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Abstract Microsomal triglyceride transfer protein (MTP)
is critical for the assembly and secretion of apolipoprotein
B (apoB) lipoproteins. Its activity is classically measured by
incubating purified MTP or cellular homogenates with do-
nor vesicles containing radiolabeled lipids, precipitating the
donor vesicles, and measuring the radioactivity transferred
to acceptor vesicles. Here, we describe a simple, rapid, and
sensitive fluorescence assay for MTP. In this assay, purified
MTP or cellular homogenates are incubated with small uni-
lamellar donor vesicles containing quenched fluorescent
lipids (triacylglycerols, cholesteryl esters, and phospholipids)
and different types of acceptor vesicles made up of phos-
phatidylcholine or phosphatidylcholine and triacylglycerols.
Increases in fluorescence attributable to MTP-mediated
lipid transfer are measured after 30 min. MTP’s lipid trans-
fer activity could be assayed using apoB lipoproteins but
not with high density lipoproteins as acceptors. The assay
was used to measure MTP activity in cell and tissue homoge-
nates. Furthermore, the assay was useful in studying the in-
hibition of the cellular as well as purified MTP by its antago-
nists.fl This new method is amenable to automation
and can be easily adopted for large-scale, high-throughput
screening.—Athar, H., J. Igbal, X-C. Jiang, and M. M. Hus-
sain. A simple, rapid, and sensitive fluorescence assay for
microsomal triglyceride transfer protein. J. Lipid Res. 2004.
45: 764-772.
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Microsomal triglyceride transfer protein (MTP) is a
dedicated chaperone that is required for the assembly of
apolipoprotein B (apoB) lipoproteins [for reviews, see
refs. (1-6)]. It is believed that MTP transfers lipids to na-
scent apoB in the endoplasmic reticulum and renders it
secretion-competent by forming primordial lipoprotein
particles [for reviews, see refs. (1-9)]. The importance of
MTP’s lipid transfer activity in apoB secretion has been es-
tablished by three independent approaches. First, muta-
tions in MTP have been correlated with the absence of
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apoB lipoproteins in abetalipoproteinemia (10, 11). Sec-
ond, antagonists that inhibit MTP’s lipid transfer activity
in vitro have been shown to decrease apoB secretion in
vivo (12-14). Third, the coexpression of MTP with apoB
has been demonstrated to facilitate apoB secretion in cells
that do not express apoB and MTP (15, 16). In addition to
its lipid transfer activity, MTP is known to physically inter-
act with apoB [for reviews, see refs. (1, 2)]. Recently, MTP
was implicated in the import of triacylglycerols (TAGs)
from cytosol to the lumen of the endoplasmic reticulum
(17-19). Thus, it appears that MTP is a multifunctional
protein (2) that plays a crucial role in the transport of
TAG within intracellular organelles and in its secretion
out of the cells.

MTP was identified and purified by Wetterau and Zil-
versmit (20, 21) based on a radioisotope assay. In this
assay, radiolabeled TAGs are incorporated into donor
vesicles consisting of phosphatidylcholine (PC) and car-
diolipin. These vesicles are incubated with acceptor vesi-
cles in the presence of MTP. After 1-3 h of incubation, the
cardiolipin-containing donor vesicles are allowed to bind
to DE52 and removed by centrifugation. Radioactivity re-
maining in the supernatant is quantified by scintillation
counting. This procedure is labor-intensive and time-con-
suming. Negatively charged lipids, such as cardiolipin, are
known to inhibit the lipid transfer activity of MTP (22).
Because of the multiple steps involved in this procedure,
it is difficult to automate. Thus, it might be advantageous
to have a simple, one-step procedure to measure MTP ac-
tivity.

Several pharmaceutical companies have identified an-
tagonists that inhibit MTP activity (12-14, 23). A general
approach taken by these companies was to identify com-
pounds that decrease apoB secretion by HepG2 cells and
then to determine their ability to inhibit MTP activity [for
reviews, see refs. (3, 23)]. The primary screening involv-
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transfer protein; TAG, triacylglycerol.
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ing the inhibition of apoB secretion might have been at-
tributable to the difficulties involved in evaluating large
numbers of compounds for MTP inhibition using a multi-
step radioactive assay (20, 21). This two-step screening has
resulted in the identification of compounds that inhibit
MTP activity and decrease apoB secretion. Surprisingly,
different compounds identified by various companies are
structurally very similar (23). Unfortunately, these com-
pounds cause significant accumulation of TAG in cells.
Could this be the result of the selection of compounds
that are potent inhibitors of apoB secretion? Is it possible
to identify compounds that inhibit MTP activity but that
have a partial effect on lipoprotein secretion? For this pur-
pose, it might be desirable to develop methods that can
screen compounds primarily for their ability to inhibit the
lipid transfer activity of MTP. Here, we describe a simple,
rapid, and sensitive method to assay MTP activity that is
amenable to automation and high-throughput screening.

