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ABSTRACT. Fatty acid-binding proteins (FABPs) found in many tissues constitute a family of low molecular
weight proteins that are suggested to function as intracellular transporters of fatty acids. Studies of the
transfer kinetics of fluorescent anthroyloxy-labeled long-chain fatty acids from FABP to model membranes
led to the suggestion that the FABPs, typically considered to be cytosolic proteins, could nevertheless
interact directly with membranes [Wootan, M. G., et al. (19B&chemistry 328622-8627]. In the
current study, the interaction of the adipocyte FABP (A-FABP) with vesicles of various phospholipids
has been directly measured and confirmed with FTIR spectroscopy. The strength of this interaction was
inferred from the lowering of the geliquid-crystal phase transition temperature as monitored from
temperature-induced variations in the acyl chain,GHetching frequencies and from the intensities of

the components of the GHwagging progressions. A-FABP interacts more strongly with anionic
phospholipids (phosphatidylserine and cardiolipin) than with zwitterionic phosphatidylcholine. Unsaturation
in the acyl chains leads to a greater reductiormin(stronger lipid-protein interaction). In contrast,
neutralization of A-FABP surface charges by acetylation considerably weakens the interaction. Comparison
of the shifts in lipid melting temperatures with those induced by other proteins suggests that A-FABP
behaves like a typical peripheral membrane protein. The degree of membrane interaction correlates directly
with the rate of fatty acid transfer, suggesting that contact between A-FABP and membranes is functionally
related to its fatty acid transport properties. As expected, the protein exhibits a predomiiahtet
structure. It was found to aggregate with increasing temperature. With the exception of minor differences
between the pure and lipid-associated A-FABP in the 64850 cnt! region, both the protein structure

and thermal stability appeared essentially unchanged upon interaction with the lipid.

The mammalian adipocyte functions as a reservoir for that FA transfer from A-FABP to membranes may involve
triacylglycerol, storing and releasing large amounts of fatty direct collisional interactions between the protein and the
acids (FAs) during regulated cycles of triacylglycerol phospholipid bilayerq). The regulation of the rate of AOFA
synthesis and lipolysis1j. Adipocyte differentiation is  transfer by the charge characteristics of the acceptor mem-
accompanied by dramatic increases in the expression andrane indicates that electrostatic interactions between the
activity of lipid metabolic enzyme(4) and the 14.1 kDa  A-FABP surface and phospholipid headgroups are important
adipocyte fatty acid-binding protein (A-FABP3},(6), also for this interaction 8). Neutralization of surface lysine
referred to as AP2 and ALBP. It is thought that A-FABP residues using chemical modification resulted in a dramatic
may function as an intracellular transport protein for FA, decrease in the absolute rate of AOFA transfer to membranes,
and thereby be involved in the regulation of cellular lipid an insensitivity to the charge attributes of the membranes,
metabolism. and appeared to decrease effective collisional interactions

Studies of the transfer kinetics of fluorescent anthroyloxy- between A-FABP and membranes such that the limiting step
labeled long-chain fatty acids (AOFA) from A-FABP to inthe transfer process becomes the rate of ligand dissociation
model membranes have been used to examine the mechanisiiiom the protein 9).
and regulation of FA transfer properties of A-FABPvitro. As with most other FABPs, A-FABP is typically referred
The results have shown that FA movement from A-FABP to as a cytosolic protein. FABP purification schemes from
to membranes does not appear to be regulated by the rate o¥arious tissues including adipose tissue have used the
FA dissociation from the A-FABP-binding site, but rather cytosolic fraction as starting materidl( 11), and immuno-

microscopic studies have demonstrated the cytosolic local-
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cm! are most frequently used for this purpose. The ments, Clifton, NJ). All spectra were obtained at 4¢ém
frequencies of these bands shift to higher wavenumbers uporresolution under pspectrometer purge, by co-addition of
introduction ofgaucherotamers into the acyl chain%). A 1024 interferograms. The interferograms were apodized with
second approach to the detection of acyl chain melting phasea triangular function and Fourier-transformed with 2 levels
transitions is based on the fact that the Gihgging bands  of zero-filling, yielding spectra encoded evewsi cnr?.

