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ABSTRACT. Intestinal fatty acid binding protein (IFABP) appears to interact directly with membranes during
fatty acid transfer [Hsu, K. T., and Storch, J. (1996)Biol. Chem. 2711331713323]. The largely
o-helical “portal” domain of IFABP was critical for these proteimembrane interactions. In the present
studies, the binding of IFABP and a helixless variant of IFABP (IFABP-HL) to acidic monolayers of
1,2-dimyristoylphosphatidic acid (DMPA) has been monitored by surface pressure measurements, Brewster
angle microscopy (BAM), and infrared reflectioabsorption spectroscopy (IRRAS). Protein adsorption

to DMPA exhibited a two phase kinetic process consisting of an initial slow phase, arising from protein
binding to the monolayer and/or direct interfacial adsorption, and a more rapid phase that parallels formation
of lipid-containing domains. IFABP exhibited more rapid changes in both phases than IFABP-HL. The
second phase was absent when IFABP interacted with zwitterionic monolayers of 1,2-dipalmitoylphos-
phatidylcholine, revealing the important role of electrostatics at this stage. BAM images of DMPA
monolayers with either protein revealed the formation of domains leading eventually to rigid films. Domains
of DMPA/IFABP-HL formed more slowly and were less rigid than with the wild-type protein. Overall,

the IRRAS studies revealed a protein-induced conformational ordering of the lipid acyl chains with a
substantially stronger ordering effect induced by IFABP. The physical measurements thus suggested
differing degrees of direct interaction between the proteins and DMPA monolayers with the IFABP/
DMPA interaction being somewhat stronger. These data provide a molecular structure rationale for previous
kinetic measurements indicating that the helical domain is essential for a collision-based mechanism of
fatty acid transfer to phospholipid membranes [Corsico, B., Cistola, D. P., Frieden, C. and Storch, J.
(1998) Proc. Natl. Acad. Sci. U.S.A. 982174-12178].

The mammalian fatty acid binding proteins (FABPs) and is proposed to be important for intracellular trafficking
consist of a family whose putative functions include intra- and processing of the large quantities of dietary fatty acid
cellular uptake and transport of amphipathic lipids such as absorbed by the small intestin® (It has a molecular weight
long-chain fatty acids and retinoids, @). IFABP is abundant ~ of 15100 and is composed of a 10-stranded, antiparallel
in polarized intestinal columnar epithelial cells (enterocytes), B-barrel formed by twg3-sheets stabilized by intrastrand

o . 4 by PHS G GM 20864 (RM) H-bonds. The IFABP ligand-binding cavity is enclosed by
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the wild-type protein with respect to direct membrane
interactions.

Lipid monolayers provide a useful experimental paradigm
for the investigation of lipid/protein interaction. In addition
to the traditional pressurearea [I-A) or pressuretime
isotherms, direct images of monolayer phases have been
achieved by various types of optical microscopy. In particu-
lar, fluorescence microscopyl4) is widely used in this
context to envision domain shapes and textures. The method
provides excellent spatial resolution and contrast albeit
occasionally suffering from artifacts when the concentration
of fluorophore is high in a particular phase or from problems
arising from heating of the fluorophore.

BAM provides information similar to fluorescence mi-
croscopy without the artifacts mentioned abol&)( The
approach is based on the characteristics of the reflectivity
of light at the Brewster angleng) as defined by

tanog = n,/n;

10 30 40
S DEIWKVDRNENNS GAHDNLKLTITQEG--- wheren; andn, are refractive indices of two media at the

WT: AFDGTWKVDRNENY AHDNLKLTITQEG:-- . . .
Fresnel interface. In the case of the A/W interface, medium

1is air and medium 2 the aqueous subphase. At the Brewster

angle, the reflectivity of p-polarized (electric field parallel

to the plane of incidence) light reaches a minimum. This

FiIGURE 1: Structure of wild-type holo rat IFABP as determined Phenomenon depends on the interfacial properties. If the

by NMR spectroscopyd). An N-terminal sequence alignment of ~ refractive index in certain regions of the subphase is altered

the wild-type (WT) and helixless (HL) variant is includedhe (e.g., by the presence of a lipid film) the difference in

helix-less variant was engineered by deleting residues315 — refiectivity thereby generated forms the basis for image

spanning the helix-turn-helix domain (pink) and replacing it with - . . .