MATERIALS AND METHODS

Materials

MTP was purified from bovine liver using the radioactivity as-
say (20, 21) and has been used previously (24-29). PC and TAG
were from Avanti Lipids (Alabaster, AL). Fluorescence (ni-
trobenzoxadiazole)-labeled TAG was from Molecular Probes
(Eugene, OR). Vesicles containing fluorescence-labeled choles-
teryl ester (CE) and phospholipid (PL) were from Roar Biomed-
ical, Inc. (New York, NY) and Cardiovascular Target, Inc. (New
York, NY), respectively. Isopropanol and other chemicals were
from Sigma Chemical Co. (St. Louis, MO). Acceptor vesicles
were prepared as described by Wetterau and associates (20, 21,
30-32). Donor vesicles were also prepared according to their
procedure except that cardiolipin was omitted and radiolabeled
TAGs were replaced with fluorescence-labeled TAGs. Known
amounts of fluorescent lipids were diluted in isopropanol to gen-
erate a standard curve, and amounts of labeled lipids in vesicles
were determined after their disruption with isopropanol. The
amounts of triolein in vesicles were quantified by a colorimetric
assay (Infinity™ Triglyceride Reagent Kit; Sigma). The MTP
inhibitor BMS200150 (diphenyl-propyl-piperidinyl-dihydroiso-
indole) has been described (12) and was a kind gift from Dr.
Haris Jamil of Bristol-Myers Squibb (Princeton, NJ).

Transfer assay

The assay was done in Microfluor® 2 Black “U” Bottom Micro-
titer® plates (Thermo Labsystems, Franklin, MA). To the wells,
we added 3 pl of donor (450 nmol of PC and 14 nmol of TAG
per milliliter), 3 wl of acceptor (2,400 nmol PC/ml) vesicles, 10 .l
of 10 mM Tris-HCI buffer, pH 7.4, 2 mM EDTA, 150 mM NaCl,
distilled water to make the final assay volume of 100 ul, and puri-
fied MTP (0.1-1.5 pg) in triplicate. In some experiments, NaCl
and BSA were added to obtain final concentrations of 150 mM
and 1 mg/ml, respectively. Plates were incubated at 37°C or at
room temperature for different time periods and read with a
fluorescence plate reader (7620 Microplate Fluorimeter; Cam-
bridge Technology, Watertown, MA) using 460 nm excitation
and 530 nm emission wavelengths. To determine blank values,
MTP was omitted from the wells. Total fluorescence in donor ves-
icles was determined by adding 97 pl of isopropanol to 3 pl of
donor vesicles. To study MTP inhibition, different concentra-

tions of BMS200150 were added to the reaction mixture before
the addition of MTP. MTP activity (percentage transfer) was cal-
culated by the following equation: percentage transfer = (arbi-
trary fluorescence units in assay wells — blank values)/(total
fluorescence units — blank values) X 100. The specific activity is
expressed as percentage transfer per micrograms per hour.

Transfection of Cos-7 cells

Cos-7 cells were grown (37°C, 5% COy, humidified chamber)
in DMEM (Cellgro Mediatech, Inc., Herndon, VA) supple-
mented with 10% fetal bovine serum and 1% antibiotic-antimy-
cotic (Life Technologies, Rockville, MD). Cells (~1 X 10%) were
plated in 75 cm? flasks 24 h before transfection. At the time of
transfection, cells were ~50-60% confluent. The MTP expres-
sion vector (15) pRc-hMTP (7 pg; expresses human MTP under
the control of the cytomegalovirus promoter) was introduced
into Cos-7 cells complexed with 21 ul of FuGENE-6 Transfection
Reagent (Roche Diagnostics, Indianapolis, IN). Cells were main-
tained at 37°C and 5% COy in 7 ml of medium for ~72 h. Cos-7
cells were also treated with FUGENE-6 alone (mock transfection)
and used as controls.

