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Abstract Microsomal triglyceride transfer protein (MTP)
activity is classically measured using radioactive lipids. We
described a simple fluorescence assay to measure its triac-
ylglycerol (TAG) transfer activity. Here, we describe fluores-
cence-based methods to measure the transfer of phos-
pholipids (PLs) and cholesteryl esters (CEs) by MTP. Both
transfer activities increased with time and MTP amounts
and were inhibited to different extents by an MTP antago-
nist, BMS197636. We also describe a method to measure the
net deposition of fluorescent lipids in acceptor vesicles. In
this procedure, negatively charged donor vesicles are incu-
bated with MTP and acceptor vesicles, and lipids trans-
ferred to acceptors are quantified after the removal of donor
vesicles and MTP by the addition of DE52. Lipid deposition
in acceptor vesicles was dependent on time and MTP. Using
these methods, TAG transfer activity was the most robust
activity present in purified MTP; CE and PL transfer activi-
ties were 60–71% and 5–13% of the TAG transfer activity,
respectively. The method to determine lipid transfer is rec-
ommended for routine MTP activity measurements for its
simplicity.  These methods may help identify specific in-
hibitors for individual lipid transfer activities, in character-
izing different domains involved in transfer, and in the iso-
lation of mutants that bind but cannot transfer lipids.
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Microsomal triglyceride transfer protein (MTP) is an es-
sential chaperone for the assembly and secretion of apo-
lipoprotein B (apoB) lipoproteins (for reviews, see 1–5).
It is a heterodimeric protein consisting of 97 and 55 kDa
polypeptides (5–8). The small subunit is the ubiquitous
endoplasmic reticulum resident, protein disulfide isomerase,
whereas the large subunit is unique and responsible for

 

the lipid transfer activity present in MTP. There is evi-
dence to suggest that MTP functions in the biosynthesis of
apoB lipoproteins through physical association (9–13)
with nascent apoB and lipidation of apoB’s hydrophobic,
lipid binding 

 

�

 

-sheets (14). In addition, MTP has been im-
plicated in the import of neutral lipids into the endoplas-
mic reticulum lumen (15–17), the association with lipid
droplets, and the fusion of lipid droplets with nascent apoB
primordial lipoproteins (1, 2). In humans, the absence of
MTP activity results in abetalipoproteinemia, which is
characterized by very low plasma lipid levels and the ab-
sence of apoB lipoproteins (18).

The major defining function of MTP is its ability to trans-
fer lipids between small unilamellar vesicles in vitro (7,
19–22). This activity is classically measured using radiola-
beled lipids. In this procedure, donor vesicles containing
radiolabeled lipids are incubated with acceptor vesicles in
the presence of an MTP source (7, 19, 20). After incuba-
tion, donor vesicles and MTP are removed by the addition
of cationic ion-exchange resins, and the amounts of radio-
labeled lipids transferred to acceptor vesicles are quanti-
fied by liquid scintillation counting. Recently, we described
a simple, rapid, and sensitive assay to measure triacylglyc-
erol (TAG) transfer activity of MTP (23). In this assay, flu-
orescent TAG was incorporated into donor vesicles and in-
cubated with acceptor vesicles in the presence of an MTP
source. During transfer, MTP removes the quenched fluo-
rescent lipids from donor vesicles, exposing the fluores-
cent moiety. This action is measured as an increase in
fluorescence that is subsequently detected using a fluo-
rimeter. Thus, a real-time increase in lipid transfer by MTP
can be monitored using this procedure.

In addition to TAG, MTP is known to transfer several
other lipids, such as phospholipids (PLs) and cholesteryl
esters (CEs) (7, 19–22). Here, we describe simple and sen-
sitive methods to measure the transfer of fluorescently la-
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beled PL and CE by MTP. In addition, a method is pre-
sented to measure the net deposition of fluorescent lipids
by MTP in acceptor vesicles.

MATERIALS AND METHODS

 

Materials

 

MTP was purified from bovine liver using the radioisotope as-
say (7, 19) and rat liver using a kit (Chylos, Inc., Woodbury, NY).
Fluorescent (nitrobenzoaxadiazol)-labeled phosphatidylcholines
(PCs) and unlabeled PC were purchased from Avanti Polar Lip-
ids (Alabaster, AL). Nitrobenzoaxadiazol-labeled CE, phosphati-
dylethanolamine (PE), and TAG were from Molecular Probes
(Eugene, OR). Thermo Labsystems (Franklin, MA) supplied the
black 96-well microtiter plates. Isopropanol and other chemicals
were from Sigma Chemical Co. (St. Louis, MO).

 

Preparation of PL vesicles containing fluorescent
PE and CE

 

Acceptor PC vesicles were prepared as described by Wetterau
and associates (7, 19–21). Donor vesicles were also prepared by son-
ication as described before (7, 19–21, 23). Briefly, unlabeled PE and
fluorescent PE were evaporated and sonicated under nitrogen for
45 min at 4

 

�

 

C. CE donor vesicles were prepared similarly using flu-
orescent CE and unlabeled PC. Vesicles, collected after centrifu-
gation (50,000 rpm, 4

 

�

 

C, 10 min; SW55 Ti), were found to be sta-
ble for 1 month. Known amounts of fluorescent lipids were diluted
in isopropanol to generate standard curves used to estimate the
moles of fluorescent lipids incorporated in the donor vesicles.

