containing 1 mM PMSF, 
homogenized in a Waxing Blendor for 1 min followed by 
a 3-min treatment with an Ultraturrax. The homogenate 
was centrifuged at 20,000 g for 60 min; the supernatant 
was filtered through glass wool and spun at 100,000 g for 
120 min. The resulting high-speed supernatant was dia- 
filtrated against distilled water (Sartorius SM 14 138 
membrane, cut-off 10,000) and lyophilized to give 3 g of 
dry powder. The powder was stable for months when 
kept at -20°C. 

Dry powder (0.4 g) was dissolved in 20 ml of buffer B, 
incubated with 100 nCi of [l-'4C]oleic acid, and applied 
to a CM-Sephadex column (15 X 5 cm, buffer B) after 
removal of undissolved residues by centrifugation. Elution 
with buffer B (80 ml/hr) yielded two radioactive peaks 
(----), the first containing albumin and some overlapping 
FABP, the second the FABP (Fig. 2A). To avoid loss of 
FABP, the tailing portion of the first peak was thus pooled 
with the second peak, Le., fractions between 120 and 220 
ml elution volume, and concentrated in an Amicon a p  
paratus (SM 14 138 membrane) to 5 ml (CM-protein). 

This solution was fractionated on a Sephacryl S 200 
column (100 X 2.5 cm, buffer C) by elution with buffer 
C (20 ml/hr). The proteins of the 15 kDa range were 
collected (elution volume 450-550 ml) and ultrafiltrated 
(Sartorius SM 14 129 membrane, cut off 5,000) to a vol- 
ume of 5 ml (S 200-protein). 

Final purification was achieved when this solution was 
applied to the second CM-Sephadex column (40 X 2.5 
cm, buffer C). Upon elution with buffer C (12 ml/hr) 

FABP appeared in the fractions between 120 and 160 ml 
elution volume (Fig. 2B). The pooled fractions were dia- 
filtrated against distilled water (SM 14 129 membrane) 
and lyophilized to give a stable powder of PI 5.3-FABP 
in the lipidated form. 

The progress of purification was followed by disk- 
PAGE displayed in Fig. 3; quantitative data from two 
identical runs are summarized in Table 1. Taking these 
data, FABP comprised 2.2% of soluble proteins of the 
high-speed supernatant. As blood proteins were present, 
the actual concentration of FABP in human heart cell 
cytosol was certainly higher. Glatz et al. (23) reported a 
content of 4 4 %  FABP in the soluble proteins of rat heart 
cytosol. 

Characterization 
The PI 5.3-FABP isolated gave a single band in disk- 

PAGE as seen in Fig. 3, as well as in IEF and SDS-PAGE. 
By comparison with standards, a molecular mass of 15,500 
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Fig. 2. Purification of FABP on CM-Sephadex C 50. A, first cation- 
exchange step, the column (15 X 5 cm) was eluted with buffer B. B, 
final purification in the second cationexchange step, 40 X 2.5 cm 
column, buffer C. Fractions between arrows were pooled; (-), pro- 
tein; (-----), [ 1-"C]oleic acid bound. 
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Fig. S. Disk-PAGE under nondenaturating conditions (pH 8.3. I-mm 
slab gels). Lane A, high-speed  supernatant (390 pg of protein):  lane 
B, CM-protein (78 pg of protein);  lane C. S 200-protein (56 pg of 
protein);  lane D, PI 5.3-FABP (40 pgof protein).  Proteins  were  stained 
with Serva Violett. 

f 1,000 Da was determined by SDSPAGE  and of 15,200 
f 1,000 Da by gel chromatography on Sephadex S 200. 

The amino acid  composition  of human cardiac FABP 
is shown in Table 2. For a comparison  with  analyses  of 
cardiac FABPs from other species, independent of  mo- 
lecular masses, amino acids are presented in residue num- 
bers/ 1,000 residues. A calculation  of  moles of amino ac- 
ids/mole  of  FABP  is  given in parentheses. The content 
of  Phe, Tyr, and Trp appears to be identical  in  all cardiac 
proteins so far investigated, a conclusion supported by 
identical  UV-spectra  of human and bovine  FABPs  (see 
Fig. 4 in ref. 22). The most prominent feature of heart 
FABPs was their enormous T h r  content, up to 140/1,000 
residues.  Also, their total number of  hydrophobic  residues 
remained nearly constant. The number of Lys residues 
in the human protein was high  in  comparison to bovine 

FABPs. This  and a decreased Glx content may explain 
the former's higher isoelectric point. This interpretation 
of amino acid  composition is at variance  with the PI 7.0 
reported earlier for  the cardiac proteins from rat (1 7,18) 
and man (1 7). Analysis  of the N-terminal amino acid  with 
DABITC (32) revealed a blocked  N-terminus for human 
cardiac FABP; the same was found by  us for the N-termini 
of FABPs from bovine heart (22). 