Determination of MTP activity in cell homogenates

MTP activity in cellular homogenates was determined as de-
scribed by Jamil et al. (12). Confluent cell monolayers were
washed with ice-cold sterile PBS, pH 7.4, scraped in 5 ml of PBS,
transferred to 15 ml conical tubes, and pelleted down by centrif-
ugation (2,500 rpm, 10 min, room temperature). At this point,
cell pellets can be stored at —70°C. For homogenization, 750 pl
of homogenization buffer (50 mM Tris-HCI, pH 7.4, 50 mM KClI,
and 5 mM EDTA) and 7.5 pl of protease inhibitor cocktail (cata-
log number P 2714; Sigma) were added to the cell pellets. Cells
were then suspended by repeated aspirations through a needle
(29G, 1 1/2 inches) attached to a 3 ml syringe and homogenized
on ice in a ball-bearing homogenizer (clearance = 0.253 inches,
10 passages). Cell homogenates were stored on ice, and protein
concentrations were determined by the Bradford method (33)
using Coomassie Plus Reagent (Pierce, Rockford, IL) and BSA as
standards. Cell homogenates were diluted with homogenization
buffer to a protein concentration of <1.5 mg/ml. MTP was re-
leased from microsomes by deoxycholate treatment (12). For
this purpose, cell homogenates were adjusted to 0.054% deoxy-
cholate by the addition of one-tenth volume of 0.54% sodium
deoxycholate, pH 7.4, and left on ice for 30 min with occasional
mixing. Cell membranes were subsequently removed by centrifu-
gation in a SW55 Ti rotor at 50,000 rpm for 1 h at 10°C. The su-
pernatants were dialyzed in 12-14 kDa cutoff dialysis bags against
15 mM Tris-HCI, pH 7.4, 40 mM NaCl, 1 mM EDTA, and 0.02%
NaNj, with the first change after 1 h and the second change after
2 h followed by overnight dialysis. Cell homogenates were re-
moved from the dialysis bag and used for protein determination
and MTP assay. For inhibition studies, HepG2 cells were incu-
bated with different concentrations of the MTP inhibitor
BMS200150 for 24 h, and cell homogenates obtained from the
cells were used for MTP assay.

To develop a more rapid procedure to assay cellular MTP, we
evaluated the procedure described by Chang, Limanek, and
Chang (34) for cell disruption. In this procedure, cells are first
exposed to a hypotonic buffer and then scraped off the plates.
Exposure to hypotonic buffers results in swelling of the cells, and
scraping breaks these cells. Cell monolayers were washed twice
with ice-cold PBS and once with 5 ml of 1 mM Tris-HCI, pH 7.6, 1
mM EGTA, and 1 mM MgCl, at 4°C. Cells were then incubated
for 2 min at room temperature in 5 ml of ice-cold 1 mM Tris-
HCI, pH 7.6, 1 mM EGTA, and 1 mM MgCls. The buffer was aspi-
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rated, and 0.5 ml of the same buffer was added to cells. Cells
were scraped and collected in ice-cold tubes, vortexed, and cen-
trifuged (SW55 Ti rotor, 50,000 rpm, 10°C, 1 h), and superna-
tants were used for MTP assay and protein determination.

Determination of MTP activity in rat liver microsomes

Rat liver microsomes were prepared as described by Wetterau
and Zilversmit (20, 21) with slight modifications. Briefly, 2 g of
rat liver was cut into small pieces and washed twice with ice-cold
PBS. Pieces were then homogenized in 2 ml of 50 mM Tris-HCI,
pH 7.4, 5 mM EDTA, 250 mM sucrose, and 0.02% sodium azide
using a Polytron homogenizer and centrifuged (Beckman micro-
centrifuge, 10,900 rpm, 30 min, 4°C). Supernatants were re-
tained and adjusted to pH 5.1 with concentrated HCI, stirred in
the cold for 30 min, and centrifuged (Beckman microcentrifuge,
13,000 rpm, 30 min, 4°C). Pellets were suspended in 2 ml of 1
mM Tris-HCI, pH 7.6, 1 mM EGTA, and 1 mM MgCly, vortexed,
and ultracentrifuged (SW55 Ti rotor, 50,000 rpm, 10°C, 1 h),
and supernatants were used for MTP assay and protein determi-
nation.

>

18000+
—a— Total

—— Blank

13500+
—O—Transfer

9000+

Units

4500+

Arbitrary Fluorescence

0+ T T T
0 1 2 3 4 5

Donor Vesicles (pl)

- N N
+ i ?