a two-residue Ser-Gly linker. contrast. IRRAS complements BAM in that it provides direct
information about the conformational states of the hydro-

mechanism involving transient ionic and hydrophobic inter- €arbon chains and the secondary structures of proteins
actions, with the rate of ligand transfer dramatically enhanced 2dopted at the air/water interface.

to acidic membranes in particular. This finding explained _ The current study addresses the role proposed for the
the much enhanced transfer rate for IFABP compared with IFABP helix-turn-helix motif in membrane interaction by
liver FABP, in which the transfer was diffusion-based. An comparing the membrane binding behavior of wild-type
analogous collision-based mechanism was found for adipo-!FABP and IFABP-HL to monolayers of DMPA, using
cyte and heart FABP. Neutralization of the surface lysine BAM, IRRAS and surface pressure techniques. DMPA was
residues reduced the transfer of fatty acids from adipocyte €MpPloyed as a model acidic phospholipid whose phase
FABP to membraness]. Furthermore, point mutations in behavior in monolayers is well documented and whose

heart FABP demonstrated that portal domain lysine residuesdomains are effectively visualized). To simplify inter-
were critical for effective collisional interactions)( pretation of data from monolayers, apo-IFABP and apo-

Figure 1 illustrates the structure of wild-type holo rat FABP-HL (no bound fatty acids) were used throughout.

IFABP as determined by NMR spectrosco®).(A helix-
less variant of IFABP (IFABP-HL) was engineered by EXPERIMENTAL PROCEDURES
deleting residues 1531 spanning the helix-turn-helix domain Materials.DMPA, DOPC, and DPPC were obtained from
(magenta) and replacing it with a two-residue Ser-Gly linker Avanti Polar Lipids (Birmingham, AL). Recombinant IFABP
(20). The NMR structure of IFABP-HL retains th&sheet and IFABP-HL were purified as previously describddi(3).
topology of the wild-type protein, but lacks the helic&g)( HPLC-grade HO, chloroform, and methanol were purchased
The deletion of the helical domain resulted in a large opening from Fisher Scientific (Pittsburgh, PA)..D (99.9% isotopic
that connects the interior ligand-binding cavity with exterior enrichment) was supplied by Isotec (Miamisburg, OH). All
solvent. One fatty acid molecule binds to IFABP-HL with other chemicals were obtained from Sigma (St. Louis, MO)
an orientation similar to that for the wild-type proteit?y. and were of the highest purity commercially available.
Unlike the wild-type protein, fatty acid dissociation from BAM Images of Monolayer& Nima Technology (Cov-
IFABP-HL is structurally and kinetically unimpedetil{ 12). entry, U.K.) 601M LangmuirBlodgett trough (98.6 cf
Recently, the membrane transfer properties of IFABP-HL maximum area) equipped with a Model PS-4 tensiometer
were compared with those of the wild-type protelB)( was used. The temperature of the subphase was controlled
These kinetic studies suggested that fatty acid transfer fromat 21.0+ 0.5 °C. A total of 7.6uL of the DMPA stock
helix-less IFABP to acceptor bilayers did not involve a solution (1.18 mg/mL in chloroform) was spread with a
collisional mechanism, further supporting the importance of Hamilton 10uL microsyringe yielding an area of 1.09 #im
the helical domain for proteinmembrane interactions. The molecule. After an initial relaxation period of 30 min, the
availability of IFABP-HL makes it feasible to compare itto  film was compressed continuously at a speed of Z2[0 2
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nmé/(molecule min). Unless otherwise indicated, this speed 12
was utilized for all measurements. The subphase composition
was 100 mM NaCl and 2ZM EDTA (pH 5.6). In the case

of D,O subphases, the pD was adjusted to 5.6.

A NFT MiniBAM (Gdattingen, Germany) was aligned
perpendicular to the compression direction. The polarizerand 8
analyzer were set to p-polarization and the incoming laser =~
light (688 nm, 30 mW) was fixed to an angle of incidence 2
of 52—54° (Brewster angle for aqueous subphases). Images&
captured by a low geometrical distortion, sensitive, black/ <
white frame transfer CCD camera were transferred in real 4
time to a computer using a Univision (Burlington, MA)
Scorpion 8G frame grabber card. The images were digitized
(8-bit TIFF file) and analyzed with Image-Pro Plus 3.0
software (Media Cybernetics, Silver Spring, MD). BAM
images were acquired at 1 min intervals in time-dependent o
measurements and were cut to the desired size; no other 0 20 40 60 80 100 120 140 180 180
manipulations were made. Time after Injection (minutes)