couple in ordered phases to produce band progressions, the |R Data Reduction ProtocolsThe precise frequencies of
intensity and position of which depend upon the length of the symmetric methylene stretching(ICH,)] modes were
the all-trans segments involvedl6, 17). The introduction  determined from second-derivative spectra. The reproduc-
of gaucherotamers intoall-trans-polymethylene chains ipility within a set of experiments of the observed melting
results in a reduction of the length of the residalidtrans- temperature of the lipid was0.2 °C, while that of the
polymethylene segments and a weakening of the couplingmeasured wavenumber wa®.1 cnt? for a given temper-
of the CH wagging vibrations. Therefore, these band ature.
progressions disappear upon hydrocarbon chain melting. In - For evaluation of the amide-I band contour, a matching
addition, IR spectroscopy provides insight into the overall p,o puffer obtained at exactly the same temperature as the
secondary structure of proteins in solution and can be sample spectrum was subtracted from each protein spectrum.
conveniently used to monitor lipid-induced changes in protein The residual HO and HOD content of the reference buffer
structure {8—21). ) matched exactly the respective concentrations in the sample
The results of the present FTIR study unequivocally spectrum, as judged by the intensities of th@©Hind HOD
demonstrate that the adipocyte fatty acid-binding protein stretching bands centered-a8850 and 3420 cmi, respec-
interacts with phospholipid bilayers, and that the rate of FA tively. An exact match is required because thgOHand
transfer from A-FABP correlates directly with the degree of oD pending modes are found in a spectral region which
protein-membrane interaction. In addition, the sensitive interferes with the amide-l band region. The subtraction
technique of 2D-IR spectroscopy is used to show that the factors were 1+ 0.002, and no base line correction was
secondary structure (primarifirsheet) and thermal stability  necessary after subtraction. The second-derivative spectra
of A-FABP are essentially unchanged upon its interaction \yere obtained by using a 5-data-point Savitzigolay
with phospholipids. smoothing window; i.e., the data were practically un-

EXPERIMENTAL PROCEDURES smoothed. _ _
. L . , 2D-IR spectra were obtained by subtracting each sample
Materials. Dimyristoylphosphatidylserine (DMPS), €99  gpectrum as described above and cutting the spectra to an

phosphatidylcholine (EPC), dimyristoylphosphlatidylcholine appropiate spectral region. As a result of density changes
(DMPC_)' l-palmltoyl-2-0Ieoylphosphaudylsenne (POPS), yith temperature (resulting in different absorbances), the
1-palmitoyl-2-oleoylphosphatidylcholine (POPC), heart car- gnac4ra had to be normalized. In the pure protein cases, all

diolipin (CL), tetramyristoylcardiolipin, and 2-[12-(7-nitro-  ¢pactra were normalized to the area between 1597 and 1700
2,1,3-benzoxad|azoI—4—yI)am|no]dodecanoyl—1—hexadecanoy|—Cm—l’ while in the presence of the lipid this region was

snglycerophosphocholine (NBD-PC) were obtained from o anded to 1780 crd. The 2D-IR spectra were calculated
Avanti Polar Lipids (Alabaster, AL) and used as received. ging 4 home-written version of the algorithm described by
2-(9-Anthroyloxy)palmitic acid (ZAP) was f_rom Molecular  noda 04).