Activity (% TAG
transfer)

~
1

c T T T T T
0 14 28 42 56 70

TAG (pmol)

Recommended assay conditions

Four different conditions (blank, total, positive control, and
test) are recommended for each assay. In all assays, the reaction
is started by the final addition of the MTP source. Pipette 3 ul
each of acceptor and donor vesicles onto fluorescence microtiter
(black) plates. Add 10 pl of 10 mM Tris, pH 7.4, containing 2
mM EDTA and 10 pl of 1% BSA stock in 1.5 M NaCl. In blanks,
add the needed amount of control buffer (which contains the
MTP source in positive control and test samples) and make up
the volume with water to 100 pl. In positive controls, add a
known amount of the MTP source and make up the volume with
water to 100 pl. In tests, add unknown samples and make up the
final assay volume. For totals, add 3 pl of donor vesicles and 97
ul of isopropanol only. Incubate at 37°C for 30 min. Measure
fluorescence units using excitation and emission wavelengths of
460-470 and 530-550 nm, respectively. In case of low transfer ac-
tivity, the incubation time can be increased. In fact, the same titer
plate can be used several times to measure increases in fluores-
cence with time. However, the fluorophore is unstable in isopro-
panol over long periods of time. Thus, for periods longer than
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Fig. 1. Effect of different amounts of donor and acceptor vesicles on the transfer of triacylglycerol (TAG)

766

by microsomal triglyceride transfer protein (MTP). A: Total. Different indicated volumes of donor vesicles
were disrupted by the addition of 100 pl of isopropanol, and the fluorescence units were measured immedi-
ately. Note that this value represents the total amounts of fluorophore present in the vesicles and is not a sim-
ple sum of “blank” and “transfer” values. Blank. Different volumes of donor vesicles and 3 .l of acceptor ves-
icles were incubated in assay buffer (100 wl) as described in Materials and Methods, and fluorescence units
were measured after 30 min of incubation at 37°C. Transfer. Incubations were the same as those described
for blank except that these samples also contained 0.5 pg of purified MTP. This represents the amount of lip-
ids being transported by MTP at a given time. During transfer, MTP-bound fluorescent lipids are most likely
exposed to the aqueous environment and are detected by the fluorimeter. B: The data from A were used to
calculate the percentage transfer of TAG as described in Materials and Methods. The TAG concentration in
donor vesicles was 14 pmol/pl. C: Donor vesicles (3 wl) were incubated (30 min, 37°C) with different vol-
umes of acceptor vesicles along with 0.5 wg of purified MTP. The fluorescence units were obtained by sub-
tracting blank fluorescence units from units observed in assay tubes. D: The data from C were used to calcu-
late percentage transfer as described in Materials and Methods. For this purpose, blank and total
fluorescence units were determined in triplicate simultaneously, as described in Materials and Methods. Line
graphs and error bars represent means = SD (n = 3).
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30 min, use total values from readings determined at 30 min or
at earlier times. The assay ingredients, including vesicles and posi-
tive controls, are available from Chylos, Inc. (Woodbury, NY).

RESULTS

Optimization of assay conditions

To standardize a fluorescence assay for MTP, TAGs were
incorporated into small unilamellar PC vesicles (donor
vesicles). It was anticipated that the encapsulation would
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Fig. 2. Effect of time, temperature, and NaCl on TAG transfer ac-
tivity of MTP. A: Time course. Different indicated amounts of MTP
were incubated with donor and acceptor vesicles as described in
Materials and Methods. Appropriate totals and blanks were in-
cluded as described in Materials and Methods. Fluorescence read-
ings were measured at the indicated times in triplicate using a mi-
croplate reader. The percentage transfer of TAG is plotted against
time. B: Temperature. The experiment was performed on two dif-
ferent microtiter plates. Purified MTP (0.25 pg/well) was incu-
bated with donor and acceptor vesicles in triplicate. One plate was
incubated at 37°C, and the other was left at room temperature
(RT). Fluorescence readings were taken at different time points at
room temperature (22°C). C: Effect of NaCl. Donor vesicles (3 ul),
acceptor vesicles (3 pl), and MTP (1 pg) were incubated in tripli-
cate for 30 min in 1 mM Tris-HCI, pH 7.4, and 2 mM EDTA in the
presence of various indicated concentrations of NaCl. Line graphs
and error bars represent means = SD.

