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ABSTRACT: Although it is hypothesized that long-chain fatty acyl CoAs (LCFA-CoAs) and long-chain
fatty acids (LCFAS) regulate transcription in the nucleus, little is known regarding factors that determine
the distribution of these ligands to nuclei of living cells. Immunofluorescence colocalization showed that
liver fatty acid-binding protein (L-FABP; binds LCFA-CoA as well as LCFA) significantly colocalized
with PPARux in nuclei of transfected L-cell fibroblasts. Colocalization with a DNA binding dye (SYTO59)
revealed that, within the nucleus of control L-cells, the nonhydrolyzable fluorescent LCFA-CoA (BODIPY-
C16-S-S-CoA) was distributed primarily in a punctate pattern throughout the nucleoplasm, while
nonmetabolizable fluorescent LCFAs (BODIPY-C16 and BODIPY-C12) were localized primarily near
the nuclear envelope membranes. L-FABP overexpression selectively increased the targeting of BODIPY-
C16-S-S-CoA by 1.9- and 2.7-fold into the nuclear membrane and nucleoplasm, respectively. L-FABP
also increased the targeting of fluorescent LCFAs (especially long-chain-length BODIPY-C16) by 1.7-
fold to the nuclear membrane and 7.4-fold into the nucleoplasiisfarinaric acid displacement assay
showed that L-FABP bound BODIPY-C12 and BODIPY-C16 whils of 10.1+ 2.5 and 20. A 1.5 nM,
respectively, in the same range as naturally occurring LCFAs. Finally, solid-phase extraction and HPLC
analysis revealed that, depending on the fatty acid content of the culture medium, L-FABP expression
also increased the cellular LCFA-CoA pool size and altered the LCFA-CoA acyl chain composition.
Thus, L-FABP may function as a carrier for selectively enhancing the distribution of LCFA-C0A, as well
as LCFA, to nuclei for potential interaction with nuclear receptors.

Several recent discoveries suggest that long-chain fatty of both synergistic or antagonistic cross-talk (depending on
acyl CoAs (LCFA-CoA} and long-chain fatty acids (LCFA)  the specific LCFA-CoA or LCFA ligand) between PPAR
may be naturally occurring ligands for several nuclear and HNF4x (5).

receptors involved in regulating expression of multiple genes,  pjrect fluorescent binding assays demonstrated that RPAR
especially those participating in lipid (PPARHNF4o, GR, has very high affinity (30 nMKy) for a naturally occurring
TR, LXR, SREBP) and glucose (HNB# metabolism  fiyorescent LCFA (i.e transparinaric acid) and even higher
(reviewed in refl). These lipid ligands interact with the  affinities (i.e., 5-17 nM Kgs) for other commonly occurring
ligand binding domains of the respective nuclear receptors, nsaturated [e.g., oleic acid (C18:1), linoleic acid (C18:2),
thereby eliciting conformational alterations which are thought |inolenic acid (C18:3), arachidonic acid (C20:4)] but not
to facilitgte interaction vyith DNA, release of corepressors, saturated [stearic acid (C18:0), palmitic acid (C16:0)] LCFAs
or recruitment of coactivator complexes to regulate tran- (g, 7). Interestingly, other recent studies suggest that long-
scriptional activity (reviewed in ref2). Some n_ucl_ear chain fatty acyl CoAs (LCFA-CoAs) may act as PP&R
receptors such as PPA&Rand HNF4. compete for binding  antagonists § 9). SHexadecyl-CoA, a nonhydrolyzable
to a number of promoters3(4), suggesting the possibility  paimitoyl-CoA analogue, antagonized the effects of agonists
on PPARx conformation and function. ThH&hexadecyl-CoA
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transfer assays showed that HNHdinds LCFA-CoAs (e.g.,
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palmitoyl-, stearoyl-, linoleoyl-, and arachidonoyl-CoAs) with ST 9

high affinity (i.e., 0.6-4.0 nM Kgs) (L1, 12). Interestingly, NN Con

saturated LCFA-CoAs with chain lengths of 14 and 16 FF BODIPY-CL2

carbon atoms act as HN&4gonists, whereas-3 andw-6 I

polyunsaturated LCFA-CoAs and longer chain saturated s 0
LCFA-CoAs (C18:0-CoA) act as HNfedantagonistsg, 12). MN_ N é';\
Consistent with the opposite effects of these ligands on F,B\F OH
transcription, the activating and inhibitory LCFA-CoAs BODIPY-C16

oppositely affected HNFe secondary structure as deter-

mined by circular dichroismi(). LCFA-CoAs are thought =N (") COOH
to modulate the transcriptional activity of HN&4y either N\B,N\ C—iN $-8-CoA
shifting the HNF4 oligomeric—dimeric equilibrium or F °F

affecting the intrinsic affinity of the HNFet dimer for its
cognate enhanceb), Finally, HNF4x also binds naturally
occurring LCFAs (arachidonic aciajs-parinaric acid) as
evidenced by direct binding assays showkag ranging from
0.4 to 0.7uM (11) and by X-ray crystallographic studies
confirming the presence of bound LCFAE3( 14).

BODIPY-C16-S-S-CoA

Ficure 1: Chemical structures of BODIPY-C12, BODIPY-C16,
and BODIPY-C16-S-S-CoA.

cording to a synthetic scheme developed by G. Woldegiorgis
(20). Fetal bovine serum (FBS) and bovine serum albumin

Despite the above impqrtant studies demonstrat.ing that(BSA) were purchased from Sigma Chemical Co. (St. Louis,
LCFA-CoAs and LCFAs bind to and are ligand activators \0). Lab-Tek coverglass slides were purchased from Fisher
of nuclear receptors, relatively little is known regarding ggjentific (Pittsburgh, PA). The fatty acid composition of
factors that regulate the distribution of these ligands to the ggrym lipids was determined as described earfdy. (Al

nucleus. One potential candidate protein that may serve inyeagents and solvents used were of the highest grade available

this capacity is the liver fatty acid-binding protein (L-FABP).
Liver fatty acid-binding protein (L-FABP) is a highly
abundant protein present in high concentration in the
cytoplasm, 0.20.4 mM in liver, intestine, and kidney
(reviewed in refl5). L-FABP binds both LCFAs and LCFA-
CoAs (reviewed in ref45—17). Furthermore, a recent study
suggested that L-FABP was involved in PPAR-regulated
gene expressionl@). A strict correlation was observed
between PPAR and PPAR transactivation with an intra-
cellular concentration of L-FABP1g). However, it is not
completely clear whether L-FABP transports bound ligands
to the nucleus for interaction with PPARs. While a recent

study suggests that L-FABP enhances the targeting of LCFAs

to the nucleus of living cells, that report did not differentiate

between LCFAs targeted to the nuclear envelope region vs

the nucleoplasm within the nucleusdj. Finally, there have
been no real-time studies demonstrating the presence o
LCFA-CoAs in nuclei of living cells, the distribution of
LCFA-CoAs in nucleoplasm and nuclear envelope mem-
branes of living cells, or the potential role of L-FABP in
targeting LCFA-CoAs to nuclei of living cells.

The objectives of the present investigation were to (i)
determine if L-FABP and PPAdR colocalize in nuclei of
living L-FABP-expressing L-cells, (ii) utilize confocal
fluorescence imaging, in conjunction with a nuclear marker,
to show if L-FABP expression alters the distribution of
fluorescent nonhydrolyzable LCFA-CoA and nonmetabo-
lizable LCFA to nuclei of intact living cells, and (iii) resolve
whether L-FABP expression alters the cellular LCFA-CoA
pool size and LCFA-CoA acyl chain composition.

EXPERIMENTAL PROCEDURES

Materials.Nuclear DNA binding dyes (SYTO17, SYTO-
59, SYTO60) and fluorescent fatty acid BODIPY-C12 and
BODIPY-C16 (Figure 1) were purchased from Molecular
Probes Inc. (Eugene, OR). BODIPY-C16-S-S-CoA (Figure
1) was custom synthesized by Molecular Probes Inc. ac-

and were cell culture tested as necessary.

Antibodies.The primary antibodies used as markers for
the nucleus were anti-LAP2 (Transduction Laboratories,
BectonDickinson Biosciences, Lexington, KY), a marker for
a protein present in the inner membrane of the nuclear
envelope, and anti-C23 (Santa Cruz Biotechnologies Inc.,
Santa Cruz, CA), a marker for a nucleoli protein. The
following anti-PPAR antibodies were purchased and tested
with L-cell fibroblasts: rabbit polyclonal anti-all three iso-
forms (1 andy2, 55-56 kDa;a, 52 kDa;5/0/NUC1, 49
kDa) and monoclonal anti-PPARrom Affinity BioReagents
(Golden, CO), goat polyclonal anti-PPARrom Santa Cruz
Biotechnologies (Santa Cruz, CA), and rabbit polyclonal anti-
all three isoforms (identical with the anti-PPA&Rfrom
Affinity BioReagents) from Sigma (St. Louis, MO). All anti-
TPPAR antibodies were positive for cross-reaction with mouse
antigens. Western blotting of L-cell homogenates with the
above anti-PPAR antisera detected bands primarily near 52
kDa (PPARx) with smaller detectable bands near 56 kDa
(PPARy). Anti-L-FABP antibodies were obtained as previ-
ously described1(). The secondary antibodies used were
alkaline phosphatase- (Sigma, St. Louis, MO) and HRP-
conjugated antibodies (Pierce, Rockford, IL) for immuno-
blotting and FITC- (Sigma), Texas Red-, and Alexa-Fluor-
conjugated antibodies (Molecular Probes, Eugene, OR) for
immunofluorescence microscopy.