Pro.b.es (Eugene, OR). Reg:ombl_nant murine A-FABP was AOFA Transfer from A-FABP to Membrane3he rate
purified from an Escherichia coliexpression system as of transfer of fatty acid from A-FABP to vesicles was

gﬁgﬁﬂﬁt%esasggl/t))e\?vagHgé;a?gezl%’roﬁ?ggié?(&?gm lgur monitored in the same buffer used for FTIR experiments,
70 9 using the fluorescent anthroyloxy-labeled palmitate analogue

OHS)e.lm le Preparation and IR MethodETIR spectra were 2AP and a resonance energy transfer assay, as described
P P ' P reviously {7, 8, 9). Small unilamellar vesicles (SUV),

ggg?:tcrtggeotgraeg/lu?gsgg \Ilatsgr;?&rétﬁ_ Egtseec?é?h I\jﬁlrt'”easnszzrl)gomposed of 25 mol % of the indicated phospholipid, 65
lipid vesicles were prepared by dispersion in'buffer solution mol % EdPtC): and'lo .mol %dOf Ithe quenfcher_gBD-PC, were
(150 mM NaCl, 10 mM KPQ, pH 8.4) or protein-containing prepared by sonication and ultracentrifugatias)(

buffer solution. For the measurements determining the lipid regyLTS

phase transition, the lipid:protein ratio was 200:1, with a

protein concentration of 1.2 mM. Different lipid:protein Diacylphosphatidylserine/A-FABPIn Figure 1, the tem-
ratios (50:1 and 25:1) and protein concentrations (0.69 mM) perature dependence of the symmetric methylene stretching
yielded similar results. The A-FABP concentrations used vibrations pgCH,)] of the dimyristoylphosphatidylserine
were in the reported range of physiological concentrations (DMPS) and 1-palmitoyl-2-oleoylphosphatidylserine (POPS)
of this abundant proteir2@, 23). The samples were placed acyl chains is shown for the pure lipid and for lipid in the
between Cafwindows separated with a 2Bn spacer. For ~ presence of A-FABP. The sharp gel/liquid-crystalline phase
the measurements aimed at determination of the proteintransition of pure DMPS (Figure 1a) was found at the
secondary structure, A-FABP was dissolved in@huffer expected temperature (3%) (26). In the presence of
at 0.69 mM concentration. For this lower concentration, the A-FABP, thev{(CH,) wavenumbers are slightly elevated for
spacer had a thickness of 58n. The Cak windows all temperatures, and the cooperativity of the lipid shifts
enclosing the sample were contained in a thermostatedapproximately +2 °C to lower temperatures (repeats of the
transmission cell (Harrick Scientific, Ossining, NY). Tem- individual experiments are essentially superimposible). A
perature was controlled with a circulating water bath and more dramatic change is observed for POPS (Figure 1b),
monitored with a digital thermocouple (Physitemp Instru- where the phase transition of the lipid shifts4s% °C. This
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Ficure 1: Frequencies of the(CH,) vibrations (0.1 cnt?) vs FiIGURE 4: Frequencies of the(CH,) vibrations 0.1 cnt?) vs

temperature for DMPS and POPS multilamellar vesicles for the temperature for DMPC and POPC multilamellar vesicles for the
pure lipid and in the presence of A-FABP. pure lipid and in the presence of A-FABP.