result in the quenching of the fluorophore. Indeed, dis-
ruption of increasing amounts of donor vesicles with iso-
propanol resulted in enhanced measurable fluorescence
(Fig. 1A, total). This represents the total amounts of fluo-
rophore present in the vesicles. Before disruption, this
fluorescence is not detectable because it is quenched in
vesicles. It was also envisioned that donor vesicles would
be stable and would not release the fluorophore in the ab-
sence of MTP. To determine the stability, donor vesicles
were mixed with acceptor vesicles and the fluorescence in
the absence of MTP was measured after 30 min (Fig. 1A,
blank). The blank fluorescence values ranged between
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Fig. 3. Specificity of TAG transfer activity: A: Donor [3 ul; 450
nmol of phosphatidylcholine (PC) and 14 nmol of TAG per millili-
ter] and acceptor (3 pl; 2,400 nmol PC/ml) vesicles were incubated
with different indicated amounts of MTP or BSA in triplicate for 30
min. Fluorescence units were obtained after subtracting blanks
from the assay tubes. B: Data from A for MTP were used to deter-
mine percentage transfer activity. For BSA, these values were nega-
tive and were not plotted. C: The assay was performed in the ab-
sence and presence of BSA (0.1%) using various indicated amounts
of purified MTP. Line graphs and error bars represent means = SD.
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13% and 19% [15.7 = 2.7% (average = SD; n = 3)] of the
totals. The blank values probably represent the small leak-
age of the fluorophore. It was then hypothesized that the
extraction of TAG from donor vesicles by MTP for transfer
would manifest as increased detectable fluorescence. In-
cubation of constant amounts of MTP and acceptor vesi-
cles with increasing amounts of the donor vesicles re-
sulted in increased detection of fluorescence, indicating
the transfer of TAG by MTP (Fig. 1A, transfer). The
“transfer” represents the amounts of TAG being trans-
ferred by MTP between vesicles. During transfer, the MTP-
bound fluorophore is most likely exposed to the aqueous
environment and is now detected by the fluorimeter. The
fluorescence units were 40-47% higher than the blank
values. Next, the data were used to calculate the percent-
age transfer of TAG (Fig. 1B). The percentage transfer ac-
tivity increased up to 2 pl of the donor vesicles (28 pmol
of TAG) and appeared to saturate thereafter.

Next, we studied the effect of different concentrations
of acceptor vesicles. In these experiments, constant amounts
of MTP and donor vesicles were incubated with different
volumes of acceptor vesicles (Fig. 1C). The amounts of
TAG transferred increased with increasing amounts of the
acceptor vesicles and saturated at 2 pl. The increases in
the transfer at lower concentrations of acceptor vesicles
indicated that these vesicles were limiting in the assay con-
ditions. However, at 2 ul and above, the assay became in-
dependent of the acceptor vesicle concentrations. Note
that there was no decrease in detectable fluorescence with
increasing concentrations of acceptor vesicles. This indi-
cates that MTP transfers lipids between vesicles and does
not cause the unidirectional deposition of lipids into the
acceptor vesicles. Under these conditions, MTP was in the
process of transferring ~20% of the total TAG present in
the donor vesicles (Fig. 1D). In subsequent studies, 3 ul of
the acceptor vesicles was used.

To determine the intra-assay coefficient of variation
(CV), we performed the transfer assay in 10 tubes using
0.5 pg of MTP, 3 pl of donor, and 3 pl of acceptor vesicles.
The percentage transfer observed was 19.9 = 1.8 (mean *
SD; n = 10), and the intra-assay CV was 0.09. Similarly, we
also evaluated the interassay variations. Comparison of
seven different independent determinations performed
in triplicate using 1 wg of MTP revealed an interassay CV
of 0.19. The percentage transfer observed in these experi-
ments was 34.5 = 3.0.

Experiments were then performed to determine the ef-
fect of time, temperature, and NaCl concentrations re-
quired for MTP activity (Fig. 2). At all of the different con-
centrations of MTP used, TAG transfer activity increased
with time up to 30 min (Fig. 2A). After that time, the
transfer activity began to saturate. Next, we studied the ef-
fect of temperature on transfer activity (Fig. 2B). The
lipid transfer activity of MTP was the same at room tem-
perature (22°C) and at 37°C, indicating no significant ef-
fect of temperature on activity. This probably indicates
that MTP is optimally active at 22°C. We also determined
the effect of NaCl on MTP activity (Fig. 2C). The addition
of increasing concentrations of NaCl up to 150 mM re-
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sulted in increased MTP activity. Higher concentrations of
NaCl appear to inhibit transfer activity. We conclude that
30 min incubations and 150 mM NaCl are optimum to de-
termine MTP activity.

Next, we studied the specificity of the assay using differ-
ent concentrations of purified MTP and BSA on TAG
transfer (Fig. 3). The addition of increasing amounts of
MTP resulted in enhanced detectable fluorescence (Fig.
3A). In contrast, the presence of BSA decreased the
amounts of detectable fluorescence and may represent ei-
ther quenching of the released fluorescence by BSA or
stabilization of the donor vesicles by BSA, preventing the
basal fluorophore leakage. In Fig. 3B, the data were con-
verted to measure the percentage of TAG undergoing
transfer between vesicles. Under the experimental condi-
tions, the amounts of TAG being transferred reached satu-
ration at 2 pg of MTP. At saturation, ~40% of the total
TAG was in the process of transfer and probably repre-
sented the maximum binding capacity of MTP.