Cell Culture. Murine arpt tk~ (adenosine phosphoribosyl
transferase deficient, thymidine kinase negative mutant)
L-cell fibroblasts, mock-transfected control L-cells, and
L-cells transfected with cDNA encoding for L-FABRZ)
were grown in supplemented Higuchi mediu8),

Immunofluorescence Labelingells were plated and
grown on glass coverslips as well as chamber slides (Nalge
Nunc International, Rochester, NY, or Fisher, Fair Lawn,
NJ) (19). After removal of medium and washing three times
with 75 mM phosphate buffer, pH 7.4, and 150 mM NacCl
(PBS), cells were fixed and permeabilized by one of two
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protocols: (i) 3.7% paraformaldehyde (Sigma, St. Louis,

MO) and 1.5% methanol (Fisher, Fair Lawn, NJ), in PBS,
pH 7.2 (GIBCO BRL, Grand Island, NY), 15 min; 1% Triton
X-100 (Polysciences, Warrington, PA) in PBS, 5 min;
extensive washing (five times in 30 min) with 0.1% Tween
20 (Fisher, Fair Lawn, NJ) in PBS; (ii) methanol, 20, 5
min; 57 mM borate buffer, pH 8.2, for rehydration and

Huang et al.

fitting using SigmaPIlot software. Th& of BODIPY LCFA
displacingcis-parinaric acid was calculated using the equa-
tion (24):

Ki=[s/(1 + [LI/K,)

where [L] = 0.15uM is the concentration ofis-parinaric

subsequent steps. Autofluorescence of residual aldehydeacid andk, = 1714 46 nM (16) is the dissociation constant

groups was quenched with 100 mM NE (Sigma, St. Louis,

MO) in PBS. Nonspecific reactivity was blocked by using
either 2% ovalbumin or BSA (Sigma, St. Louis, MO) in PBS
or borate buffer, respectively. Incubations with primary

of cis-parinaric acid binding to L-FABP.

Fluorescence Spectra of BODIPY-C16-S-S-CoA and SYTO-
59—DNA. Fluorescence excitation and emission spectra of
BODIPY-C16-S-S-CoA and SYTO59DNA were obtained

antibodies diluted in 1% ovalbumin in buffer, as well as those with an ISS PC1 photon counting fluorometer (ISS Instru-

with secondary antibodies (diluted in buffer only), in a humid
chamber for 30 min at 37C, required subsequent extensive

ments Inc., Champaign, IL). Spectra were recorded in ethanol
at 24 °C with a circulating water bath. The spectra were

washing. For simultaneous colocalization experiments, mix- recorded as follows: excitation spectrum of BODIPY-C16-
tures of primary and secondary antibodies were used. CoverS-S-CoA, lex = 400-520 nm, Aem = 530 nm; emission
glasses were mounted on slides with SlowFade mediumspectrum of BODIPY-C16-S-S-CoBlex = 465 NnM,Aem =
(Molecular Probes, Eugene, OR). Immunostaining specificity 495 to 650 nm; excitation spectrum of the SYTGIINA
was established by using an indifferent antibody, omitting complex, lex = 465-630 nm, lem = 640 nm; emission
the primary antibody, and using either one or both of the spectrum of the SYTO59DNA complex, Aex = 570 nm,

secondary antibodies, which allowed minimization of non-

specific absorption of fluorescent antibodies (background),

Aem = 600—800 nm. The spectra obtained were normalized.
Vital Staining with SYTO59 and Fluorescent LCFA-CoA

optimal separation of the fluorophore fluorescent signals, and (BODIPY-C16-S-S-CoA) or Fluorescent LCFAs (BODIPY-

optimization of fluorophore concentration to preclude self-
guenching.

C16, BODIPY-C12) for Real-Time Laser Scanning Confocal
Microscopy (LSCM) in Liing Cells.Cell cultural media were

Fluorescence Emission Spectra of BODIPY-C12 in the removed, and the cells were washed with PBS (two times).

Presence and Absence of L-FABBODIPY-C12 stock

Control L-cells and L-FABP-expressing cells were incubated

solutions were prepared in 10 mM NaOH to produce the with a DNA binding dye SYTO59 (final concentration 1.25
sodium salt to minimize formation of fluorescent micelles. M) for 30 min in PBS at room temperature. Background

BODIPY-C12 was diluted to 0.7 nM in PBS, and its

images were then taken, followed by addition of BODIPY-

fluorescence emission spectrum was recorded with an ISSC16-S-S-CoA, BODIPY-C16, or BODIPY-C12 (final con-

PC1 photon counting fluorometer (ISS Instruments Inc.,

Champaign, IL) at 24C with a circulating water bath. The

emission spectrum was measured from 490 to 560 nm while
the excitation wavelength was set at 460 nm. Then BODIPY-

C12 was incubated with L-FABP (0.18M) for 5 min to

centration 0.JM) and immediate acquisition of successive
images every 20 s over the next 30 min.

Image Acquisition by Laser Scanning Confocal Micros-
copy(LSCM).LSCM images were acquired with an Axiovert
135 microscope (Zeiss; Carl Zeiss Inc., Thornwood, NY)

obtain maximum binding before its emission spectrum was and MRC-1024 LSCM fluorescence imaging system (Bio-

recorded again under the same conditions.

L-FABP Fluorescence Ligand Binding Assay: Displace-
ment of L-FABP-Bound cis-Parinaric Acid by BODIPY-C12
and BODIPY-C16L-FABP binding of fluorescent ligands
(BODIPY-C12 and BODIPY-C16) was performed by a
displacement assay basically as described earli€). (
Briefly, L-FABP (0.18uM) in PBS was incubated withis-
parinaric acid (0.15«M) for 5 min at 24 °C to obtain
maximal fluorescence. L-FABP-bouts-parinaric acid was
displaced with an increasing amount of BODIPY-C12-(0
133 nM) or BODIPY-C16 (6-177 nM). cis-Parinaric acid

Rad, Hercules, CA) as described previouso)( The
BODIPY and SYTO59 probes were excited with laser 488/
568 lines. The images of BODIPY fluorescence were
collected with a 522/D35 emission filter in mixer A, while
the images of SYTO59DNA/RNA were collected with an
680/32 emission filter in mixer B, both under manual gain
and black level control. The objective was focused to acquire
0.3 um confocal slice images through a median section of
cells in the field. Images were collected every 20 s. Cells
were excited for 0.1 s intervals, regulated by a computer-
controlled shutter and LaserSharp software (Bio-Rad Inc.,

emission spectra were obtained with an ISS PC1 photonHercules, CA).

counting fluorometer (ISS Instruments Inc., Champaign, IL)

with excitation at 318 nm and emission from 375 to 490
nm. To avoid formation of micelles, BODIPY-C12 and

Analysis of Laser Scanning Confocal Microscopy (LSCM)
Images Images were analyzed using LaserSharp (Bio-Rad
Inc., Hercules, CA) and MetaMorph Image Analysis (Ad-

BODIPY-C16 were used as their sodium salts prepared byvanced Scientific Imaging, Meraux, LA) software. The

dissolving free fatty acids in 10 mM NaOH. The sample
temperature was maintained at 2@ using a circulating
water bath.

fluorescence intensity of the medium was set to zero, and
increase above zero was recorded as arbitrary units (au).
Autofluorescence was very low at the level of background.

The displacement binding curves were constructed by Fluorescent intensity in images of single living cells was

plotting cis-parinaric acid fluorescence intensity at the
emission maximum (411 nm) vs BODIPY-C12 or BODIPY-
C16 concentration. The concentrationlof BODIPY

expressed as the mean fluorescence intensity in gray scale
units expressedt SE. The regions of interest measured were
the nucleoplasm, the nuclear membrane, and the cytoplasm

LCFA at 50% displacement was obtained from the curve (including all other intracellular membranes). Images of
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fluorescent BODIPY-C16-S-S-CoA, BODIPY-C16, or BO-
DIPY-C12 were used to plot the increase in intensity over
time. Linear regression analysis was used to define the linea

portion of the uptake curves and to obtain the initial uptake §

rate. Statistical analysis was performed using Studéitést.

Solid-Phase Extraction of Long-Chain Fatty Acyl CoA
from Cultured CellsCells harvested from the culture dish
(100 x 20 mm) were suspended in 100 mM KPO, with
protease inhibitor, pH= 5.3 (1 mL). After addition of the
internal standard, heptadecanoyl CoA (C17:0-CoA, 10 pmol),
the samples were processed and LCFA-CoAs were extracte
from control and L-FABP-expressing L-cell fibroblasts using
a solid-phase extraction procedu@&b,(26).

Formation of Fluorescent Long-Chain Fatty Acyl Etheno
CoA Deriatives and Reersed-Phase HPLC Separation and
Quantitative Analysis of Long-Chain Fatty Acyl Etheno CoA
Ester MixturesFluorescent long-chain fatty acyl etheno CoA
derivatives were formed by reaction of LCFA-C0A standards
and liver LCFA-CoA extracts with chloroacetaldehyde
reagent as described previousBb(27). Long-chain fatty

acyl etheno CoA derivatives were separated and quantitated

using the reverse-phase HPLC meth@®)(developed on
the basis of an earlier repo7). The peaks were identified
by comparing the retention times with those of etheno-LCFA-
CoAs formed from known LCFA-CoA standards, and the
quantitation of each unknown was performed by calculation
of relative peak areas to that of a known amount of the
internal standard etheno-C17:0-CoA.

Calculation of Ligand and L-FABP Concentrations in
L-Cell Nuclei and Cytoplasm (plus Plasma Membrane).
L-FABP-expressing and control L-cells were incubated with
BODIPY-C12, BODIPY-C16, or BODIPY-C16-S-S-CoA
(final concentration 0.1uM) for 30 min. Quantitative
chemical analysis showed that the total uptake of BODIPY-
C12 and BODIPY-C16 by L-cells was 0.290.03 and 0.68
+ 0.08 nmol/mg of protein, respectively¥). The amount
of BODIPY-C16-S-S-CoA inside the cells was estimated
from its fluorescence intensity compared with that of
BODIPY-C12 under the same experimental conditions. The
amount of BODIPY-C12, BODIPY-C16, and BODIPY-C16-
S-S-CoA in different cellular compartments was estimated
by the percent distribution (determined by LSCM fluores-
cence imaging) in nuclei and in the cytoplasm (plus plasma

membrane) from the medial cross-sectional plane (see.