Protein Injectlon. Technlqules for BAM anfll-Time FIGURE 2: Surface pressure changes after injection of IFABP or
Isotherms.For protein adsorption experiments at the A/W  |FABP-HL underneath a DMPA or DPPC monolayer at the onset
interface, a DMPA monolayer was compressed to the onsetof LE/LC coexisting region. IFABP injection beneath DMPA shows
of the LE/LC transition. The monolayer was allowed to @~40 min lag time followed by a cooperative increaseritFABP-

y ; ; P HL injection beneath DMPA shows a longer lag time and more
equilibrate for at least 10 min prior to protein injection. To gradual increase int. Legend: {) IFABP (beneath DMPA

minimize chang'es of §ubph_ase volume and height, themonolayers);{— — —) IFABP-HL (beneath DMPA monolayers):
volume of protein solution injected was controlled at 100 (---) IFABP (beneath DPPC monolayers). The letters refer to time
uL. The final concentration for IFABP in the subphase was points at which BAM images (Figure 3) were collected.

~0.2 uM. Since no stirring device was incorporated in our
troughs, the postinjection kinetics were controlled solely by jtermatively, co-added, and their ratios calculated. In some

diffusion. _ _ _ cases, water vapor spectra were generated by calculating the
Bulk Phase IR TechniqueBrotein concentrations ranged  r4tig of two consecutive single beam IRRAS spectra of the

from 6 to 10 mg/mL in O-based buffer solutions. Spectra  fijm_free subphase. These were used to subtract the contribu-
were collected on a Mattson Instruments Research Series;on of uncompensated water vapor from the film-covered

(RS-1) spectrometer equipped with an MCT detector and asubphase.
sample shuttle. The spectrometer was under constant dry air
purge. Samples were placed between Safdows sepa-
rated with a 25um spacer. The typical amount of sample
loaded was 2530 uL. A thermostated transmission cell
(Harrick Scientific, Ossining, NY) was used. Temperature
was varied between 25 and 7C in increments of 5C.
Spectra were obtained a4 cm ! resolution by co-addition
of 1024 interferograms. These were apodized with a trian-
gular function, and Fourier transformed with two levels of pegyiTS
zero filling, yielding spectra encoded everd cn . Eight
blocks of 128 scans of sample and air background were co- Surface Pressure and BAM studies of IFABP and IFABP-
added into separate files and ratioed producing IR spectraHL Interaction with DMPA Changes of surface pressure with
with optimal water vapor compensation. time following injection of wild-type IFABP and IFABP-
IRRAS Measurements at the A/W Interfatke experi- HL beneath a DMPA monolayer are depicted in Figure 2.
mental setup has been described in detail previousty. ( Following the injection,IT-time curves for both the wild-
Briefly, the angle of incidence was set to°35d unpolarized  type and the helixless variants each reveal two kinetic phases.
radiation was used. An optical filter (OFC Corporation, The first phase shows small linear increases.ifor IFABP
Natick, MA) was positioned in the incident light path to this phase dominates fer40 min, compared with the-85
reduce heating effects of the IR beam8). 1024 scans min period for IFABP-HL. The rate of surface pressure
acquired with a resolution of 4 cmh were co-added and increase in the second kinetic phase~i€.33 mN/m min
Fourier transformed with one level of zero filling to yield for IFABP, and is significantly more rapid than the rate
spectra encoded every 2 cin The temperature of the observed for IFABP-HL £ 0.12 mN/m min). To elucidate
subphase was controlled at 210.5°C. A home-built trough the effects of lipid headgroup charge on the interaction with
with a maximum area of 86 chwas utilized. The monolayer  IFABP, wild-type protein was injected underneath a zwit-
was discontinuously compressed over a time period of 3 h. terionic DPPC film at the onset of the LC/LE two phase
The acquisition time for one spectrum wa8 min. It took coexistence region. Although it might have been appropriate
4-5 h to complete a typical injection experiment. To to use DMPC (same chain length as DMPA) as a control
optimize the water vapor compensation, 8 blocks, 128 scansfor this purpose, monolayers of this material form only
each, of the film-covered and the film-free sides were taken expanded phases at the temperature of the current experiment