Because BSA decreased the fluorescence units in blank
samples, we reasoned that it may have a positive effect on
MTP assay. Furthermore, the presence of BSA may de-
crease the loss of MTP and vesicles by adsorption to tube
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Fig. 4. Role of acceptor vesicles in lipid transfer by MTP. A: Dif-
ferent amounts of donor vesicles (450 nmol of PC and 14 nmol of
TAG per milliliter) were incubated without acceptor vesicles and
MTP (DV only), with 0.5 pg of purified MTP (DV + MTP), with 3
Wl of acceptor vesicles (DV + AV), or with 3 pl of acceptor vesicles
(2,400 nmol PC/ml) and 0.5 png of purified MTP (DV + AV +
MTP) in assay buffer (100 wl). Fluorescence units were measured
after 30 min of incubation at 37°C. B: The data from A were used to
calculate percentage transfer as described in Materials and Meth-
ods. Line graphs and error bars represent means * SD.
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Fig. 5. Transfer of various lipids in the presence of different acceptors. Three different types of donor vesicles (3 pl) containing TAG
(A-C), cholesteryl ester (D-F), or phospholipids (G-I) were used. The acceptor vesicles (3 pl; 2,400 nmol PC/ml) were small unilamellar ves-
icles (PC/TAG vesicles; A, D, and G), apolipoprotein B (apoB) lipoproteins (VLDL and LDL; B, E, and H), and HDLs (10 mg protein/ml;
G, F, and I). Different donor and acceptor vesicles were incubated without (control) or with 1 pg of purified MTP (MTP) in triplicate for the
indicated times, and fluorescence was measured as described in Materials and Methods. Line graphs and error bars represent means * SD.

surfaces. To test this hypothesis, we added BSA (1 mg/ml)
in the assay. As shown in Fig. 3C, the activity measured in
the presence of BSA was almost twice that observed in the
absence of BSA. This was mainly attributable to decreased
blank values in the presence of BSA. The blank values in
the presence and absence of BSA were 12.5 * 0.7% and
18.5 * 0.5% (n = 3) of the totals. Thus, the inclusion of

cific activities measured by the fluorescence assay were
higher than those observed using the radiolabel assay.
The higher specific activities may be attributable to the
higher sensitivity of the assay. Another reason for the dif-
ference may be different parameters used in these two as-

BSA improves the sensitivity of the assay, most likely by TABLE 1. Determination of MTP activity in cells using the
preventing the leakage of the fluorophore from the do- deoxycholate method
nor vesicles. Protein per

Subsequently, we compared the specific activity of MTP Cells Assay Fluorescence Specific Activity
determined by radiolabel and fluorescence assays. The

. . Y . Y ug % change % transfer/ng/h
specific activity (percentage transfer per microgram per
h . . . . h diolabel Cos-7 cells 70.9 09 +0.6 0.026 = 0.017
our) in various preparations using the radiolabel assay (o7 cells + MTP 51.0 102510 0401 +0.04

was 12.5 £ 2.4 (n = 27). The specific activity by the fluo- HepG2 cells 47.2 23.2 * 0.6 0.982 + 0.024
rescence method in the absence of BSA was 92.6 = 19.7 Caco-2 cells 48.6 195 % 14 0.801 + 0.057

(n = 20), whereas the specific activity determined in

the presence of BSA was 204.4 £ 33.1 (n = 7). Thus, spe-

MTP, microsomal triglyceride transfer protein.
@ Cos-7 cells transiently transfected with MTP expression vectors.

Athar et al. Fluorescence assay for MTP 769

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

says. In the radiolabel assay, the amount of TAG trans-
ferred to acceptor vesicles is measured. In contrast, the
fluorescence assay measures the amount of TAG being
transferred by the MTP.