Results, Figure 8), based on which the percent distribution

in the whole nucleus and cytoplasm (plus plasma membrane)
was calculated. The cellular protein concentration was 12.4

+ 1.0 ug/1® cells. The L-cell fibroblast volume was
estimated to be 7 pL per cell on the basis of previous
determinations for fibroblasts2g). The volume of the
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FIGURE 2:
PPARx (panel B), LAP2 (panel C), and C23 (panel D) in L-FABP-
expressing L-cells. L-FABP-expressing cells were fixed, perme-
abilized, and incubated with primary antibodies (polyclonal rabbit
anti-L-FABP, polyclonal rabbit anti-PPA®R monoclonal anti-

Immunofluorescence localization of L-FABP (panel A),

LAP2, and monoclonal anti-C23, respectively), followed by
secondary antibodies (FITC-conjugated goat anti-rabbit IgG), and
images were obtained by laser scanning confocal microscopy as
described in Experimental Procedures. The fluorescence image in
panel A revealed that most of the L-FABP was diffusely distributed
in the cytoplasm and a lesser amount of L-FABP was distributed
in a punctate pattern within nuclei. Panel B showed PRAfRS
concentrated within nuclei as groups of dots and near the nuclear
envelope. Panel C showed the contour of the nuclear envelope
highlighted by labeling with the anti-LAP2 antibody, a marker for
the inner membrane of the nuclear envelope. In addition, a bright
spot or circle of anti-LAP2 immunoreactivity was detected at the
middle of some nuclei, consistent with invaginations of the nuclear
envelope. Panel D showed that multiple nucleoli in different sizes
and shapes were present in most cells, well restricted to the nuclei.

of L-FABP in the nucleus and in the cytoplasm divided by
the estimated volume of the nucleus and the cytoplasm,
respectively, as described above. L-FABP accounts for 0.4%
of all soluble proteins of L-FABP-expressing L-cell30(

31) determined by western blot. The percentage of L-FABP
in the nucleus and in the cytoplasm was estimated from the
L-FABP immunofluorescent image of L-FABP-expressing
L-cells (see Results, Figure 1A).

RESULTS

Immunofluorescence Localization of L-FABP in L-FABP-

nucleus was estimated to be about 23% of the cell volume Expressing L-Cell Fibroblastd. SCM fluorescence images

(29). The fold increase in total uptake for L-FABP-expressing revealed that L-FABP was detectable in a speckled pattern
L-cells compared with control L-cells was obtained as throughout the cell with a denser group in the middle,
indicated in the Results section (see Table 1). Final concen-presumably within the nucleus whose demarcation was not
trations were calculated from the amount of BODIPY-C12, clearly discernible (Figure 2A). The speckled appearance of
BODIPY-C16, and BODIPY-C16-S-S-CoA in the nucleus L-FABP in the cytoplasm may represent the diffuse, soluble
and in the cytoplasm (plus plasma membrane) divided by L-FABP and some L-FABP associated with membranes
the estimated respective volumes of the nucleus and the(endoplasmic reticulum, mitochondria) as has previously
cytoplasm (plus plasma membrane). been demonstrated for rat live33). Finally, this pattern of
The concentrations of L-FABP in nuclei and the cytoplasm L-FABP distribution in L-FABP-expressing L-cells was
(plus plasma membrane) of L-FABP-expressing and control similar to that observed in liver hepatocytes and embryonic
(mock-transfected) L-cells were calculated from the amount stem cells 82, 33). Quantitative analysis of the images
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by double immunolabeling. Simultaneously acquired LSCM
1 2 3 A images were superimposed to yield a merged image (Figure
4A). PPARx colocalized with LAP2 appeared as yellow
pixels in Figure 4A, indicating that PPARnear the nuclear
envelope was associated with the inner nuclear membrane.
After background subtraction, the colocalization coefficients
2500 were calculated to be red (PPAIR 0.44+ 0.02 (meant

—— L cells B SE,n = 21), and green (LAP2), 0.14 0.01 (meant SE,
2000 | | ™= L-FABP n = 21). Therefore, on the middle cross-sectional plane,
*

approximately 44% of PPARwas colocalized with LAP2
- at the nuclear inner membrane.

Next, L-FABP-expressing cells were labeled with anti-
C23, a marker for nucleoli. The images showed that multiple
nucleoli were present in most cells as very distinct globular
structures, well restricted to the nuclei (Figure 2D). The
nucleoli were not only present in multiple numbers per
nucleus but also appear in different sizes and shapes. It must
be noted that, although it is possible that the anti-C23
antibody also stains cytoplasmatic phosphorylated nucleolin,

L cell L-FABP in L-cells apparently only the nuclear unphosphorylated form
FIGURE 3: Western blotting of PPAR in control and L-FABP-  Was present. Cells were then double immunolabeled with
expressing cells. Panel A: representative western blot of homo- polyclonal rabbit anti-PPAR and monoclonal anti-C23,
genates from control mock-transfected L-cells (lane 2) and L-FABP- jmages being simultaneously acquired, and superimposed to

expressing L-cells (lane 3). Lane 1 contains a molecular weight , ; ; ; At ;
standard. Panel B: densitometric analysis of multiple western blots yield a merged image to determine colocalization (Figure

1500

s00

Average Relavent Density

to determine the relative amount of PPARn control mock-  4B)- PPARL colocalized with C23 appeared as yellow
transfected L-cells and L-FABP-expressing L-cells. An asterisk punctate structures in Figure 4B. Some punctate RPAR
refers top < 0.05,n = 3. within the nucleoplasm colocalized within the nucleoli, as

indicated by partial overlap (yellow pixels) of the anti-
PPARy immunoreactivity with dotted areas specific for

fluorescence intensity was in nuclei while 7&12.3% was ncleolin (C23) (Figure 4B). After background subtraction,
in the cytoplasm. The concentrations of L-FABP in nuclei he colocalization coefficients were calculated to be red

and the cytoplasm were calculated to be 48.2.2 and 51.4 (PPARY), 0.45+ 0.06 (meant SE, n = 18), and green

+ 1.5 uM, respectively. Thus, the high concentration of (C23), 0.46+ 0.04 (meant SE,n = 18). Therefore, in the

L-FABP in bright punctate areas within nuclei resulted in  1i4le cross-sectional plane, approximately 45% of PRAR
L-FABP concentrations being nearly equivalentin nuclei and ;o< <olocalized with nucleoli marker C23.

cytoplasm.

yImlC;nunoﬂuorescence Localization of PPAR Nuclei of In summary, PPAR was distributgd primarily within the
L-FABP-Expressing L-Cell Fibroblastlthough PPARL nucleus, most intensely near the inner nuclear membrane
is found in highest levels in liver hepatocytes, western (détérmined with anti-LAP2) and in nucleoli (determined
blotting of homogenates from control (mock-transfected) and W_'th ann-C_:ZC_’,). Low levels of PPAR were dlstnbu_ted
L-FABP-expressing L-cell fibroblasts detected PRAig- diffusely within the nucleop_lasm. A small amount of (_jlffuse
ure 3A). Quantitative comparison of multiple western blots &"d punctate PPAR labeling was also detected in the
revealed that L-FABP expression increased the level of Cytoplasm of some cells.
PPARx by 29% @ < 0.03,n = 3) (Figure 3B). Immuno- Immunofluorescence Colocalization of PRARNd L-
fluorescence LSCM images showed PRA&ppeared to be  FABP in L-FABP-Expressing L-Cell Fibroblast§o deter-
concentrated within nuclei as groups of dots, occasionally mine if PPARx in the nucleus colocalized with L-FABP in
near the nuclear envelope (Figure 2B). A small amount of L-FABP-expressing L-cells, the cells were double immuno-
diffuse and punctate labeling also occurred in the cytoplasm labeled with anti-PPAR and anti-L-FABP, followed by
of some cells. These data indicated that the highest level of LSCM. Simultaneously acquired images were superimposed
PPARx was detected in the nuclei. The following experi- to yield a merged image wherein colocalized PRA&d
ments were performed to further discriminate (i) whether L-FABP in the nuclei appeared as yellow punctate structures
PPARx near the nuclear envelope was perinuclear in the (Figure 4C). L-FABP colocalized with PPARprimarily in
cytoplasm or within the nucleus and (ii) whether PRAR  areas close to the nuclear envelope and also as bright spots
punctate labeling in the nucleoplasm was associated within the nucleoplasm (Figure 4C). Some L-FABP also colo-
nucleoli. calized with PPAR diffusely in the nucleoplasm. After

When transfected L-cells expressing L-FABP were labeled background subtraction, the yellow pixels illustrating that
with anti-LAP2, a marker for the inner membrane of the PPARx colocalized with L-FABP were shown in Figure 4D.
nuclear envelope, the contour of the nuclear envelope wasThe colocalization coefficients of red (PP&Rand green
distinctly highlighted (Figure 2C). A bright spot or circle of (L-FABP) pixels were calculated to be red, 0.300.02
anti-LAP2 immunoreactivity was detected at the middle of (meant SE,n = 13), and green, 0.2& 0.02 (meant SE,
some nuclei, consistent with invaginations of the nuclear n = 13). Therefore, on the middle cross-sectional plane,
envelope. Colocalization of PPARwith LAP2 was achieved  approximately 30% of PPA®R was colocalized with L-

revealed that 19.5- 1.0% of the anti-L-FABP immuno-
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Ficure 4: Colocalization of PPAR with nuclear markers and L-FABP in L-FABP-expressing L-cells. Double immunolabeling with
polyclonal rabbit anti-PPAR and monoclonal anti-LAP2 (panel A), monoclonal anti-C23 (panel B), or polyclonal rat anti-L-FABP (panel

C) and laser scanning confocal microscopy were performed as described in Experimental Procedures. Simultaneously acquired images
were superimposed to yield a merged image. Colocalized RPa#&®RI LAP2, C23, or L-FABP, respectively, appeared as yellow punctate
structures. PPAR was distributed primarily within the nucleus, most intensely near the inner nuclear membrane (determined with anti-
LAP2, panel A) and in nucleoli (determined with anti-C23, panel B). Small levels of RRAdte distributed diffusely within the nucleoplasm.

L-FABP colocalized with PPAR primarily in areas close to the nuclear envelope and also as bright spots in the nucleoplasm. Some
L-FABP also colocalized with PPARdiffusely in the nucleoplasm (panels C and D).