DMPS + A-FABP
stretching vibrations is found at approximately %2, in
agreement with the literature valu6j. The coupled
methylene progression bands are very strong and vanish at
. this temperature (not shown). In the presence of A-FABP,
35°C . . . . .
e the melting point is lowered by approximately’@ (Figure
e 3), which is also found by analyzing the methylene progres-
sion bands (data not shown).
Diacylphosphatidylcholine/A-FABPAOFA transfer stud-
ies had suggested that A-FABP interactions with PC
membranes would be of lesser magnitude than those with
membranes containing acidic phospholipids. It was therefore
of interest to examine the effects of A-FABP on bilayers
containing exclusively PC headroups. In Figure 4a, the CH
FIGURE 2: Methylene wagging progression bands for pure DMPS stretching frequencies for pure dimyristoylphosphatidylcho-
and in the presence of A-FABP at different temperatures. line (DMPC) are compared with the respective values
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2853 obtained in the presence of A-FABP. It is found that the
.f"“‘ data points superimpose within the accuracy of the method,
FaBP indicating a considerably weaker interaction of A-FABP with
~ 2527 ik DMPC than with DMPS. The dependence of lipigrotein
E . interaction on the lipid headgroup is examined for the
E s u unsaturated lipid 1-palmitoyl-2-oleoylphosphatidylcholine
§ e (POPC). In Figure 4b, the methylene stretching frequencies
§ =’ for pure POPC are compared to those in the presence of
2850 o 0 A-FABP, which were obtained by cooling the sample in steps
of 0.5°C to —10°C. It is found that the phase transition
for both samples is located at—3.5°C. At temperatures
B o v s higher than the transition temperature, the wavenumbers for
temperature [°C] the v{(CH,) vibration are sligthly elevated in the presence

FiGure 3: Frequencies of the(CH,) vibrations ¢0.1 cn1?) vs Of.A'l.:A.BP n Compa_rlson_to the pure lipid case. Although
temperature for tetramyristoyI(S:(ardii))lipin multilarentellar vesi)cles for this indicates a minor interaction between POPC and
the pure lipid and in the presence of A-FABP. A-FABP, it is considerably smaller than in the case of POPS.
Comparison of A-FABP and Acetylated A-FABBince
shift of the phase transition can also be demonstrated byprevious studies showed a large decrease in AOFA transfer
monitoring the coupled methylene progression modes. In rate from A-FABP following neutralization of surface lysine
general, these coupled modes are exclusively found for anresidues, we compared the effects of acetylated and native
all-trans-polymethylene chain and disappear upon introduc- A-FABPs on POPS vesicles. In Figureig(CH,) for POPS
tion of gaucheconformers. In Figure 2, the coupled €H inthe presence of acetylated A-FABP are compared to those
progression modes are displayed for DMPS in the presencefor the pure lipid and in the presence of unmodified A-FABP.
and absence of A-FABP. ltis observed that the progressionlt is found that the phase transition of POPS in the presence
bands vanish at around 3& in the presence of A-FABP, of the acetylated A-FABP is shifted to higher temperatures
while in the case of pure DMPS the progression bands are(2—3 °C) than in the presence of native A-FABP. However,
still present at this temperature and disappear arourf€€37  the transition is still found at lower temperatures compared
Cardiolipin/A-FABP. In Figure 3, the CH stretching with the pure lipid.
frequencies are displayed temperature for tetramyristoyl- Effect of Acceptor Membrane Composition on AOFA
cardiolipin alone and in the presence of A-FABP. For the Transfer Rate from A-FABP.To determine whether the
pure lipid, the melting temperature as inferred from the,CH apparent degree of A-FABFRmembrane interaction cor-
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Ficure 6: Transfer at 24C of 1 mM 2AP from 10 mM A-FABP
to SUV composed of 25 mol % POP@®), POPS ¥), or CL (H).
Error bars which are not visible are of very small magnitude.

relates with the rate of FA transfer, we monitored the
movement of 2AP from A-FABP to increasing concentrations
of vesicles containing 25 mol % of POPC, POPS, or heart
CL, under conditions similar to those used in the FTIR
experiments. The results in Figure 6 show that for all three
vesicle types, the rate of AOFA transfer increased in direct
proportion to the membrane phospholipid concentration. This
is in agreement with our previous resul8,(and suggests
that FA transfer from A-FABP to all these vesicles occurs
via collisional interaction of the protein with the membrane.
It is noteworthy that the absolute rate of 2AP transfer from
A-FABP to membranes is in the order of GLPS> PC. A
comparison with the FTIR data shows that the degree of
membrane interaction, as inferred from the extent of the
decrease in phospholipiti, is directly related to the rate
of 2AP transfer. Comparisons between phospholipids with