Role of acceptor vesicles

The MTP assay consists of three components: donor
vesicles, acceptor vesicles, and MTP. Obviously, donor vesi-
cles and MTP are required. We reasoned that MTP could
transfer lipids between donor vesicles and that the accep-
tor vesicles may not be needed for activity measurements
(Fig. 4). Incubation of increasing amounts of donor vesi-
cles with (DV + AV) or without (DV only) acceptor vesi-
cles gave similar fluorescent readings, indicating little
transfer of TAG in the absence of MTP (Fig. 4A). These
data are in agreement with the blanks in Fig. 1A. Incuba-
tion of increasing amounts of donor vesicles with MTP
(DV + MTP) resulted in some increase in fluorescence,
indicating some transfer of lipids. In contrast, a significant
increase in fluorescence was observed when acceptor vesi-
cles were included in the reaction mixture (DV + AV +
MTP). The data were then used to calculate percentage
transfer of TAG (Fig. 4B). In the absence of acceptor vesi-
cles (DV + MTP), the TAG transfer ranged between 4%
and 16%. In the presence of acceptor vesicles (DV +
AV + MTP), however, MTP was engaged in transferring al-
most 40% of TAG present in donor vesicles. These data
demonstrate that the presence of acceptor vesicles greatly
facilitates the transfer process.

Transfer of different lipids to various acceptors by MTP

We studied the effect of different types of acceptor vesi-
cles on the transfer of various lipids by MTP. First, we used
PC or PC/TAG vesicles as acceptors. The percentage
transfers observed in triplicate with these acceptors were
33 * 2.6 and 30.9 * 1.3, respectively, indicating that the
absence of TAG in the acceptor vesicles does not have any
significant effect on the transfer activity.

MTP is known to transfer other lipids besides TAG (20).
Thus, experiments were performed to evaluate the suit-
ability of this assay to study the transfer of CEs and PLs in
addition to TAG (Fig. 5). In this experiment, we used
small unilamellar vesicles (PC/TAG vesicles), apoB lipo-
proteins (which contained both VLDL and LDL), and
HDL as acceptors and studied the transfer over a period
of 4 h. This experiment was performed before the optimi-
zation of conditions described in Fig. 2. In these early ex-
periments, we had to incubate for a longer period of time
to measure the transfer activity. MTP transferred TAG
when donor vesicles were incubated with small unilamel-
lar PC/TAG vesicles (Fig. bA) and apoB lipoproteins (Fig.
5B) but not when incubated with HDL (Fig. 5C). The
transfer resulted in a 109-172% increase in fluorescence
units after 4 h of incubation (Fig. bA, B). Similarly, MTP
transferred CE in the presence of PC/TAG vesicles (Fig.
5D) and apoB lipoproteins (Fig. 5E) but not in the pres-
ence of HDL (Fig. 5F). MTP was able to transfer PLs when
donor vesicles were incubated with PC/TAG vesicles; the
increase in fluorescence was 186% at 4 h (Fig. 5G). How-
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Fig. 6. Comparison of two methods to measure MTP activity in
cell homogenates. MTP activity was measured in HepG2 cell homog-
enates prepared by either the deoxycholate or the hypotonic buffer
treatment method as described in Materials and Methods. For
transfer assays, 40-50 pg of cellular proteins was used in triplicate,
and the activity was measured for up to 1 h. Line graphs and error
bars represent means = SD.

ever, studies of the transfer of PL by MTP in the presence
of apoB lipoproteins as acceptors were difficult to inter-
pret (Fig. 5H). This was attributable to a significant in-
crease in the background fluorescence when donor vesi-
cles were incubated with apoB lipoproteins in the absence
of MTP (compare controls in Fig. 5G, H; also note the dif-
ferent yvalues in these panels). Again, MTP did not trans-
fer P when HDL was used as an acceptor (Fig. 5I). These

o P

(3]
]

30

NN
o o
[

=
o
1

Activity (% transfer)
29

o
I

'
o

0 1 2 3 4 5
BMS200150 [uM]
50
=
& 40-
=
©
S 304
X
2 20+
2
S
& 101
O T T T T T
0 2 4 6 8 10

BMS200150 [uM]

Fig. 7. Inhibition of MTP activity by BMS200150. A: Purified MTP
(1 pg) was incubated with donor and acceptor vesicles for 30 min
in the presence of the indicated concentrations of the MTP inhibi-
tor BMS200150. B: HepG2 cells were incubated in triplicate with
the indicated concentrations of BMS200150 for 24 h. Cells were
washed, and lysates were prepared using the deoxycholate method
described in Materials and Methods. For transfer assays, 40-50 pg
of cellular proteins was used in triplicate. Line graphs and error
bars represent means * SD.
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studies show that MTP actively transfers both neutral lip-
ids, TAG and CE, when small unilamellar vesicles and
apoB lipoproteins are used as acceptors.