 

Measuring lipid transfer activities

 

Assays were performed in triplicate on a black 96-well microtiter
plate (23). A final reaction mixture (100 

 

�

 

l) contained 3 

 

�

 

l of do-
nor vesicles (1.2 nmol of PC or PE and 100 pmol of fluorescent
lipids), 3 

 

�

 

l of acceptor vesicles (7.2 nmol of PC), and an MTP
source in 10 mM Tris, pH 7.4, 0.1% BSA, and 150 mM NaCl buffer.
The microtiter plate was incubated at 37

 

�

 

C, and at predetermined
time points, samples were excited at 485 nm and fluorescence emis-
sion was measured at 550 nm using a Victor

 

3

 

 dual fluorimeter/lumi-
nometer (Perkin-Elmer). To determine the percentage of lipid trans-
fer, fluorescence values obtained from control assays containing no
MTP source (blanks) were subtracted from sample values and then
divided by the total fluorescence present in the vesicles reduced by
blanks. Blank values ranged from 10% to 25% of total fluorescence
in various preparations. To obtain total fluorescence, 3 

 

�

 

l of do-
nor vesicles was incubated with 97 

 

�

 

l of isopropanol for 5 min.

 

Measurement of net lipid deposition

 

To measure net lipid deposition, fluorescent TAG containing
negatively charged donor vesicles was prepared (23). To intro-
duce a negative charge, 67.5 nmol of cardiolipin (

 

�

 

7% of total
lipids) was added before sonication (7, 19–21). Various amounts
of MTP, as well as 3 

 

�

 

l of donor vesicles and 3 

 

�

 

l of acceptor vesi-
cles, were incubated as described above. At predetermined
times, fluorescence readings were recorded to quantify the TAG
transfer. The reaction mixture was then transferred to microcen-
trifuge tubes containing 100 

 

�

 

l of DE52 [equilibrated (1:1, v/v)
with 15 mM Tris-Cl, pH 7.4, 1 mM EDTA, and 0.02% sodium
azide buffer), rotated at 4

 

�

 

C for 5 min, and centrifuged (12,000
rpm, 5 min, 4

 

�

 

C). Supernatants (10 

 

�

 

l) containing only acceptor
vesicles were transferred to a microtiter plate, and fluorescence
was measured at 5 min intervals after adding 90 

 

�

 

l of isopropanol.
Readings obtained at 20 min were used for calculations. The
blank values obtained in the absence of MTP were subtracted

from the sample values, divided by the total fluorescence re-
duced by blanks, and multiplied by 100 to determine the per-
centage of lipids deposited to acceptor vesicles.

 

Determination of MTP activity in cells and tissues

 

HepG2 cells grown to confluence in T175 flasks were washed
with PBS and then swelled by 2 min incubation at room tempera-
ture in hypotonic buffer (1 mM Tris-Cl, pH 7.4, 1 mM MgCl

 

2

 

,
and 1 mM EGTA) (23, 24). The buffer was aspirated, cells were
scraped in 750 

 

�

 

l of ice-cold hypotonic buffer containing pro-
tease inhibitors and homogenized (20 passages through a 21
gauge needle), the lysates were centrifuged (50,000 rpm, 4

 

�

 

C, 1 h;
SW55 Ti rotor), and supernatants were used for lipid transfer as-
says and protein determination (25). For microsome preparation
(7, 19, 23), mouse liver pieces were washed with PBS, homoge-
nized in 50 mM Tris-Cl, pH 7.4, 5 mM EDTA, 250 mM sucrose,
and 0.02% sodium azide using a Polytron homogenizer, and cen-
trifuged (10,900 rpm, 30 min, 4

 

�

 

C; Beckman microcentrifuge).
Supernatants were adjusted to pH 5.1 with concentrated HCl,
mixed in the cold for 30 min, and centrifuged (13,000 rpm, 30
min, 4

 

�

 

C; Beckman microcentrifuge). Pellets were resuspended
in 1 mM Tris-Cl, pH 7.6, 1 mM EGTA, and 1 mM MgCl

 

2

 

, vor-
texed, incubated for 30 min at 4

 

�

 

C, and ultracentrifuged (50,000
rpm, 4

 

�

 

C, 1 h; SW55 Ti rotor), and supernatants were used for
lipid transfer assays and protein determination.