10

IR Data Reduction ProtocolsThe precise values afs-
(CHy), and components of the protein amide | contour were
determined with a center of gravity algorithm written by D.
Moffatt and provided by the National Research Council of
Canada. Spectral subtraction and baseline leveling were
carried out with Grams/32 software (Galactic Industries
Corporation, Ithaca, NY).
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Ficure 3: BAM images acquired at thAz/time values marked in Figure 2. Images-A are captured after IFABP injection, while
images +P are captured after IFABP-HL injection. The scale bar in image | isi@B0and is appropriate for all images.

and thus have quite different physical characteristics from IRRAS of DMPAAcyl chain conformation is conveniently
DMPA. The overall pressure change for protein injections monitored in IR spectroscopy through the frequency of the
under DPPC is much reduced relative to injections beneathsymmetric CH stretching modeif(CH,)]. It is well docu-
DMPA monolayers, Az reaching only 4.5 mN compared mented that values 6f2850 cm for this parameter indicate
with ~11 mN in the DMPA case. The second kinetic phase chains with high conformational order and that vale€853
is absent in the IFABP/DPPC film, indicating that this stage cm! indicate the presence of a substantial level of gauche
of the IFABP/phospholipid interaction is controlled by bonds (9). This parameter thus tracks acyl chain conforma-
electrostatic forces. tion through the entire compression curve for DMPA
BAM images acquired as a function of time after injection monolayers as shown in Figure 4A. The frequency appears
of each protein beneath monolayers of DMPA are displayed initially at 2854 cm! at low IT values (gas, LE phases),
in Figure 3. In the wild-type case, small domains are detected changes cooperatively from 2853:5 2849.6 cm* during
close to the onset of the second kinetic phase, (Figure 3A).the LE-LC compression, and remains approximately constant
With increasingr, at ~38 min, domains grow both in size at ~2849.2 cm?! in the more ordered phases (LC, solid).
(Figure 3C) and density (Figure 3E). The distribution of The change in DMPA chain conformational order upon
domain sizes is not uniform; the film shows a stripe structure IFABP and IFABP-HL adsorption as monitored byCH,)
at certain points (Figure 3, panels C and D). Within 20 min is shown in Figure 4B. Prior to the injection, the lipid
of the end of the second kinetic phase (Figure 3F), the film monolayer existed within the LE/LC coexistence regime and
becomes solid and the focus progressively deteriorateswas characterized hy(CH,) of ~2852 cn1. Upon injection
(Figure 3, panels G and H). For IFABP-HL, the appearance of wild-type IFABP, an initial rapid decline of the GH
of small domains started at a later time (Figure 3, panels stretching frequency to 2849.8 cfwas observed. The
J—-L), but again close to the onset of the second kinetic frequency stabilized at its final value 6£2849.2 cm* within
process. Comparison of images at similar surface pressure®25 min, revealing DMPA acyl chains with a conformational
(Figure 3, panels A and M) revealed similar domain sizes. order comparable to that in the LC or solid phases. In
At higher surface pressures (Figure 3, panelsRY, the contrast, a much more gradual changevgCH,) vs time
injection of the helix-less variant induced a consistently more was observed following IFABP-HL injection. At60 min,
fluid film than the native protein, as judged by its motion in v{(CH,) reached~2850.5 cm?* and never dropped below
the BAM instrumentation. 2850 cn1l. It is noted that the frequency precision for this
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Ficure 4: (A) DMPA monolayer isothermal compression moni-
tored by IRRAS. The film was compressed intermittently. The
ordinate scale is for{CHy,), the symmetric methylene stretching
mode. (B) DMPA acyl chain conformational order change after
IFABP or IFABP-HL injection, monitored by IRRAS at the A/W
interface. The wild-type protein injection induced a rapid decrease
in v{(CH,) and resulted in a more ordered lipid conformation than
the IFABP-HL. Legend: @) IFABP-HL; (O) IFABP.

mode is better thar 0.2 cnT®. The observed finak1 cnm !
difference invg(CH,) for DMPA between the monolayers
containing IFABP and IFABP-HL is thus substantial, and
implies a much greater protein-induced conformational
ordering of the lipid acyl chains by the wild-type protein.

IRRAS Determination of Protein Secondary Structure in
Monolayers Protein secondary structure at the A/W interface
was determined from IRRAS measurements on # D
subphase. Overlays of the IRRAS spectra of IFABP and
IFABP-HL in the presence and absence of DMPA mono-
layers are presented in Figure Bhe band at~1735 cni?
arises from lipid G=O stretching. The presence of a DMPA
monolayer shifts the peak position of the amide | band from
1619 to 1616 cm. A pronounced shoulder at1653 cn?
is present in the IFABP-HL amide | envelope both in the
presence and absence of DMPA.