FABP, and about 23% of the L-FABP was colocalized with intensity ofcis-parinaric acid increases. If BODIPY-C12 and
PPARu. BODIPY-C16 compete witttis-parinaric acid for the L-
Effect of Binding to L-FABP on BODIPY-C12 Fluores- FABP binding site to displaceis-parinaric acid, thecis-
cence.Since the quantum yield of many fluorescent mol- parinaric acid would be released back to the aqueous
ecules is enhanced when protein bound, this could complicateenvironment and its fluorescence intensity is expected to
interpretation of enhanced cellular and nuclear BODIPY decrease. As expected, the fluorescence intensitgisf
fluorescence in L-FABP-expressing cells. To address this parinaric acid bound to L-FABP decreased with increasing
issue, the fluorescence intensity of BODIPY-C12 was amounts of BODIPY-C12 (Figure 5B) and BODIPY-C16
determined in solution with and without L-FABP. As shown (Figure 5D), respectively. From the displacement binding
in Figure 5A, upon binding to L-FABP, BODIPY-C12 curves of BODIPY-C12 (Figure 5C) and BODIPY-C16
fluorescence did not increase (dotted line). Instead, the (Figure 5E), theKis were calculated to be 104 2.5 and
BODIPY-C12 emission spectrum maximum shifted from 514 20.7+ 1.5 nM, respectively. Thus, the affinities of L-FABP
to 520 nm, and the fluorescence intensity decreased slightly.for BODIPY-C12 and BODIPY-C16 were in the same range
Thus, the increased fluorescence of BODIPY fatty acids upon as the affinity of L-FABP for naturally occurring fatty acids
cellular uptake (measured at 530 nm) was not due to (16).
enhanced intensity upon protein binding. BODIPY-C16-S-S-CoA Was NonhydrolyzaBkeestablish
Affinity of L-FABP for BODIPY-C12 and BODIPY-C16. whether BODIPY-C16-S-S-CoA was nonhydrolyzable under
The affinity of L-FABP for BODIPY fatty acids was the conditions of the assay, L-cell fibroblasts were incubated
measured through a fluorescence displacement assay utilizindgor up to 30 min with Higuchi medium containing varying
cis-parinaric acid, a naturally occurring fluorescent fatty acid, concentrations of BODIPY-C16-S-S-CoA. At the end of the
as previously described for L-FABP1§) and nuclear incubation, cells were washed, LCFA-CoAs were extracted
receptors §). cis-Parinaric acid is not fluorescent in PBS by solid-phase extraction, and the LCFA-CoAs were then
buffer solution, but upon binding to L-FABP the fluorescence analyzed by HPLCZ6). Incubation of cells with BODIPY-
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Ficure 5: Displacement of L-FABP-boundis-parinaric acid by
BODIPY-C12 and BODIPY-C16. BODIPY-C12 (0.7 nM) fluo-
rescence emission spectra (paneké,= 460 nm andle, = 490—

560 nm) in the presence (dotted line) and absence (solid line) o
L-FABP (0.18 uM) showed, upon binding to L-FABP, that the
BODIPY-C12 fluorescence emission maximum shifted to longer
wavelength with decreased intensity. L-FABP-bowisparinaric
fluorescence emission spectra (L-FABP, Q8; cis-PA, 0.15uM;

Aex = 318 nm,Aem = 375—-470 nm) in the presence of increasing
amounts of BODIPY-C12 and BODIPY-C16 are shown in panels
B and D. Panel B, from top to bottom BODIPY-C12 concentra-
tion: 0, 6.7, 20.0, 26.6, and 66.5 nM. Panel D, from top to bottom
BODIPY-C16 concentration: 0, 12.0, 36.0, 60.0, and 132.0 nM.
Panels C and E show the binding curves of BODIPY-C12183
nM) and BODIPY-C16 (6-177 nM) displacing L-FABP-boundis-
parinaric acid (L-FABP, 0.1&M; cis-PA, 0.15uM; A = 318
nm, lem = 411 nm).

380 400 420

C16-S-S-CoA for up to 30 min did not significantly alter
the content of BODIPY-C16-S-S-CoA detected. Thus, like
other types of LCFA-CoA analogues [e.§:hexadecyl-CoA,
S(2-oxo)pentadecyl-CoA, heptadecan-2-onyldethio-C&A4] (
34—36), BODIPY-C16-S-S-CoA was nonhydrolyzable.
Development of a Nuclear Marker for Determining the
Distribution of Fluorescent Long-Chain Fatty Acids (BO-
DIPY-C12 and BODIPY-C16) and Acyl CoA (BODIPY-C16-

S-S-CoA) to the Nucleus of L-Cell Fibroblasts: SYTO Dyes.

The distribution of several SYTO nucleic acid stains was
examined in L-cells. Of the SYTO dyes tested (SYTO17,
SYTO59, and SYTO60), SYTO59 was optimal for L-cells.

Huang et al.
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Ficure 6: Spectral properties of BODIPY-C16-S-S-CoA and
SYTO59-DNA. Excitation and emission spectra were obtained
with an ISS PC1 photon counting fluorometer as described in
Experimental Procedures. The excitation spectrum of BODIPY-
C16-S-S-CoA was recorded from 400 to 520 nm while the emission
was set at 530 nm. The emission spectrum of BODIPY-C16-S-S-
CoA was recorded from 495 to 650 nm while the molecule was
excited at 465 nm. The excitation spectrum of SYTOBINA was
recorded from 465 to 630 nm while the emission was set at 640
nm. The emission spectrum of SYTO5DNA was recorded from
600 to 800 nm while the molecule was excited at 570 nm.

shown) were also performed to show that SYTO59 uptake
did not interfere with BODIPY-labeled LCFA and LCFA-
CoA uptake into the cell or into nuclei.

The spectra of the SYTO5%ucleic acid complex showed
an excitation maximum wavelength at 610 nm and emission

£ maximum wavelength at 635 nm (Figure 6). Since BODIPY-

labeled LCFAs and BODIPY-C16-S-S-CoA have excitation
wavelengths at 505 nm and emission wavelengths at 510
nm (Figure 6), the emissions of BODIPY and SYTO59 were
distinct. When both SYTO59 and BODIPY were excited with

a 488/568 nm laser, BODIPY emission was independently
monitored through a 522/D35 cutoff filter. The iris and gain
were adjusted so there was no signal leakage between the
two channels.

In summary, as shown in Figure 7B,D, SYTO59 stained
the nuclei very precisely, with essentially no detectable
SYTO59 outside the nucleus. BODIPY and SYTO59 fluo-
rescence emissions were distinct and did not overlap. These
characteristics were therefore utilized to quantitate the
distribution of BODIPY-labeled LCFAs and LCFA-CoAs
into the nucleus and to determine the effect of L-FABP
expression on this distribution in the following sections.

Real-Time Determination of Fluorescent Fatty Acid (BO-
DIPY-C12, BODIPY-C16) and Fluorescent Fatty Acyl CoA
(BODIPY-C16-S-S-CoA) Uptake and Distribution to the
Nucleus of Léing L-Cell Fibroblasts: Effect of L-FABP
ExpressionTo determine if expression of L-FABP enhanced
the uptake and/or increased the distribution of long-chain
fatty acid to the nucleus, laser scanning confocal microscopy
was used to monitor the uptake of fluorescent LCFA

SYTO59 uptake reached a maximum before 30 min for both (BODIPY-C12, BODIPY-C16) and fluorescent LCFA-CoA

control L-cells and L-FABP-expressing L-cells (not shown).
SYTO59 became highly fluorescent upon binding to nucleic

(BODIPY-C16-S-S-CoA) molecules as a function of time.
The fluorescent, medium-chain-length BODIPY-C12 was

acids and essentially exclusively labeled nuclear DNA in both readily taken up by both control L-cells (Figure 7A) and

control (mock-transfected) L-cells (Figure 7B) and L-FABP-
expressing L-cells (Figure 7D). There was no significant

difference in SYTO59 uptake between the L-FABP-express-

ing cells and control L-cells. Control experiments (not

L-FABP-expressing cells (Figure 7C), shown after 15 min
incubation. In control (mock-transfected) L-cells the BO-
DIPY-C12 was primarily distributed in the cytoplasm, with
only small amounts in the dark nucleus (Figure 7A),
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FiGure 7: Laser scanning confocal microscopy of BODIPY-C12
(panel A, control L-cells; panel C, L-FABP-expressing cells) and
SYTOS59 (panel B, control L-cells; panel D, L-FABP-expressing
cells). Control L-cells and L-FABP-expressing cells were incubated

with SYTO59 (final concentration 1.26M) for 30 min in PBS at
room temperature, BODIPY-C12 (final concentration @M) was

added to the media, and 15 min later the images were taken. The

probes were excited with laser 488/568 lines. The signals from
BODIPY-C12 were collected in mixer A with a 522/D35 emission
filter, while the signals of SYTO59DNA/RNA were collected in
mixer B with a 680/32 emission filter. SYTO59 became highly

fluorescent upon binding to nucleic acids and essentially exclusively

labeled nuclear DNA in both control (mock-transfected) L-cells
(panel B) and L-FABP-expressing L-cells (panel D). In control

(mock-transfected) L-cells the BODIPY-C12 was primarily dis-

tributed in the cytoplasm, with only small amounts in the dark
nucleus (panel A). In contrast, in L-FABP-expressing cells BO-
DIPY-C12 emission was more intense, and much more BODIPY-
C12 localized in the dark nuclear region (panel C).

Biochemistry, Vol. 43, No. 9, 2002491

FiIGURE 8: Colocalization of fluorescent fatty acids (BODIPY-C12,
BODIPY-C16) and fatty acyl CoA (BODIPY-C16-S-S-CoA) with
SYTOS59 by laser scanning confocal microscopy. Representative
images are shown after 15 min incubation of cells with the
respective ligands as described in Experimental Procedures and in
the legend for Figure 4. When the simultaneously acquired BODIPY
(green) and SYTO59 (red) images were superimposed, colocalized

appearing as solid red with simultaneously acquired imagespixels were detected as yellow pixels. The yellow pixels shown

of SYTO59 in the same cells (Figure 7B). When the
simultaneously acquired BODIPY-C12 (green) and SYTO59
(red) images in control L-cells were superimposed, colocal-
ized pixels were detected as yellow pixels. When only
colocalized (yellow) pixels displayed, it was apparent that
BODIPY-C12 colocalized with the DNA binding dye
(SYTO59) primarily near the edge of DNA staining (i.e.,
nuclear envelope) with smaller amounts distributed within
the nucleoplasm (Figure 8A) of control L-cells. The colo-
calization coefficiencies were calculated to be red, Gt27
0.02 (meant SE,n = 12), and green, 0.1& 0.01 (mean