different headgroups but the same acyl chain composition

demonstrate that A-FABP interacts more strongly with acidic
phospholipid membranes than with zwitterionic membranes.
For instance, thAT,, for POPS in the presence of A-FABP
is 5 °C whereas for POPC it is barely detectable (Figures
1b and 4b). A comparison of these results with the
corresponding dioleoyldipalmitoylcardiolipin was not done
due to unavailability of the lipid. In addition, th&, for
tetraoleoylcardiolipin is too low to measure the influence of
A-FABP on the melting transition of this lipid. ThAT,

for DMPC in the presence of A-FABP is barely discernible,
but is approximately 1.5°C for DMPS and 2°C for
tetramyristoyl-CL vesicles (Figures 1a, 3, and 4a).

Gericke et al.
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1800 cntl. The protein concentration is in both cases 0.69 mM.
In both cases, the buffer solution-subtracted spectra are shown.
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FiGURE 8: Second-derivative spectra of pure A-FABP (A) and in
the presence of tetraoeloylcardiolipin (B). Protein concentration was
0.69 mM, and lipid:protein ratio was 50:1.

Secondary Structure of the Protein at Different Temper-
atures. In Figure 7, the IR spectra of the pure protein at
different temperatures are compared to those in the presence
of tetraoleoylcardiolipin, while in Figure 8 the corresponding
second-derivative spectra are displayed. At low tempera-
tures, the main component within the amide-1 band envelope
is found at 1626 crmt, while at higher temperatures this band
is diminished and the component at 1618 érnncreases.
Along with these two bands, a third band is found at 1631
cm™1, which appears to be quite stable over the temperature
range studied. A strong band in the region 162635 cnt?
accompanied by a somewhat weaker band located around
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1683 cn1! is indicative of af-sheet secondary structure.
However, it is not clear why in the present case two bands
are found in the 16201635 cnt? region; this issue will be
addressed below. The band at 1618 émas assigned to
an aggregated or intermolecujgisheet 27); i.e., the main
denaturation process of A-FABP upon heating is obviously 16254
aggregation rather than unfolding. Comparison of this
thermal denaturation process with chemical denaturation by
6 M [*3C]urea (data not shown) revealed no differences; i.e.,
a very strong band at 1618 ciwas again observed. It
should be noted that in both cases, i.e., thermal and chemical

2nd derivative

© absorbance

160

1650

wavenumber

denaturation, no strong bands appear in the $@4%0 cnt?! 16751
region, which indicates that the amount of random coil is
virtually unchanged upon denaturation. 1700-
The band found at 1674 crh (Figure 8) is most likely 1600 1625 1650 1675 1700
due toB-turns @8), while the structural origin of the other wavenunber

bands marked in Figure 8 (1641, 1652, 1660, 1667%m Ficure 9: 2D-IR correlated (synchronous) plot for pure A-FABP
cannot be unequivocally assigned. However, the bands ingL 2% 20 0 8 ERRER e TG 6 O TRCTS)
the region 16461660 cn1* can be attributed to random coil - cajculation of the 2D plot. At the top of the contour plot the original
and helical structure2@). Comparison of the amide-I region  spectrum (14°C) is given, while at the right side the respective
for the protein in the absence and presence of the lipid revealssecond-derivative spectrum is displayed. Solid contour and dashed
no major changes in the predomingisheet structure of lines mark positive and negative peaks, respectively. The diagonal
the protein upon binding to the lipid. In particular, the of the plot is marked by a dashed line.

temperature dependence of the bands at 1626 and 1628 cm furthermore allows one to distinguish between shifting bands

is essentially the same in the presence and absence of the L " )
lipid. Careful subtraction of normalized spectra (data not and bands changing intensitie29). Briefly, 2D-IR plots

shown) revealed small differences in the region 162660 zritg;nﬁgztgfi:\yezgpz:gg a;gsi)l(ttiﬁm?r: geéteurirgstloinstzctgz
cm! between the pure and lipid-associated protein, which Y 9 ' 9 P

might be attributable to changes in the helical and/or randomWlth Chan.g'”g properties. In the present case, the external
coil content of the protein upon binding to the lipid. perturbation was the changing temperature. The spectra are