Measurement of MTP activity in cells

The next question was to determine whether this assay
could be used to measure MTP activity in cells (Table 1).
We released microsomal MTP by deoxycholate treatment
described by Jamil et al. (12). Cos-7 cells were transfected
or not with MTP expression vector to determine the speci-
ficity of the MTP assay (Table 1). As expected, no MTP
was detectable in mock-transfected Cos-7 cells. However,
transfection with MTP expression vectors resulted in in-
creased MTP activity in Cos-7 cells, in agreement with
other studies (15, 29). Similarly, MTP activity could be
measured in cellular homogenates of HepG2 and differ-
entiated Caco-2 cells. These studies indicate that the new
method can be used to determine cellular MTP activity.

The deoxycholate method is cumbersome, involves sev-
eral steps, and requires at least 2 days. To simplify this pro-
cedure, we evaluated the method of Chang, Limanek, and
Chang (34), which involves the disruption of cells by hy-
potonic buffers and requires far less time to prepare cell
extracts for assay (Fig. 6). Both methods gave similar MTP
activity. Thus, hypotonic treatment is a better procedure
to measure cellular MTP activity because less time and
fewer manipulations are required.

Next, attempts were made to determine the MTP activ-
ity in liver. Rat liver microsomes were subjected to hypo-
tonic buffer treatment, and released contents were used
for MTP activity measurements. The specific activity (per-
centage transfer per microgram per hour) of MTP in liver
microsomal contents was 0.498 * 0.09 (mean = SD, n = 9).

Inhibition of MTP activity

Experiments were then performed to measure the effect
of MTP antagonists on its activity (Fig. 7). For this purpose,
we used an MTP inhibitor, BMS200150, described by Jamil et
al. (12). As shown in Fig. 7A, increasing concentrations of
BMS200150 resulted in a dose-dependent inhibition of the
purified MTP activity. The IC;, was 0.08 M and was in the
range reported by others (12). Next, HepG2 cells were incu-
bated with different concentrations of the inhibitor for 24 h,
and homogenates were prepared using the deoxycholate
method (12) and assayed for MTP activity. As shown in Fig.
7B, increasing concentrations of BMS200150 resulted in de-
creased cellular MTP activity. The ICs value of ~1.3 uM is in
agreement with published studies (12). The differences in
the IG5, values obtained for the purified MTP and cell lysates
may be attributable to the presence of other proteins in cell
lysates that might interact with the inhibitor and decrease its
efficacy. These studies indicate that the assay is useful in mea-
suring MTP activity and its inhibition by antagonists.

DISCUSSION

The method described here to measure MTP activity is
simple and rapid. It is based on the determination of in-

creases in fluorescence attributable to the binding of fluo-
rophore with MTP that occurs during the transfer of lip-
ids between donor and acceptor vesicles. The method
shows a linear relationship with all three components of
the assay mixture and time (Figs. 1-4). This procedure re-
produces the lipid transfer properties of the MTP as de-
termined by radioactive assay. It faithfully measures cellu-
lar activity in cells known to express MTP and does not
measure it in cells that do not express MTP (Table 1). Fur-
thermore, it displays similar inhibitory properties of an-
tagonists that were identified using the radioisotope assay
(Fig. 7).

MTP shows significantly higher activity in the presence
of acceptor vesicles (Fig. 4). The low lipid binding activity
of MTP in the absence of acceptor vesicles provided us
with a unique opportunity to understand the role of dif-
ferent acceptor vesicles in the lipid transfer process.
These studies showed that MTP efficiently transfers lipids
in the presence of unilamellar vesicles and apoB lipopro-
teins (Fig. 5). Under the conditions of this assay, we ob-
served very low to no lipid transfer activity when HDL was
used as an acceptor. It is not clear why HDL did not act as
an acceptor. It should be noted that HDL has been used
as an acceptor with LDL to demonstrate lipid transfer by
MTP (21). We have not tried to study the transfer of lipids
from LDL to HDL in our studies.

In summary, we have described a simple and rapid fluo-
rescence assay for the measurement of MTP activity. The
advantages of the new method include ease, rapidity, sen-
sitivity, avoidance of the use of negatively charged lipids,
versatility in studying different lipid transfer activities by
purified and cellular MTP, ability to measure inhibitory
activities of antagonists, and forestalling the use of radio-
activity. The fluorescence assay described here can be eas-
ily automated and used for large-scale, high-throughput
screening. This approach may identify compounds that
partially inhibit MTP activity and possibly minimize the
unwanted side effects related to TAG accumulation in
cells. It is becoming clear that MTP is a multifunctional pro-
tein that may have functions other than being a dedicated
lipoprotein assembly chaperone. Some of the compounds
identified via screening based on the fluorescence assay
may be useful in the identification of other functions of
MTP unrelated to lipoprotein assembly and secretion. il

These studies were supported in part by National Institutes of
Health Grants DK-46900 and HL-64272 (M.M.H.).
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