+ SE,n = 12). This suggested that, in the middle cross-
sectional plane of control L-cells, 10% of the BODIPY-C12
(medium-chain-length fatty acid) was colocalized with
SYTO59 in nuclei. Basically, control L-cells exhibited the
same pattern of distribution for the longer chain BODIPY-
C16 colocalizing with SYTO59 (Figure 8C). The colocal-
ization coefficiencies were red, 0.1#30.02 (meant SE,n
=11), and green, 0.1F 0.02 (meant SE,n = 11), which
indicated that, in the cross-sectional plane of control L-cells,
17% of the BODIPY-C16 (long-chain-length fatty acid) was
colocalized with SYTO59 in nuclei. The qualitative distribu-
tion pattern of both these BODIPY-labeled LCFAs in
L-FABP-expressing cells differed markedly from that in
control L-cells. BODIPY-C12 (Figure 7C) emission was
more intense, and much more BODIPY-C12 was localized

are when the green and red pixels were removed. It was apparent
that in control L-cells BODIPY-C12 (panel A) and BODIPY-C16
(panel C) colocalized with SYTO59 primarily near the nuclear
envelope with smaller amounts distributed within the nucleoplasm.
In L-FABP-expressing cells much more BODIPY-C12 (panel B)
and BODIPY-C16 (panel D) colocalized with SYTO59 not just
near the nuclear envelope but with large amounts distributed
throughout the nucleoplasm. In control L-cells, BODIPY-C16-S-
S-CoA and SYTO59 colocalized pixels were diffusely and bright-
punctuate distributed throughout the nucleoplasm (panel E). In
L-FABP-expressing cells the distribution of BODIPY-C16-S-S-CoA
colocalized with SYTO59 was brighter, but with similar diffusely
and bright-punctuate distributed throughout the nucleoplasm (panel

F).

in the dark nuclear region (Figure 7C), appearing as solid
red with SYTO59 (Figure 7D). This was even more apparent
when the simultaneously acquired BODIPY-C12 and SYTO-
59 images in L-FABP-expressing L-cells were superimposed
and only colocalized (yellow) pixels displayed (Figure 8B).
In L-FABP-expressing cells much more BODIPY-C12
colocalized with the DNA binding dye (SYTO59) not just
near the edge of DNA staining (i.e., nuclear envelope) but
with large amounts distributed throughout the nucleoplasm
(Figure 8B). The colocalization coefficiencies were calculated
to be red, 0.89t 0.04 (meart= SE,n = 15), and green,
0.26+ 0.03 (meant SE,n = 15). This suggested that, in
the cross-sectional plane of L-FABP-expressing L-cells, 26%
of the BODIPY-C12 was colocalized with SYTO59 in nuclei,
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severalfold higher than in control cells. In L-FABP-express- was present in the nucleus, much less the nucleoplasm vs
ing cells the colocalization coefficiencies for the longer chain nuclear envelope. However, the development of SYTO59
BODIPY-C16 (Figure 8D) were red, 0.36 0.08 (meant as a DNA binding probe clearly delineated the nuclear DNA,
SE,n =7), and green, 0.2& 0.02 (meant SE,n = 7), separate from the cytoplasm. Therefore, these characteristics
indicating that in the cross-sectional plane of L-FABP- were used to more quantitatively distinguish the distributions
expressing L-cells 28% of the BODIPY-C16 was colocalized of fluorescent LCFA (BODIPY-C12, BODIPY-C16) and
with SYTO59 in nuclei, severalfold higher than in control fluorescent LCFA-CoA (BODIPY-C16-S-S-CoA) within the
cells. nucleoplasm, nuclear envelope membranes, and cytoplasm
To determine if L-FABP expression also affected the outside the nucleus (i.e., cytoplasm plus plasma membrane).
gualitative distribution of the nonhydrolyzable BODIPY- In control L-cells, these fluorescent molecules were taken
C16-S-S-CoA within the cell, the above experiments were up nearly linearly over the 30 min incubation time, and
repeated except that BODIPY-C16-S-S-CoA uptake was intensities were distributed in the approximate order: cyto-
examined. Since colocalization of BODIPY-C16-S-S-CoA plasm> nuclear membrane nucleoplasm (Figure 9).
green pixels with the SYTO59 red pixels yields yellow With increasing incubation time, L-FABP expression
colocalized pixels, only the yellow colocalized pixels are dramatically increased the uptake of fluorescent fatty acids
shown in Figure 8E. BODIPY-C16-S-S-CoA significantly (BODIPY-C12, BODIPY-C16) into the nucleoplasm and
colocalized with SYTO59 in control L-cells. The colocal- nuclear membrane. L-FABP enhanced the distribution of the
ization coefficiencies were red, 0.0270.006 (meant SE, medium-chain BODIPY-C12 into the nucleoplasm and
n=7), and green, 0.02 0.02 (meant SE,n = 7), which nuclear membranes, but less so into cytoplasm (Figure 9,
meant that, on the cross-sectional plane of control L-cells, panels A-C). By 30 min incubation, L-FABP expression
9% of the BODIPY-C16-S-S-CoA was colocalized with increased the BODIPY-C12 uptake by 3.1-, 1.8-, and 1.2-
SYTOS59 in the nucleus. It is important to note that, in control fold into the nucleoplasm, nuclear membrane, and cytoplasm,
L-cells, the pattern of the fluorescent LCFA-CoA (i.e., respectively (Figure 9, panels-AC, and Table 1). Kinetic
BODIPY-C16-S-S-CoA) colocalization with the DNA bind-  analysis showed that L-FABP expression increased the initial
ing dye SYTO59 in the nucleus (Figure 8E) was distinct rate of BODIPY-C12 into whole cells 1.8-fold (Table 1).
from that of the corresponding fluorescent LCFA (BODIPY- However, the fold increase was not the same throughout the
C16) and SYTO59 (Figure 8C). While BODIPY-C16 colo- whole cell. The fold increase was highest for the nucleoplasm
calized with SYTO59 primarily near the nuclear envelope (4.8-fold), followed by the nuclear membrane (2.5-fold), and
(Figure 8C), very little BODIPY-C16-S-S-CoA colocalized the lowest was the cytoplasm (only 1.4-fold) (Table 1). By
with SYTO59 near the nuclear envelope (Figure 8E). Instead, 30 min incubation, L-FABP expression increased the BO-
BODIPY-C16-S-S-CoA colocalized with SYTO59 as both DIPY-C16 uptake by 7.4-, 1.7-, and 2.4-fold in the nucleo-
diffusely distributed pixels throughout the nucleoplasm and plasm, nuclear membrane, and cytoplasm, respectively
as bright-punctuate structures within the nucleoplasm (Figure (Figure 9, panels BF, and Table 1). Comparisons of the
8E). Finally, in L-FABP-expressing cells the distribution of initial rates of uptake demonstrated that L-FABP expression
BODIPY-C16-S-S-CoA colocalized with SYTO59 was increased the initial rate of BODIPY-C16 uptake into whole
brighter, but with similar diffusely and bright-punctuate cells 2.4-fold (Table 1). Again, the fold increase was not
distributed throughout the nucleoplasm (Figure 8F). The the same throughout the whole cell. The fold increase was
colocalization coefficiencies were red, 0.320.01 (mean highest for the nucleoplasm (7.3-fold), followed by the
+ SE,n = 14), and green, 0.2& 0.02 (meant SE,n = cytoplasm (2.3-fold), and the lowest was the nuclear
14), which indicated that, in the medial cross-sectional plane membrane (1.6-fold).
of L-FABP-expressing L-cells, 26% of the BODIPY-C16- L-FABP expression also increased the uptake of fluores-
S-S-CoA was colocalized with SYTO59 in nuclei, severalfold cent LCFA-CoA (BODIPY-C16-S-S-CoA) into nuclei. After
higher than in control cells. incubation with BODIPY-C16-S-S-CoA, fluorescence in-
In summary, although both fluorescent LCFAs (BODIPY- creases of L-FABP-expressing cells were more rapid and
C12, BODIPY-C16) and fluorescent LCFA-CoA (BODIPY- reached higher maximum values than in control cells,
C16-S-S-CoA) were taken up into nuclei of control L-cells, especially in the nucleoplasm and nuclear membrane. By 30
the pattern of distribution within the nuclei differed markedly. min incubation, L-FABP expression increased the BODIPY-
Qualitative analysis suggested that L-FABP expression C16-S-S-CoA uptake by 2.7-, 1.9-, and 1.3-fold in the
enhanced the uptake of both fluorescent LCFAs (BODIPY- nucleoplasm, nuclear membrane, and cytoplasm, respectively
C12, BODIPY-C16) and fluorescent LCFA-CoA (BODIPY- (Figure 9, panels Gl, and Table 1). Comparison of the 30
C16-S-S-CoA) into nuclei to dramatically alter the pattern min incubation data for BODIPY-C16 and BODIPY-C16-
of fluorescent LCFA (BODIPY-C12, BODIPY-C16) but not S-S-CoA uptake revealed that, while L-FABP similarly
fluorescent LCFA-CoA (BODIPY-C16-S-S-CoA) distribu-  enhanced their uptake into the nuclear membrane, L-FABP
tion within the nuclei. targeted the BODIPY-C16 nearly 3- and 2-fold more into
Quantitatve Analysis of the Time Course of Fluorescent the nucleoplasm and cytoplasm, respectively, than BODIPY-
Fatty Acid (BODIPY-C12, BODIPY-C16) and Fluorescent C16-S-S-CoA. Comparisons of the initial rates of uptake
Fatty Acyl CoA (BODIPY-C16-S-S-CoA) Uptake and Dis- demonstrated that L-FABP expression increased the rate of
tribution into the Nucleoplasm, Nuclear Membrane, and BODIPY-C16-S-S-CoA uptake into whole cells 1.5-fold, less
Cytoplasm: Effect of L-FABP Expressiothe LSCM than either BODIPY-16 or BODIPY-C12 (Table 1). How-
images of BODIPY-C12 in control vs L-FABP-expressing ever, the fold increase was not the same throughout the whole
cells clearly demonstrate the problem of trying to obtain cell. The fold increase in the rate of BODIPY-C16-S-S-CoA
guantitative information regarding how much BODIPY-C12 was highest for the nucleoplasm (2.5-fold), followed by the
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Ficure 9: Effect of L-FABP expression on fluorescent fatty acid [BODIPY-C12 (panetCAand BODIPY-C16 (panels BF)] and
nonhydrolyzable fatty acyl CoA [BODIPY-C16-S-S-CoA (panels-Kg uptake and distribution: L-FABP-expressing (open circles) and
control L-cells (filled circles). Data presented are fluorescence intensity (au) @& n = 7—22) in the nucleoplasm (panels A, D, and
G), nuclear membrane (panels B, E, and H), and cytoplasm plus plasma membrane (panels C, F, and I).