Considering that the amide-I band contour in the presenceE?)Tr?g:i?argfg:rﬁe?tegﬁgn?;itsr;;(’ \Yz\;rr]ilz:tri]ofs zltjzsa\?:?]uv?/QSZ-
of the lipid is disturbed by the nearby carbonyl band, the X Y

changes appear to be too small to be unambiguouslynumber position are then correlated in a pairwise fashion.

assigned. However, it should be noted that these differences’ VO 2D-IR plots are thereby obtained, one of which exhibits

were also found for lipid:protein ratios as small as 20:1, cro_ss-peaks for bands_ which change in a correlated fash_ion,
where the influence of the carbonyl band is strongly while the other plot displays cross-peaks for bands which

diminished in comparision to the case displayed in Figure change in an uncorre_lated fashion upon _perturbatlon. The
7B. latter generally exhibits stronger resolution enhancement,

gwhich might be useful for confirmation of uncertain spectral
ary structure due to interaction with lipids are most often [catures. However, the interpretation of the origin of the

addressed by curve-fitting the amide-l band envelopes andcross—pee}ks in the correlated 2D-IR plo'g (Figure 9) is much
subsequently comparing the temperature dependence of th‘%nore stralghtfc_)rward than for the respective u_ncorrelated plot
subband intensitiesl@). However, in this and other cases, 29. The sollq_and dashed contour lines in the 2D _plot
this approach is not feasible because the amide-l band isr€Present positive and negative 2D peaks, respectively.
very broad, featureless, and overlapped with side chain band<-0rélated peaks occur at the wavenumber positions which
as well as the amide-Il band envelope (the latter indicates Nt€rsect along the diagonal when orthogonal X and Y
that the protein is only partially H/D-exchanged). Further- Projections are made.

more, in the presence of lipid, the amide-1 band is overlapped The plot was generated for 16 spectra obtained between
with the lipid carbonyl band. This results in the fact that 12 and 42C, i.e., before the major transition fromfasheet
whereas for the pure protein the spectral region betweento an aggregate takes place (see Figure 8). If the whole
~1500 and 1700 crt has to be analyzed, in the presence temperature range is chosen for generating the 2D plot, the
of the lipid this region must be extended to 18007¢m 2D peaks for the bands located at 1618, 1626, 1675, and
Deriving a unique mathematical solution for such a large 1683 cnT! become so dominant that no other features are
assembly of bands was not possible. Therefore, to obtain adiscernible in the plot. Generally the 2D plot exhibits
more detailed picture about the structural processes whichautopeaks at the diagonal, which are due to the correlation
take place upon denaturation of A-FABP, the 2D-IR algo- of an individual peak with itself. Large autopeaks are

Denaturation processes and changes in the protein secon

rithm (introduced below) was employed. observed for bands which undergo strong intensity changes,
2D-IR Spectra of the FABP ProteiriThe 2D-IR algorithm while weak autopeaks are found for minor intensity changes
is a relatively new method introduced by Nodal) which (24, 29). In the present case, some autopeaks are not found

spreads the IR spectrum into a second dimension, therebydue to superimposition by the larger 2D peaks. Negative
enhancing the spectral resolution (resolving overlapped bandcross-peaks indicate that the two correlated band intensities
contours). The method permits one to determine whetherchange in opposite fashion; i.e., the intensity for one band
bands change in a correlated or an uncorrelated manner, andlecreases in the course of the perturbation, while the intensity
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for the other band increases. This can be exemplified for altered minimally at most (e.g., Figure 1b). This suggests
the negatively correlated 1626/1618 chpair, where the  that A-FABP does not penetrate deeply, if at all, into the
1D (normal) IR spectra show that the band at 1626'cm hydrophobic core of the membrane. Nevertheless, the data
decreases with increasing temperature, while the opposite isare consistent with protein interaction at the membrane
found for the band at 1618 cth The second strong feature surface, with the A-FABPmembrane interaction likely