The secondary structures adopted by wild-type IFABP and
the helixless variant at the A/W interface in lipid monolayers
differ from those in solution at room temperature, and also
from each other. This is clear from examination of solution
IR spectra from 25 to 70C, for both IFABP and IFABP-
HL as shown in Figure 6. Both proteins possess predomi-
nantly antiparallel-sheet secondary structures at room
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Ficure 5: IFABP and IFABP-HL secondary structures in the

presence-t, dashed line) and absence,(solid line) of a DMPA
monolayer at the A/W interface. The amide peak for the pure protein
films is at~1617 cnT?. In addition, the IFABP-HL spectrum shows
more intensity at~1653 cnT?. In the presence of lipids, the amide

| peak of IFABP shifts down by~2 cnrt. The 1735 cm?! peak
arises from the lipid carbonyl €0 stretching mode. The arrow
represents 0.001 reflectance-absorbance(RA) units. The residual
sharp peaks (usually 0.0003 RA units) arise from uncompensated
water vapor.

IFABP-HL possesses additional intensity af655 cni?,

for which it is difficult to make a secondary structure
assignment. Two possibilities are random coil (although the
frequency is several wavenumbers higher than normal) or a
B-turn which for cyclic peptides gives rise to amide | bands
sensitive to H-bonding and assigned throughout the whole
frequency range for that mode (e.g., 2d). The assignment

to secondary structures other thahelical is made because
there is no helix in the variant. The random coil is preferred
based on the observation that the substitution of 17 residues
in wild-type IFABP with a two residue (SG) linker, surpris-
ingly introduces some flexibility into the molecul@5). Thus,

the putative unordered structure observed in the IR measure-
ments is likely to be related to the region close to that linker.

As shown in Figure 6, the thermal denaturation pathways
are somewhat different for the two proteins. The random
coil intensity for the IFABP-HL (Figure 6B) begins to
increase at 60C and is followed by the appearance at 70
°C of a band near 16151620 cn1! assigned to extended
forms. For IFABP (Figure 6A) there is a much smaller initial
increase in the random coil intensity; increased temperature
results in the formation of the band arising from extended
forms. In both cases, the denaturation is irreversible, as is
evident from spectra marked 25c, which were acquired from
denatured samples cooled back to that temperature. The
spectra so obtained were distinctly different from the initial

temperature as revealed by a low-frequency major band atSPectra in each instance.

~1630 cm! and a higher frequency minor component at
~1685 cnT! in agreement with the reported tertiary struc-
tures obtained by X-ray crystallography and NM® 23).

Differences in lipid/protein interaction between the two
lipid—protein films are also suggested by the observation of
lateral heterogeneity in the film containing wild-type IFABP.
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o stretching peak (protein-rich region). In the bottom trace, the relative
2 :o intensities of these two modes are reversed (protein-poor region).
< The arrow represents 0.001 reflectance-absorbance (RA) units.
4
DISCUSSION
30 . . L .
A I | I ) Previous studies of the kinetics of fatty acid transfer from
1700 1680 1660 1640 1620 1600 1580 1560 1540 IFABP to phospholipid membranes suggested that transfer

occurred during proteilamembrane interactions. Evidence
for a collision-based mechanism included the proportional
:?;UE?S I(—Si:L %g')k r%g?\?t% rghde@a' t?aennsarﬁgiﬂ)onn IOFZ IFSABeEtr(Zf) V\Zf}g increase in the transfer rate{9-anthroyloxy)-labeled free
collected every 5C and haveybeen offset for clarity.pThe spectra fatty acids from IFABP with Increasing Concentrgt!ons of
marked 25¢ were taken from samples that were re-cooled to thatacCeptor membrane phospholipid, and the dramatic increases
temperature following thermal denaturation. The absorbance scalein transfer rate to membranes containing 25 mol % of anionic
is indicated on each figure. phospholipid. 4, 9). In contrast, AOFA transfer from IFABP-
HL to vesicles was not increased by either membrane