Table 1: Effect of L-FABP Expression on Intracellular Distribution of Fluorescent LCFA-CoA and BCFA

initial rate of uptake fold increase in
(fluorescence intensity units/min, meanSE) total uptake at
control L-cell L-FABP-overexpressing L-cell fold increase 30 min time point
BODIPY-C12
nucleoplasm 7094 (h=12) 3380+ 312*** (n=19) 4.8 3.1
nuclear membrane 1540116 h=12) 3906+ 286*** (n=19) 25 1.8
cytoplasm 702Gt 839 h=12) 10148+ 556** (n = 19) 14 1.2
whole cell 9254+ 921 = 12) 16867+ 869*** (n= 19) 1.8
BODIPY-C16
nucleoplasm 20433 (n=9) 1488+ 99*** (n=7) 7.3 7.4
nuclear membrane 1088129 h=9) 1643+ 78** (n=7) 1.6 17
cytoplasm 225@: 233 (=9) 5182+ 407*** (n=7) 2.3 2.4
whole cell 3463t 289 h=19) 8312+ 425*** (n=7) 24
BODIPY-C16-S-S-CoA
nucleoplasm 720 (n=28) 174+ 20** (n= 22) 25 2.7
nuclear membrane 11813 (h=38) 217+ 17* (n=22) 1.8 1.9
cytoplasm 510Gt 67 (h=8) 636+ 54 (h=22) 1.2 1.3
whole cell 690+ 84 (= 18) 1022+ 70* (n= 22) 15

aValues are in arbitrary intensity units and represent the rde&8&. The number of cells) is given in parentheses. These values are significantly
different from control L-cells: *p < 0.05; **, p < 0.01; ***, p < 0.001.

nuclear membrane (1.8-fold), and there was no significant BODIPY-C12, during the entire 30 min incubation time
difference for the cytoplasm. period, the percent distribution in the nucleoplasm and
To confirm the suggestion, made by these data, that nuclear membrane was always higher in L-FABP-expressing
L-FABP preferentially enhanced the distribution of the cells, at the expense of the percent distributed in the
LCFAs and LCFA-CoA (BODIPY-C16-S-S-CoA) into the  cytoplasm (Figure 10AC). For the experiment with BO-
nucleoplasm and nuclear membranes, the results in FigureDIPY-C16, during the entire 30 min, compared with the
9 were presented as percent distribution (Figure 10). For control cells, the percent distributions in L-FABP-expressing
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Ficure 10: Effect of L-FABP expression on percent distribution of fluorescent fatty acids [BODIPY-C12 (pand€l3 and BODIPY-

C16 (panels B-F)] and nonhydrolyzable fatty acyl CoA [BODIPY-C16-S-S-CoA (panelslybinto L-cell subcellular compartments:
L-FABP-expressing (open circles) and control L-cells (filled circles). Data presented are percent fluorescence intensity $gan-

7—22) in the nucleoplasm (panels A, D, and G), nuclear membrane (panels B, E, and H), and cytoplasm plus plasma membrane (panels C,
F, and I).

cells were higher in the nucleoplasm, at the expense of lower16 carbons long) represented about 20% of the total while
levels in the nuclear envelope membranes and similar levelsthe long-chain fatty acids comprised the remainder. The most
in the cytoplasm (Figure 10, panelsiB). For the experi- ~ common medium- and long-chain fatty acids were 16 and
ment with BODIPY-C16-S-S-CoA, comparison with the 18 carbons long. At least half of the total esterified LCFASs
control cells showed that the percent distribution in L-FABP- in the major serum lipid (i.e., phospholipids) were saturated
expressing cells was higher in the nucleoplasm, about thefatty acids, while the cholesteryl esters and triacylglycerides
same in the nuclear membrane, and at the expense of thevere more enriched in unsaturated LCFAs (Table 2).
cytoplasm (Figure 106l). In the absence of LCFA in the cell culture medium,
In summary, while L-FABP clearly enhanced the uptake L-FABP expression significantly increased the total endog-
of all three probes into the nucleoplasm, nuclear membrane,enous LCFA-CoA pool mass (pmol/mg of protein) by 21%
and cytoplasm, in terms of preference L-FABP was particu- (p < 0.05) (Figure 11A, total). Furthermore, when individual
larly selective with regard to increasing the percent distribu- LCFA-CoAs were resolved by HPLC, L-FABP expression
tion of LCFAs (BODIPY-C12, BODIPY-C16) and LCFA-  selectively increased the mass of several LCFA-CoAs: C16:
CoA (BODIPY-C16-S-S-CoA) into the nucleoplasm and, in 1-, C18:0-, C18:1-, and C18:3-CoA (Figure 10A).
the case of the medium-chain-length LCFA (BODIPY-C12),  As compared to cells grown without LCFA in the medium,
also into the nuclear membrane. when cells were cultured in medium supplemented with
Effect of L-FABP Expression on Endogenous LCFA-CoA linoleic acid (C18:2), the total LCFA-CoA mass was
Pool Size and Endogenous LCFA-CoA Acyl Chain Composi-increased by 2.4-fold from 19 to 45 pmol/mg of protein
tion. To resolve whether L-FABP expression increases the (Figure 11B vs Figure 11A, total open bars). Furthermore,
LCFA-CoA pool size in L-cell fibroblasts, cells were cultured the culture with C18:2 selectively enriched the LCFA-CoA
for 2 days in Higuchi medium with three different supple- pool mass by 30% for C18:2-CoA and by 2.5-fold for C18:
ments: (i) BSA plus no LCFA, (ii) BSA plus linoleic acid;  0-CoA plus C18:1-CoA plus C18:2-CoA plus C18:3-CoA
(iif) 10% fetal bovine serum. Fetal bovine serum contains (Figure 11B vs Figure 11A). L-FABP overexpression did
not only small amounts of unesterified LCFA bound to not further increase the total LCFA-CoA pool mass in cells
albumin but also large quantities esterified to phospholipids cultured with medium supplemented with linoleic acid
(280 nmol/mg of protein), cholesteryl ester (136 nmol/mg (Figure 11B). However, HPLC analysis of individual LCFA-
of protein), and triacylglyceride (13 nmol/mg of protein) CoAs revealed that L-FABP expression elicited significant
(Table 2). The medium-chain-length fatty acids (i.e.;-14 changes in the types of acyl groups within the LCFA-CoA
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Table 2: Fetal Bovine Serum Phospholipid, Cholesteryl Ester, and 30 1

Triacylglyceride Fatty Acid Mass and Composition and Fatty Acid [ 1LCoA

Ratiog 251 | s L1 CoA *
mass (nmol/mg of protein) 20 1 =

cholesteryl triacyl- 15 -
fatty acid phospholipid ester glyceride 10 >

14:0 ND 1.594+0.18 ND =

14:1 n-5 ND 1.15+ 0.08 ND 5 ok

16:0 52.76+3.93 17.52-1.33 1.57+0.26 = i = -

16:1n-7 119019  822£0.85 ND I -

18:0 74.35+-3.92 4.46+ 0.52 0.98+ 0.01 g

18:1 n-9 52.23t 3.37 40.08t 3.85 2.494+-0.39 o 501

18:1 n-6 2475 1.37 18.66t£1.75 1.46+0.25 § ‘I’

18:2 n-6 576:0.57  17.13:1.71 1.190.15 g 40

18:3n-6 ND 0.3 0.05 ND & 4

20:0 0.73+ 0.06 0.71+ 0.09 ND s

20:1 3.39£0.24 ND ND &) 20

20:1 n-7 2.04+0.11 0.55+ 0.04 ND E

20:2 n-6 373025  1.31+0.13  1.25+0.07 o 101

20:3n-6 9.72£0.49  1.38+0.21 ND — 01 -

20:4 n-6 ND 18.32£ 2.10 2.5+0.3

22:0 19.31+1.12 ND ND 30

22:1n-7 0.28t 0.05 0.27+ 0.03 ND

24:0 0.49+ 0.04 1.13+0.16 0.33+ 0.06 T

22:4 n-6 4.44+ 0.32 0.53+ 0.02 0.66+ 0.05 20 -

24:1n-9 13.36£ 0.66  0.784+ 0.08 ND

22:6 n-3 11.09t 0.66  1.95+ 0.29 0.47+ 0.05

saturated/protein 147.685.66 25.40+1.45 2.88+0.29 10 -

unsaturated/protein  134.593.87 110.63+5.11 10.02+ 0.58 Y

MUFA/protein 98.48+3.71 69.70+4.32 3.95+ 0.46

PUFA/protein 3611 1.09 40.93t2.74 6.07+0.35 0 _ﬂ-g_ﬂlﬂl_mﬂi_gt_

ratios (nmol/nmol

earaiot | 0914004 4365032 3485040 16:0 161 180 181 182 183 20:0 Total
saturated LC-FA CoA
PUFA/MUFA 0.37+£0.02 0.59+ 0.05 1.544+ 0.2

aValues represent the meattsstandard errom = 3—6.

pool: decreased mass (Figure 11B) of C16:0-CoA and C20:
0-CoA.

Finally, when cells were cultured in medium supplemented
with 10% fetal bovine serum and analyzed by HPLC, the
total LCFA-CoA mass was increased 1.2-fold from 19 to
23 pmol/mg of protein (Figure 11C vs Figure 11A, total open
bars). L-FABP expression did not significantly increase the
total LCFA-CoA pool mass (Figure 11C). However, HPLC
analysis of individual LCFA-CoAs revealed that L-FABP

Ficure 11: Effect of L-FABP expression on LCFA-CoA pool size

in L-cells cultured in the absence of fatty acid (panel A), in L-cells
cultured in the presence of linoleic acid (C18:2) (panel B), and in
L-cells cultured in the presence of 10% fetal bovine serum (panel
C). The cell culture media were changed to the corresponding media
1 day before the data collection. The LCFA-CoAs were extracted
from the cells (with added internal standard) by solid-phase
extraction, converted to fluorescent analogue etheno CoAs, and
quantitated by HPLC as described in Experimental Procedures.
Key: L-FABP-expressing (filled columns) and control L-cells (open
columns). Data presented are the meéaSE,n = 5. The asterisks
indicate a significant difference from control L-cells by Student’s
t-test (*,p < 0.05; **, p < 0.01).

and cytoplasm plus plasma membrane were all higher than

expression significantly increased the mass (Figure 11C) of BODIPY-C12 due to higher uptake. Furthermore, L-FABP

C18:0-CoA.
In summary, L-FABP expression increased the total

expression increased the calculated concentrations of BO-
DIPY-C16 in the nucleoplasm, whole nucleus, and cytoplasm