in the 2D plot is the negative correlation between the bands governed by electrostatic forces. This is evidenced by the
at 1683 and 1675 cm. In turn, positive correlations are  magnitude of the A-FABP effect on acidic membranes
found for the pairs 1626/1683 crhand 1618/1675 cnt. relative to zwitterionic membranes, and by the substantial
Since the band at 1675 crhmost likely represents-turns, decrease in interaction observed for acetylated A-FABP, in
the amount off-turns obviously increases upon denaturation; which the 14 basic lysine residues on the surface of the
i.e., aggregation changes tifesheet within the A-FABP protein are neutralized®). Furthermore, in other studies,
structure. Although already present at lower temperatures,we have found that A-FABPmembrane interactions are
the main aggregation process starts abex& °C. The interrupted by salt concentrations afl50—200 mM?
aggregation of the protein is irreversible. Such aggregation In spite of the above, the present study shows that
behavior was also reported for other proteins with predomi- properties of the hydrophobic core of the membrane can also
nantly -sheet structure2(y). influence the A-FABP-membrane interaction. It is seen that

The band at 1631 cm changes only slightly and shows for a given headgroup, a difference in acyl chain composition
a positive cross-peak with the band at 1640 &nthe latter can substantially affect the degree of A-FABRembrane
possibly representing a random coil structure. Since the 1640interaction; theATn, for POPS is considerably larger than
cm band is positively correlated with the band at 1683 the ATy for DMPS (Figure 1). This might be a direct effect
cm%, which is decreasing in intensity upon heating (see of A-FABP interaction with the acyl chain region of the
above), the bands at 1640 and 1631 trare obviously bilayer, but might also arise as a secondary result of changes
decreasing as well, although the changes are quite small. Iin headgroup conformation and packing, caused by differ-
should be noted that no strong cross-correlations are discernences in acyl chain saturation between POPS and DMPS
ible for the 1631 cm! band with the3-sheet bands located  (32). In addition, although the absolute rate of AOFA
at 1618, 1626, and 1683 ci which might indicate that  transfer to PC membranes is much slower than the transfer
this band does not represenfaheet. Comparison of the  rate to membranes containing anionic phospholipids (Figure
2D plots in the absence and presence (not shown) of the6), the mechanism of transfer to these membranes is still
lipid reveals no major differences; i.e., A-FABP stability likely to involve protein-membrane interaction8). Al-

(resistance to aggregation) is similar. though this too may suggest that forces in addition to
electrostatic interactions are involved in the A-FABP
DISCUSSION membrane-binding complex, it must be recalled that the PC

headgroup, although possessing a net charge of zero, contains
These studies strengthen the hypothesis that the adipocytgonized phosphate and amino groups which could interact
FABP is a membrane-interactive protein, as predicted by ith charged residues on the A-FABP surface. Thus,
studies of the kinetics of fluorescent fatty acid transfer to a|th0ugh at present it is not known whether A-FABP interacts
model phospholipid vesicle§ (8, 9). The large decreases solely with the surface of the bilayer or whether it may

?n the lipid phase transition temperatures of anionic vesicles penetrate slightly into the membrane core, it is clear that
in the presence of A-FABP demonstrate the strength of theseg|ectrostatic interactions are dominant in this peripheral

interactions. The direct correlation between the degree of membrane association.