IRRAS spectra acquired at different sampling spots in the concentration or acceptor vesicle charjg)(suggesting that
same experiment are displayed in Figure 7. In the top trace, protein-membrane interactions were either not occurring or
a strong amide | band is accompanied by a weak, CH that they were insufficient to modulate the rate of fatty acid
asymmetric stretching band intensity near 2919krin the  transfer. It was also found that incubation of anionic vesicles
lower trace, much stronger GHstretching bands, both  with native IFABP, but not IFABP-HL was able to prevent
symmetric and asymmetric, are accompanied by a weakerthe subsequent binding of cytochrorngo the membrane
amide | band. The integrated area ratio of the amide I (13). All these observations are consistent with the membrane
envelope to the methylene modes is evidently much smaller collisional mechanism proposed for FABP-assisted fatty acid
compared to the same ratio in the upper trace. This impliestransfer, and, in particular implicate the helix-turn-helix
that there exists a lateral distribution of the wild-type IFABP  domain as a critical factor in the formation of the putative
in the lipid film which produces protein-rich (top trace) and proteir-membrane complex4( 20, 21). The effects of
protein-poor (bottom trace) regions in the DMPA monolayer. structural changes in the lipid and protein components at
Furthermore, since the IRRAS measurements reported heresarious distance scales upon lipid/protein interaction are
sample a large spatial area (the beams5 cm in diameter  probed in the current experiments to assess directly these
at the surface), the inhomogeneities are apparently of proposed IFABP/membrane interactions.
macroscopic size, although the spatial distribution function  The current combination of approaches is advantageous
remains to be evaluated. as it eliminates problems involved with film transfer to solid

It would be of interest to correlate the presence of protein- supports. With our experimental design, water-soluble mem-
rich and protein-poor regions as measured by IRRAS and brane proteins are injected into the aqueous subphase and
the banding pattern seen by BAM. However, with current allowed to interact with monolayers by diffusion. The surface
instrumentation, the IRRAS and BAM measurements must activity of the protein, the formation of domains and the
currently be carried out on different Langmuir troughs, with structural changes in both the lipid and protein constituents
different distance scales and data collection times requiredcan be inferred from a combination of surface pressure
for measurements. Heterogeneous distributions were notmeasurements, BAM, and IRRAS.
detected for the helixless variant, suggesting but of course TheTl-time data for IFABP and IFABP-HL exhibited two
not proving, their absence in the film. kinetic phases that defined the surface pressure changes

Wavenumber (cm™)
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(Figure 2). For IFABP, a 23 times faster rate of surface IFABP-HL showed a smaller change in(CH,) from
pressure change relative to IFABP-HL was observed for both ~2852 to 2850.5 cmt occurring over a longer (5060 min)
stages. A reasonable interpretation of these data is that the¢ime period. At longer times, IFABP-HL never induced lipid
initial (slow IT change) phase corresponds to protein binding conformational ordering as strong as in the wild-type protein
to the membrane surface and/or direct interfacial adsorptionwithin the observation period, consistent with the observation
and involves processes such as lipid conformational ordering,of a less rigid film in the BAM experiment, and in accord
while the second phase (more rapidchange) corresponds  with the IT-time kinetic data.
to processes such as protein conformational change and A possible origin of the weaker effects induced by IFABP-
domain formation at the interface. The substantial contribu- 1y comes from consideration of the protein charge. Like
tion of membrane surface charge to the second phase is cleag,ost other members of the FABP family, IFABP exhibits
from the_observation t_hat this event i_s absent for the binding approximately equal overall positive and negative charges.
of the wild-type protein to zwitterionic DPPC. ~ However, LiCata et al. (26) have demonstrated surface charge
The BAM experiments begin to define the interfacial polarity for the protein, with the top (helical domain) of the
structures formed when IFABP or IFABP-HL interact with  0lecule more positive, and the “bottom” (barrel) of the

anionic lipids. On the basis of studies of IFABP injection in  mgjecule having a strong negative potential. Deletion of the
film-free subphases and on the characteristics of pure DMPA helical domain in IFABP-HL results in the net loss of three
g\orgall_nsMei)\héhls g:’engsgsggtgdo?;aggslii')ri‘d':c')?‘;:eles;sfﬁlgizls positive charges, thereby reducing the interaction of this