LCFA-CoA pool mass only when the cells were cultured in plus plasma membrane as compared to control L-cells.
the absence of LCFA in the medium. However, under all Finally, the concentrations of BODIPY-C16-S-S-CoA in the
conditions examined, L-FABP expression exerted subtle but different subcellular compartments were all much lower (i.e.,
significant effects on the acyl chain distribution within the in the nanomolar range) than those of the respective
LCFA-CoA pool. BODIPY-C16 or BODIPY-C12 (Table 3). L-FABP overex-
Estimated Concentrations of Fluorescent Long-Chain Pression significantly increased BODIPY-C16-S-S-CoA con-
Fatty Acids and Fatty Acyl CoAs in Nuclei ofvrig Cells. centrations in the nupleoplasm and thle nucleus by 2.7-
L-FABP-expressing and control L-cells were incubated with @nd 2.2-fold, respectively, while levels in cytoplasm plus
BODIPY-C12, BODIPY-C16, or BODIPY-C16-S-S-CoA plasma membrane were not significantly altered (Table 3).
(final concentration 0.1M) for 30 min. The concentration
of these fluorescent molecules (Table 3) in control and DISCUSSION
L-FABP-expressing L-cells was calculated as described in A broad range of studies performed in vitro, in transfected
Experimental Procedures. The concentrations of BODIPY- cells, and in animals indicate that fatty acids (LCFAs) and
C12 in the nucleoplasm and the whole nucleus of L-FABP- their acyl CoA derivatives (LCFA-C0oAs) may be important
expressing L-cells were significantly higher than in control physiological regulators of nuclear receptors, especially
L-cells (p < 0.01, Student's-test). The calculated concentra- PPARx (reviewed in refs2 and 37—41) and HNF4x
tions of BODIPY-C16 in the nucleoplasm, whole nucleus, (reviewed in ref$ and12). PPARx regulates the transcrip-
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Table 3: Effect of L-FABP Expression on Cellular Concentration of Fluorescent LCFA-CoAs and BCFAs

concentrationgM)
control L-cells L-FABP-expressing L-cells
cytoplasm+ cytoplasn+
nucleoplasm whole nucleus plasma membrane nucleoplasm whole nucleusplasma membrane
BODIPY-C12  0.03% 0.005 0.319+ 0.044 0.542t+ 0.075 0.12% 0.016** 0.702+ 0.097**  0.650+ 0.090
(n=12) h=12) h=12) (h=19) (h=19) (h=19)
BODIPY-C16  0.068+ 0.010 1.46+0.21 0.98+0.14 0.50+ 0.07** 3.94+ 0.57** 2.354+0.34 **
(n=9) n=9) n=9) n=7) n=7) n=7
BODIPY-C16- (3.26+0.39)x 102 0.0229+ 0.0027 0.0373:0.0045  (8.8- 1.1)x 10°%* 0.0504 + 0.0059* 0.0485+ 0.0059
S-S-CoA 0=28) (n=28) (n=28) (n=22) (h=22) (h=22)

aConcentrations were calculated as described in Experimental Procedures. The data represeat3ge@hs**: significantly different from

the control L-cellsp < 0.01, Student’s-test.

tion of multiple genes involved in fatty acid uptaké?j,
fatty acid oxidation 43), and signaling44) and may play a
role in obesity and lipid disorder89, 45, 46). PPARx gene
ablation results in abnormal LCFA oxidation, altered serum
lipoprotein patterns, obesity, and steatogig—<{51). With
regard to HNF4&, a cDNA microarray %2) and other
analyses (reviewed in rdfl) have shown that nearly half of
the classified genes upregulated by HNFare involved in
LCFA, bile acid, and glucose metabolis®i{-56). Condi-
tional HNF4 gene ablation in liver decreases expression
of genes involved in VLDL secretion (apoCllil, apoCll, apoB,
microsomal triglyceride transfer protein), lowers serum
VLDL level, decreases serum triglyceride and cholesterol,
and induces lipid accumulation in liveB); In humans,
mutations in HNF& cause maturity-onset diabetes of the
young (MODY-1), characterized by impaired triacylglycerol

volumes of the respective compartments, were used to
calculate the molar concentration of L-FABP as described
in Experimental Procedures, the level of L-FABP in the
nucleus (43.2+ 2.2 uM) was only slightly lower than in
the cytoplasm (51.4 1.5uM). In tissues active in LCFA
metabolism (i.e., liver, heart, adipose) FABPs represent
2—5% of the cytosolic protein (0-21.0 mM), such that
L-FABP concentrations in liver cells, for example, are 200
400 uM (15, 60). Since L-FABP accounts for 0.4% of the
soluble protein in L-FABP-expressing L-cells, the cytoplas-
mic concentration of L-FABP near 54M was in the
expected range. These data presented herein for the first time
provide direct evidence that L-FABP is present in nuclei at
concentrations similar to those in the cytoplasm. However,
the distributions of L-FABP in these compartments differed
markedly, diffuse in cytoplasm vs intensely staining struc-

metabolism and insulin secretion and significantly reduced tures within the nucleoplasm and less at the nuclear envelope.

serum levels of apoClll, apoAll, Ip(a), and triacylglycerol

Second, it was shown that in L-FABP-expressing cells a

(57-59). Nevertheless, despite the importance of LCFAs and small portion of L-FABP was colocalized with PPAR

LCFA-CoAs in regulating the transcriptional activity of
PPARx and HNF4 mediating these physiological effects,

PPARy, and less so L-FABP, was most highly distributed
in the nucleus near the nuclear envelope and also in bright

almost nothing is known regarding the presence of theseareas possibly reflecting nucleoli. In the middle cross-
ligands in the nucleus, the distribution of these ligands within sectional plane of L-FABP-expressing L-cells, approximately
the nucleus (nucleoplasm versus nuclear envelope), and30% of PPARx and 23% of the L-FABP were colocalized,
factors regulating the distribution of these ligands to these primarily in nuclei. Thus, although L-cells are a transformed
nuclear compartments. The work presented herein makescell line (61-63), L-FABP and PPAR distributed in
several important contributions that begin to address thesetransfected L-cells in patterns similar to those observed in
questions. normal cells and tissues. Consistent with the possibility that
First, immunofluorescence imaging demonstrated that in L-FABP binds to PPAR in the nucleus, both pull-down
L-FABP-expressing cells the L-FABP was present in nuclei. assay and immunocoprecipitation demonstrate that L-FABP
Intense staining of L-FABP was best obtained in the interacts directly with PPAR (18). In addition, a mammalian
nucleoplasm when cells were labeled with a single antibody, two-hybrid system confirmed that L-FABP interacted with
i.e., anti-L-FABP (Figure 2A). Nuclear staining with anti- PPARx (and PPAR but not with PPAR) by protein-
L-FABP appeared less intense in dual immunolabeled cells, protein contacts1@). The data presented herein for the first
i.e., anti-L-FABP and anti-PPAdR (Figure 3C), because time provide direct evidence that L-FABP and PRAR
L-FABP-expressing cells contained much less PBARan colocalize in the nucleus, both near the nuclear envelope and
L-FABP, thereby requiring adjustment in the relative propor- in punctate areas resembling nucleoli, in L-FABP-expressing
tions of anti-L-FABP antibody used. The detection of L-cells.
L-FABP within nuclei was consistent with earlier reports  Third, the use of the DNA binding dye SYTO59 for the
demonstrating the presence of L-FABP in isolated nuclei first time allowed clear demonstration that LCFAs are present
purified by cellular subfractionatior3g), in immunogold- in the nucleoplasm as compared to the nuclear envelope
labeled liver hepatocyte8?), and in immunofluorescence- membrane region of living cells. Studies with nuclei isolated
labeled transfected embryonic stem cells expressing L-FABP by subcellular fractionation do not distinguish this possibility
(33). On the basis of total intensities of L-FABP-expressing and, furthermore, are potentially complicated by LCFA
cells immunostained only with anti-L-FABP antibody, on redistribution or lipolytic release during subcellular frac-
the middle cross section, the nucleus contained about 25%tionation @0, 64—66). Likewise, while an earlier LSCM
of total L-FABP, qualitatively consistent with earlier reports report from this laboratory showed that LCFAs appeared in
(32, 33). When these intensities, along with estimated nuclei, the lack of a nuclear DNA marker precluded accurate
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discrimination of LCFAs present in the nuclear envelope of BODIPY-C16-S-S-CoA with that of naturally occurring

versus those localized in the nucleoplasi®)( The work

metabolizable LCFA-CoAs in living cells. To date, the only

presented herein addressed the issue through use of nonhyeomparisons that can be made are with purified rat liver

drolyzable or poorly metabolizable fluorescent LCFAs (BO-
DIPY-C12 and BODIPY-C16)X9) and SYTO59, a DNA

nuclei, whose LCFA-CoA content was 0.32 nmol/g wet
weight 68). It was reported that the total LCFA-CoOA

binding probe that clearly demarcated the nucleoplasm in concentration of rat liver cells ranges from 15 to 83 nmol/g

LSCM images of living L-cells. In nuclei from control cells,
both LCFAs distributed primarily to nuclear envelope
membranes (1830% of total LCFA taken up), 34-fold
more than to the nucleoplasm-9% of total taken up). The
L-cell fibroblasts contain no detectable L-FABP and very
little other cytosolic proteins capable of binding LCFAs
(reviewed in refsl5 and 67). Thus, these data show that

wet weight (reviewed in ref$7 and 69). Therefore, the
purified rat liver nuclei contain only 0.392% of total
metabolizable LCFA-CoA. The purified nuclei data would
suggest that either (i) BODIPY-C16-S-S-CoA poorly reflects
the distribution of LCFA-COA in the nucleus or (ii) LCFA-
CoA is significantly degraded (hydrolyzed, transesterified)
or lost (e.g., by redistribution to other organelles) during

although exogenous LCFAs are taken up into the nuclearisolation of nuclei from rat liver. Consistent with the latter
envelope region, they are weakly internalized into the possibility, about 5% of the radiolabeled poorly metaboliz-
nucleoplasm. Nucleoplasmic concentrations of BODIPY- able LCFA-CoA ([1#C]tetradecylthioacetyl-CoA) was re-
C12, BODIPY-C16, and endogenous LCFA (assuming the tained in purified rat liver nuclei as compared to whole liver.
endogenous LCFA has the same distribution as the fluores-Although these represent only limited comparisons, the data

cent analogues) were estimated at 0.04, 0.07, and/ViZ2

suggest that BODIPY-C16-S-S-CoA distribution to nuclei

These concentrations are well within the range of affinities has relevance to that of naturally occurring LCFA-C0AS,

of PPARu for LCFAs (6) but not of HNF4x, which has weak
affinity for LCFAs (11, 12).