A-FABP—membrane interaction and the rate of AOFA  High-resolution structures of several members of the FABP
transfer to membranes indicates further that the rate of FA family have been obtained by crystallographic analy38}.(
transfer from A-FABP to membranes is gOVerned by effective All have been shown to be Composed of 10 antipara”e'
collisional interactions between the protein and membranes. g_strands which form a barrel-like structure containing the
The magnitude of the decrease in the transition tempera-FA-binding cavity. The IR spectroscopic findings in this
tures (-5 °C) observed during the interaction of A-FABP  work are in agreement with these structures. The barrel is
with the charged phospholipids is comparable to those capped by two shori-helical segments which are hypoth-
measured for the interaction of peripheral membrane proteinsesized to be part of a “portal” domain, where FA enters and
with zwitterionic lipids. For example, Vincent and LeviBQ] exits the cavity. Site-directed mutagenesis studies of the
have shown that the transition temperature of DPPC is heart FABP (HFABP) demonstrated that alterations in the
lowered by about 4C upon its interaction with cytochrome  charge characteristics of thel helix influenced both the
¢, as measured from a variety of Raman spectral parametersabsolute rate of AOFA transfer to membranes and the
and the transition is slightly broadened. In addition, regulation of transfer by acceptor membrane chaRs. (
electrostatic interactions between a soluble, positively- Additionally, mutations which eliminated positive charges
charged cardiotoxin and negatively charged dimyristoylphos- in the oIl helix and -2 turn, the latter also in the portal
phatidate induced extensive disordering of the lipid gel phase, region, were found to modulate the process of FA transfer
and completely abolished the phase transitidf).( The from HFABP to membranes3). The apparent importance
penetration of the toxin into the apolar regions of the bilayer of the portal domain, and of the two helical segments in
was suggested. It is also of interest that despite the largeparticular, in AOFA transfer from A-FABP has also been
shift in the melting temperature observed for anionic recently demonstrated. The a-I helix of A-FABP is
membranes in the presence of A-FABP, the cooperativity
of the gel to liquid-crystalline phase transition, as inferred  1g R. smith and J. Storch, unpublished observations.
from the slope of the curve of(CH,) vs temperature, was 2H.-L. Liou and J. Storch, unpublished observations.
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amphipathic, and such structures are well-known to form
peripheral interactions with acidic membran&$)( We
therefore hypothesize that the helical/portal region of A-
FABP is centrally involved in the interaction of the protein
with membranes. Interestingly, recent studies of an intestinal
FABP (IFABP) mutant, in which the helical domain has been
eliminated, demonstrate that while overall protein folding is
minimally affected, the ligand-binding properties are modi-
fied in such a way as to suggest that the helical domain is
involved in the FA transfer proces8@, 37). The minor
differences between the pure and phospholipid-associated
A-FABP in the 1646-1660 cnt! region might indicate
changes in the portal region of A-FABP upon binding.
However, due to the uncertainties in the data processing
discussed above, this question cannot be resolved conclu-
sively. It should be noted that denaturation of A-FABP does
not result in random coil formation but leads to an increased
aggregation. The thermal stability of AFBP was not affected
by the presence of anionic lipids.

The present studies demonstrate clearly that A-FABP
interacts with phospholipid bilayers. As evidenced by
immunocytochemical localization studies, most FABPs are
thought to be cytoplasmically localizetiZ 13, 39), although
data for A-FABP have not been reported. In this regard, it
is of interest that the myelin P2 protein, which shar&®%
sequence identity with A-FABP, has been shown to have
the properties of a classical “extrinsic” membrane protein.
Ultrastructural studies of myelin P2 in Schwann cells
demonstrated a peripheral membrane localization, and bio-
chemical studies showed that the protein could be extracted
from membranes by alterations in buffer ionic strend, (
40). ltis possible, therefore, that the homologous A-FABP
may be actingn »ivo to target the delivery and/or extraction
of unesterified fatty acids to and from their intracellular
membrane-bound sites of lipid biosynthesis, oxidation, or
transmembrane flux.
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