Binding of ligands 
The current isolation  scheme afforded an FABP  lipi- 

dated with marker oleic  acid  in addition to endogenous 
fatty acids. A threefold extraction with 20% n-butanol 
completely delipidated the protein as monitored by the 
removal  of [ 1-"C]oleic acid. The apoprotein as stated be- 
fore had a PI  of 5.3, however, this treatment produced 
variably  small proportions of denatured protein focusing 
at pH 5.8. Denaturation  could be reversed by relipidation 
with  high  affinity fatty acids. 

It has  been  calculated that dissociation constants of 
about 1 p~ and l ess  were necessary to form protein/ligand 
complexes under conditions of  isoelectric  focusing (33, 
34). We thus incubated 10  pg of delipidated FABP  with 
40 pCi  of  radiolabeled  ligand and focused the mixture in 
ultrathin gels. The gels  were  exposed for 24 hr  to a Ront- 
genfilm and then stained for protein; superposition of the 
ligand's autoradiographic track and of the protein stain 
indicated binding. The results qualitatively  showed that 
Clb to Cpo fatty  acids  with zero to four double bonds served 
as the foremost substrates for  the cardiac FABP,  whereas 
erucic acid and cholesterol were not bound under  the 
conditions applied. The high  affinity  between this protein 
and fatty  acids  commonly found in human tissue accords 
with the Kd values  of 0.8, 0.6, and 1.4 p~ reported by 
Glatz et al. (1 7) for the binding of  palmitic acid, oleic acid, 
and arachidonic acid,  respectively, to human cardiac 
FABP.  Palmitoyl-,  stearoyl-, and oleoyl-CoA were also 
complexed by the protein, but  not those with  chain- 
lengths below CIS. Interestingly, lysophosphatidylcholine 
w a s  bound and phosphatidylcholine was not, most prob- 
ably for steric reasons as these substrates did not differ in 
charge. 

TABLE 1. Progrrss of purification 

Tom1 Yietd Purification 
Purilicah sup Fnct ionObcri  Protein FABP Factor 

Ig 96 

1. Homonenization 
20,000-g 
100.000 g High-speed  supernatant 758.2 100 1 .o 

2. CM-Sephadex C 50 CM-protein 243.6 97.6 3.1 
3. Sephaityl S 200 s 260-protein 35.7 89.6 19.0 
4. CM-Sephadex  C 50 pl 5.3-FABP 9.3 54.8 44.7 
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TABLE 2. Amino  acid  composition of fatty  acid  binding  proteins 
from  cardiac  muscle 

Human 
H a r t  Bovine Hart  (22) 

Rat Heart 
(18) 

Amino PI 5.S-FABP PI 4.QFABP pl 5.1-FABP pl 7.0 
Acid (M, 15.500) (Mr 15,300) (MI 15,300) @fr IS.500) 

miduesl1,Ooo m i d u e s  (total nudm of nsidws) 

Ala 47 (6) 42 (6) 42 (6) 58 
Arg 32 (4) 31 (4) 31 (4) 25 

CYS 13 (2) 18 (3) 30 (4) 0 
a x  79 (1  1) 98 (14) 92 (13) 106 
GlY 69 (IO) 82  (12) 81 (11) 100 

lle  45 (6) 47 (7) 46 (6)  38 
LCU 97 (IS)  71 (10) 69 (10) 73 
Lys 138 (19) 94 (13) 95 (13) 91 
Met 15 (2) 15 (2) 14 (2) 8 

Asx 108 (15)  113  (16) llO(15) 120 

His 31 (4)  14  (2) 14 (2) 30 

Phe 41 (6) 44  (6) 46 (6) 42 
Pro 13 (2) 13 (2) 1 1  (2) 1 1  
Ser 48  (7) 52 (7) 49 (7) 71 
Thr 126 (17) 133  (19) 139 (20) 130 

n.da 

Val 70 (10) 101 (14) 102 (14) 83 

Trp 15 (2) 16 (2) 15 (2) 
Tyr 14 (2) 16 (2) 15 (2) 12 

a n.d.. Not determined. 

All complexes formed focused at pH 5.3. It must be 
stressed that these data do not necessarily  apply to situ- 
ations in  vivo. Under physiological conditions, a weak 
binding of a ligand not seen here may occur. 

Immunological properties 
Antiserum  against  bovine  PI  4.9-FABP precipitated 

human  PI  5.3-FABP as well. In  the double immunodif- 
fusion  gel (Fig. 4A), the  strong  spur formed by precipitins 
of  FABPs from  bovine and human heart revealed the 
presence  of  similar  epitopes.  In  Fig.  4B, the antigenicity 
of  several heart cell  cytosols was tested. The cross-reac- 
tivities observed indicated  common protein characteristics 
of the FABPs contained therein. 