Fourth, for the first time LCFA-CoA was directly visual-
ized in nuclei of living cells. After 30 min uptake, on the

representing an equilibrium or maximal distribution in the
absence of competition from degradation by hydrolysis and
transesterification to other lipids.

Fifth, L-FABP enhanced the uptake and selective distribu-

middle cross-sectional plane, about 8% and 16% of BO- tion of fluorescent LCFA into nucleoplasm and nuclear
DIPY-C16-S-S-CoA was distributed to the nucleoplasm and envelope membranes of L-FABP-expressing L-cells. L-
nuclear membrane, respectively. The use of the DNA binding FABP had high affinity for BODIPY-C12K; = 10.1+ 2.5
dye SYTO59 and real-time LSCM imaging demonstrated for nM) and BODIPY-C16 Ki = 20.7 &+ 1.5 nM) in the same
the first time that LCFA-CoA in nuclei is nearly evenly range as that for other LCFAs (reviewed in ). L-FABP
distributed to the nucleoplasm (305% of total LCFA-CoA expression (0.4% of cytosolic protein) increases the total
taken up) as compared to the nuclear envelope membrand CFA binding capacity of L-cell cytoplasm by nearly 4-fold
region (16-15% of total taken up) in control L-cells. Studies (22). Although L-cells contain low levels of endogenous
with nuclei isolated by subcellular fractionation do not FABP (0.12% of cytosolic protein) that does not cross-react
distinguish this possibility. Thus, the distribution of LCFA- with antisera to L-FABP, L-FABP expression does not alter
CoA within the nuclei differed markedly from that of LCFA.  endogenous FABP expression in the transfected c28s (
While LCFA-CoA was primarily punctate in the nucleo- SYTOS59, a fluorescent DNA stain, was used to show that
plasm, LCFA was diffusely distributed through the nucleo- L-FABP expression quantitatively and selectively severalfold
plasm. These data suggest that the nucleoplasm contains morenhanced the uptake of fluorescent LCFAs (BODIPY-C12,
LCFA-CoA than LCFA binding sites, possibly reflecting the BODIPY-C16) into nucleoplasm, in the case of BODIPY-
specificity of nuclear binding proteins. Nucleoplasmic con- C16 by nearly an order of magnitude. Several lines of
centrations of BODIPY-C16-S-S-CoA and endogenous LCFA- evidence support the possibility that L-FABP enhances
CoA (assuming the endogenous LCFA-CoA has the sametransport of LCFA to the nucleus and into the nucleoplasm:
distribution as the fluorescent analogues) were estimated af(i) L-FABP is sufficiently small (14 kDa) to pass through
3.3 and 3.1 nM. These concentrations are well within the nuclear pores and was detected in nucleoplasm of L-FABP-
range of affinities of HNF4 (11, 12) and PPAR (8, 9) for expressing cells (see above and 8§ (32). (ii) L-FABP
LCFA-CoAs. has two LCFA binding sites, with the high-affinity binding

It is important to consider whether the distribution of the site exhibitingKgs as low as 818 nM for LCFAs (L6).
BODIPY-S-S-CoA to nuclei reflects that of naturally oc- These affinities are well within the range of the affinities
curring LCFA-CoA. The hydrolyzable, naturally occurring reported for PPAR binding LCFAs 6) and nuclear LCFA
LCFA-CoAs all are very rapidly metabolized, are subject to concentrations19). (i) L-FABP increases the diffusion of
the action of hydrolases, redistribute among different or- naturally occurring and synthetic fluorescent LCFAs in the
ganelles during subcellular fractionation, and preclude cytoplasm 15, 70, 71). (iv) In vitro studies show that
discrimination of LCFA-CoAs localized to the nuclear L-FABP containing bound LCFA, but not unliganded L-
membranes vs nucleoplasm. Since naturally occurring, FABP, cotransports LCFA to isolated nucléDj. These data
metabolizable LCFA-CoAs are not fluorescent, it is not suggest that L-FABP/LCFA complexes, but not free LCFASs,
possible to image their distribution in nuclei in real time in  cotransport bound LCFA to highly purified nuclei isolated
living cells. In contrast, incubation of the nonhydrolyzable by subcellular fractionation6Q).
BODIPY-C16-S-S-CoA with L-cells for 30 min resulted in Sixth, L-FABP expression also severalfold enhanced the
2.1% of the BODIPY-C16-S-S-CoA fluorescence distributed uptake and selective distribution of BODIPY-C16-S-S-CoA
to nucleoplasm and 17.4% in the nuclear membrane (totalinto the nucleoplasm. L-FABP is known to bind two LCFA-
of 20% in the whole nucleus) in real time in living cells. A CoAs (at the same sites as LCFAQ)). Although early
priori, it is not possible to directly compare the distribution LCFA-CoA radioligand binding studies suggested that L-
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FABP has only weak affinity (micromolakys) (reviewed

Huang et al.

in the nucleoplasm and nuclear membrane of living cells.

in ref 15), subsequent fluorescence binding assays demon-Thus, earlier suggestions regarding the presence of LCFA-

strated that the L-FABP high-affinity binding site exhibits
Kgs as low as 810 nM for LCFA-CoAs (L6), well within

the range of nuclear LCFA-CoA levels (Table 3 and#&f
(73) and affinities reported for PPARbinding LCFA-CoAs

(8, 9) or HNF4o. (12) binding LCFA-CoAs (2). Although

it is not known whether L-FABP enhances intracellular
transport/diffusion of LCFA-CoAs, the present data dem-
onstrate that L-FABP enhances targeting of LCFA-CoA to
the nucleus, specifically into the nucleoplasm therein.

CoAs 68) and unesterified LCFA in nuclei (isolated by
subcellular fractionation) were not simply due to artifacts
of nuclear isolation or hydrolytic cleavage of esterified lipids
to release LCFAsG4, 79, 80). The 23-30% colocalization

of L-FABP and PPAR as well as L-FABP-mediated
enhancement of LCFA-CoA as well as LCFA targeting to
nuclei, especially nucleoplasm, suggested that L-FABP may
serve to shuttle LCFAs and LCFA-CoAs to and/or into the
nucleus for donating the ligands to PPARThe fatty acid

Seventh, L-FABP expression increased the size of the shuttling function of L-FABP could be similar to that of

endogenous LCFA-CoA pool as well as the acyl chain length
distribution of the LCFA-CoAs. The L-FABP high-affinity
binding site exhibitsKys as low as 810 nM for LCFA-
CoAs (1L6), and L-FABP overexpression increased the LCFA-
CoA pool size by nearly 20%. Similarly, acyl CoA binding
protein (ACBP) binds LCFA-CoA with even higher affinity
(0.6—-4 nM Kgs) (72, 74, 75) and, when overexpressed in
yeast, increased by nearly 2-fold the LCFA-CoA pool size
as well as altered the LCFA-CoA acyl chain distributi@é)(
While it is not known whether ACBP expression enhances
LCFA-CoA targeting to nuclei, the data presented herein
clearly showed that L-FABP enhanced LCFA-CoA distribu-
tion to the nucleus, especially nucleoplasm.

Although the total lengths of the BODIPY-C12 and
BODIPY-C16 fatty acid probe molecules (Figure 1) were
well within those of the naturally occurring LCFAs occurring
in serum (Table 2), extraction and HPLC analysis showed
that L-FABP expression affected endogenous total LCFA-

CoA levels (Figure 11) less than that obtained by measuring

the distribution of BODIPY-C16-S-S-CoA determined by

confocal imaging (Figure 9). These differences may be
explained on the basis of two effects: (i) The extraction and
HPLC analysis were performed on whole cells. In contrast,
the confocal imaging of BODIPY-C16-S-S-CoA was per-

formed on subcellular compartments to show that L-FABP
expression had a large effect on BODIPY-C16-S-S-CoA

accumulation in the nucleoplasm and nuclear membranes

(Figure 9G,H). The effect of L-FABP expression on BO-
DIPY-C16-S-S-CoA distribution to cytoplasm plus plasma
membrane was much smaller (Figure 9I). When taken
together for the whole cell image, this suggested that L-FABP
had a greater effect on redistribution of BODIPY-C16-S-S-
CoA within cells (Figure 9, Table 1) than on determining
the absolute LCFA-CoA level in the cell (Figure 11). (i)
L-FABP enhances the utilization of naturally occurring
LCFA-CoA by fatty acyl CoA acyltransferased5, 77).
Since BODIPY-C16-S-S-CoA is not metabolizable, L-FABP

cannot enhance its transacylation. This would suggest that

L-FABP increased BODIPY-C16-S-S-CoA uptake and re-
distribution within the cell independent of factors that would
lower LCFA-COoA levels (i.e., BODIPY-C16-S-S-CoA was
not metabolized). In contrast, while L-FABP does not
enhance LCFA-CoA formatiorv@), it does enhance transa-
cylation of naturally occurring LCFA-C0ASLE, 22, 77).
Therefore, the magnitude of the effect of L-FABP on the
cellular total level of a nonmetabolizable LCFA-CoA (e.g.,
BODIPY-C16-S-S-CoA) was expected to differ from that
on metabolizable LCFA-CoAs.

In summary, the results presented herein for the first time
demonstrated that LCFA-Co0A, as well as LCFA, is localized

CRBP, which shares structural homology with L-FABP, and
CTBP @1). Since L-FABP expression is regulated by fatty
acid-induced PPAR transcriptional activity 1), L-FABP
may also regulate its own transcription by enhancing LCFA
and/or LCFA-CoA targeting to the nucleus. Thus, by altering
the distribution of intracellular LCFAs and LCFA-CoAs to
the nucleus, L-FABP may therein affect transcription of many
genes involved in LCFA metabolism. Furthermore, it is
important to note that L-FABP may also provide a specific
pool of LCFAs and LCFA-CoAs for nuclear utilization to
modify the activity of certain nuclear enzymes, including
DNA nucleotidase and DNA-dependent RNA polymerase
(60) as well as DNA polymerases8%) and DNA topo-
isomerase |83, 84). Taken together, these data suggest that,
by regulating the distribution of fatty acids and acyl CoAs
to the nucleus, L-FABP may modulate the activities of LCFA
and LCFA-CoA sensitive enzymes and transcription factors
therein.
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