By Ly VL ~ region of the protein with anionic monolayers.
rich domains. Two possible causes may lead to domain ?n monola zr hases (Figure 5), the mZ'or amide | veak
formation following protein adsorption onto lipid monolay- i observedyat~p1617 leg clos’e o thé osition fgr
ers: specific lipid-protein interactions or nonspecific ad- A : P
sorption which reduces area accessible to the lipids. Con_thermally d_enatured_prote|_n (Figure 7) in the bulk phase for
densed domains appeared in the IFABP-HL experiments atbOth proteins, anq Is assigned to extended or aggrega_ted
~70—80 min compared with 30 min following injection of structures at the interface. Due to reduced signal-to noise
wild-type protein. These time scales for domain formation rat|os_and the p_resence_of residual water vaporin the IR.RAS
are consistent with the slower onset of the second kinetic experlments with protein monolayers, Qetalled analysis of
phase observed in tHé-time adsorption isotherms in Figure the Amide | band'shapg are not. fgample. Hovyever, the
2. Comparison of domain size distributions, average sizeisRA.S spectrum still provides quahtatlv.e information at.’OUt

' rotein secondary structure at the A/W interface unavailable

and shapes at similar surface pressures reveals no obviou X .
difference between IFABP and IFABP-HL. However, some Y other methods. As in the bulk phase, the IFABP-HL amide
' d band possesses more intensity~at653 cnt! (perhaps

differences in banding patterns are suggested by comparison - “ ’
of Figure 3, panels C and D with M and N. In addition, at arising from unordered structure) in the presence and absence
: ' ’ of the lipid monolayer (Figure 5). However, since the

later stages, injection of IFABP yielded a more solidly S - . ;

textured film (Figure 3, panels -EG) and a more rapid extinction coefficients for different protein secondary struc-

deterioration of focus compared with IFABP-HL (Figure 3, tures are not necessarily the same (elther in solution or in
monolayers), the component of the amide | at 1653 'tm

panels N-P). The films formed at long times following q | | fracti ¢ dered
IFABP injection were rigid. This may be caused by three- oes not necessarily represent a large fraction of unordere
forms in IFABP-HL.

dimensional microcrystallization of IFABPDMPA com-
plexes. In the IFABP-HL case, the film was less rigid and A collisional mechanism involving membrane binding was
still exhibited substantial motion even at the end of the 3 h proposed §, 6, 21, 27) for fatty acid transfer from IFABP
measurement period. IRRAS provides a molecular view of to membranes. Previously, we used bulk phase FTIR to show
the effect of protein on lipid conformation. Prior to the thatadipocyte FABP interacts with anionic membrargs;. (
protein injections, the DMPA monolayer was at the onset Interactions of adipocyte FABP and IFABP with membranes
of LE/LC transition (see Figure 4A), as manifestiyCH,) have also been suggested by the results of a biochemical
of ~2852 cnrl. This state of the monolayer is relatively —assay using competition between the FABP’s and cytochrome
poorly ordered and packed, since typically the,Gtietching ¢ for membrane bindingl@, 29). In the present studies, we
frequencies increases fron2849 to~2854 cn1? in the bulk demonstrate directly the membrane-interactive properties of
phase during the geliquid crystal phase transition. Injection IFABP and IFABP-HL. The combination of surface pressure
of wild-type IFABP has a strong, rapid ordering effect on measurements, BAM, and IRRAS reveals a two step process,
the monolayer, lowerings(CH,) to ~2849.8 cm? within a of which at least the second is electrostatic in nature. For
couple of minutes, followed by a slower further decrease of wild-type protein, the interaction is characterized by an initial
0.6 cnt! within ~25 min (Figure 4B). The IR data thus conformational ordering of the lipid acyl chains, the forma-
suggest a very rapid initial lipid conformational ordering tion of distinct domains and the appearance of a rigid BAM
process. This event is difficult to explore thoroughly since film at long times. Deletion of the helical motif slows the

it takes 5-8 min to acquire IRRAS data of adequate S/N time course of the initial stages of the interaction, suggested
ratio, and the pressure changes following IFABP injection to be protein binding, accompanied by acyl chain ordering
occur more rapidly than this. The initial observation of as well as the later stages of the process likely reflecting
condensed domains in the BAM experiment occurs at a time further conformational changes in the lipids and formation
that roughly parallels the end of the initial decrease in of lipid rich domains. The results directly demonstrate
v(CHz). We note that we are unable to detect domains specific IFABP interactions with anionic membranes and
smaller than about 10m in diameter with our current BAM  support the hypothesis that the helix-turn-helix region of the
apparatus. At times of 25 min,v{(CH,) remained constant.  protein is important for formation of the “collisional com-
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plex”, which promotes fatty acid transfer from IFABP to
membranes.
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