DISCUSSION 

To avoid  initial losses of  FABP during bulk fraction- 
ation with ammonium sulfate (22), we started with a su- 
pernatant prepared by high-speed ultracentrifugation. In 
the present scheme we also deleted anion-exchange chro- 
matography (15-18, 20, 22) that has  been reported to 
cause loss of binding capacity  of cardiac FABPs (1 7) and 
to cause denaturation that could be overcome only by the 
use  of  glycerol-containing elution buffers (17, 22). We 
preferred,  therefore, a twofold  application  of  cation-ex- 
change chromatography; the CM-Sephadex  used was o p  
erated in the moderate acidic range to allow for weak 

interactions with  FABP  only.  Basic  myoglobin, the major 
protein of the 15 kDa fraction was 95%  removed  in the 
first step at pH 6.3; of the acidic proteins, albumin eluted 
ahead of  FABP and could be 50% separated. The re- 
maining  albumin as well as other higher molecular mass 
proteins was removed by subsequent gel filtration on Se- 
phadex S 200. Final  separation  from  myoglobin and other 
residual  acidic proteins was achieved in the second  cation- 
exchange step. The pH of the column at this step was 
kept at pH 6.1; a pre-equilibration  of the protein solution 
from pH 6.3 to 6.1 was accomplished by the intermediate 
chromatography over Sephacryl S 200. The 55% yield 
of FABP  is considerably  improved over the 1 1 % reported 
thus far for the human protein employing  anion-exchange 
chromatography (17). The PI of 5.3 for the protein is 
well in accord with the range of 4.8 to 5.1 found for 
cardiac proteins from rat (15, 19), pig (20), and cattle 
(22). Glatz et al. reported a PI of  7.0 for the cardiac pro- 
teins from man  (1  7) and  rat (1 7, 18);  however,  these au- 
thors used  gels containing 6 M urea. The denaturating 
conditions may give  rise to higher PIS. Although in our 
procedure PMSF  was immediately added in the work-up, 
postmortem degradations by proteases cannot be ex- 
cluded with certainty, especially  in the case  of the human 
protein. We can exclude any alteration of the protein’s 
properties by delipidatingagents, as the present procedure 
avoided  such treatment. 

Molecular  masses  between 12 and  15 kDa were found 
for cardiac FABPs (17-20,  22). In the present work we 
determined 15,500 f 1.000 by  PAGE under denaturating 
conditions and 15,200 & 1,000 for the native protein by 
gel chromatography. Unfortunately, primary structures 
of cardiac proteins are not available as yet for derivations 
of protein relationships.  However, a comparison  of the 
amino acid data presented in Table 2 does indicate a high 
Thr content and  the co-occurrence of Pro  and Trp as 

I 2 
1 2 

As 

A 

1 

4 

B 

3 

1 

Fig. 4. Cross-reactivity of cardiac  FABPs.  Double  immunodiffusion 
assay according to ref. 30. The center well (AS) contained 20 pl of 
anti-(pl4.9-FABP)3erum. A. I ,  bovine pl4.9-FABP (1 pg); 2. human 
pl5.3-FABP ( I  pg). B,  High-speed  supernatants from: 1 ,  bovine  heart; 
2, human  heart; 3. rat heart; 4. pig  heart.  Precipitins were stained  with 
Serva Violett. 
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characteristic features of the cardiac proteins. In human 
(1  2), bovine (7), and rat (1  3) hepatic FABPs, Trp is lacking 
whereas Pro is absent in rat intestinal FABP (1  1). Our 
immunological data also support the view that cardiac 
FABPs constitute their own class of FABP. Antiserum 
against bovine cardiac FABP cross-reacted with the hu- 
man FABP and with that from other mammalian heart 
tissues, whereas we (22) and others ( 1  6) have shown that 
cross-reactions are not obtained between cardiac and he- 
patic proteins. A blocked N-terminus, as found here and 
for bovine cardiac FABPs (22), appears quite common 
among the different classes of FABP, however. The acetyl 
group was identified as such a blocking group in hepatic 
(1  0) and gut ( 1  1 )  proteins and may be responsible for the 
cytosolic targeting during biosynthesis of these proteins. 
It remains to be seen whether the different types of FABPs 
are adapted to the fatty acid metabolism specific for the 
host organ, or whether they present variations to a mere 
solubilizer role for fatty acids. l  
We wish to acknowledge support by a grant from the Deutsche 
Forschungsgemeinschaft (SFB 3 10) and by the Fonds der Chem- 
ischen Industrie. We express our appreciation to Dr. N. Uwira 
and Mrs. Wieck from the Max-Planck-Institut fur Ernahrungs- 
physiologie for amino acid analyses. 
Manuscript received 26 March 1986. 
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