 

RESULTS

 

PL transfer activity

 

We previously described a simple, rapid, and sensitive
assay to measure TAG transfer activity of MTP (23). Here,
we determined whether the same procedure could be used
to quantify the PL transfer activity of MTP (

 

Fig. 1

 

). Upon
the incubation of different amounts of MTP with donor
vesicles containing fluorescent PE and acceptor vesicles,
fluorescence increased and saturated in a time-dependent
manner (Fig. 1A). Each concentration gave a specific curve
indicating MTP-dependent increases in fluorescence and
was confirmed by plotting the 1 h data against varying
amounts of MTP (Fig. 1B). PL transfer was linear between
0.1 and 0.3 

 

�

 

g of MTP and saturated at higher amounts.
Next, we studied the inhibition of PL transfer activity by
BMS197636. The PL transfer activity was inhibited by 

 

�

 

60%
(Fig. 1C). Increased inhibition was not achieved even
when the inhibitor concentration was increased to 10 

 

�

 

M
(data not shown). Similar results have been described for
another MTP antagonist, BMS200150, which is a potent
inhibitor of TAG transfer activity but only partially inhibits
PL transfer activity (26). The reproducibility of the assay
was established by determining the intra-assay and interas-
say coefficients of variation. The transfer activity in six sep-
arate samples using 0.3 

 

�

 

g of MTP was 11.9 

 

�

 

 1.4%, and
variation was found to be 0.12. The average activity in
three independent experiments using 0.25 

 

�

 

g of MTP was
9.9 

 

�

 

 0.96%, and the coefficient of variation was 0.097.
These studies indicate that the PL transfer activity of puri-
fied MTP could be measured using this method.

 

CE transfer activity

 

To study CE transfer, donor PC vesicles containing fluo-
rescent CE were incubated with acceptor vesicles and pu-
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rified MTP (

 

Fig. 2

 

). The transfer of CE increased initially
and then saturated with time for each of the MTP concen-
trations used (Fig. 2A). A concentration-dependent, lin-
ear increase in CE transfer followed by saturation was also
observed using increasing amounts of MTP (Fig. 2B). The
intra-assay coefficient of variation using 0.2 

 

�

 

g of MTP was

Fig. 1. Phospholipid transfer activity of microsomal triglyceride
transfer protein (MTP). A: Different amounts of purified bovine
MTP, in triplicate, were incubated with donor vesicles [1.2 nmol of
phosphatidylethanolamine (PE) and 100 pmol of fluorescent PE]
and with acceptor vesicles [7.2 nmol of phosphatidylcholine (PC)]
in 100 �l of 10 mM Tris-HCl buffer containing 0.1% BSA, 150 mM
NaCl, and 2 mM EDTA at 37�C. Fluorescence at 550 nm was moni-
tored over time. B: Data from the 60 min time point of A were re-
plotted and subjected to nonlinear regression analysis (r2 � 0.9459)
using Prism. C: MTP assay was performed in the presence of the in-
dicated amounts of the MTP inhibitor BMS197636, and fluores-
cence readings were recorded after 90 min. Line graphs and error
bars represent means � SD. For some points, error bars are not vis-
ible because the deviations are smaller than the symbol sizes.

Fig. 2. Cholesteryl ester (CE) transfer activity of MTP. A: Differ-
ent amounts of purified MTP were incubated with donor (1.2 nmol
of PC and 100 pmol of fluorescent CE) and acceptor vesicles as de-
scribed for Fig. 1. Increases in fluorescence emission at 550 nm
were recorded at the indicated time intervals. B: Different amounts
of MTP were incubated with donor and acceptor vesicles for 30
min, and the amounts of fluorescent CE being transferred were cal-
culated. A nonlinear regression curve (r2 � 0.9842) was generated
using Prism. C: For inhibition, the indicated amounts of the MTP
lipid transfer inhibitor BMS197636 were included in the reaction
mixture, and fluorescence was measured after 1 h. Line graphs and
error bars represent means � SD (n � 3).
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0.09 (n 

 

�

 

 6), and the percentage transfer per hour ob-
served in those conditions was 17.4 

 

�

 

 1.6%. Comparing
data from three independent experiments using 0.15 

 

�

 

g
of MTP revealed a transfer of 15.0 

 

�

 

 1.9% (n 

 

�

 

 9) and in-
terassay coefficient of variation of 0.127. CE transfer was
inhibited by 

 

�

 

80% upon increasing concentrations of
BMS197636 (Fig. 2C). The IC

 

50

 

 values for CE transfer
ranged between 15 and 25 nM and were similar to those
observed for the inhibition of TAG transfer activity using
this inhibitor (23, 26). These studies attest to the suitabil-
ity of the method for determining CE transfer activity of
purified MTP.

 

Fluorescent lipid transfer measured in cell homogenates 
and liver microsomes

 

We then used these assays to study lipid transfer activi-
ties in cellular and tissue homogenates. All lipid transfer
activities (TAG, CE, and PL) could be measured in HepG2
cell homogenates (

 

Fig. 3A

 

). Lipid transfer activities showed
time-dependent increases and reached maxima between
20 and 30 min of incubation. The initial rates and maxi-
mum amounts of CE transfer were lower than those ob-

served for TAG. PL transfer profiles were similar to those
of CE and TAG transfer. The major difference was that PL
transfer activity reached a significantly lower maximum
transfer.

Next, we measured lipid transfer activity present in
mouse liver microsomes (Fig. 3B). All three lipid transfer
activities could be measured in microsomal samples using
these assays. Again, the major activity observed was TAG
transfer followed by CE and PL transfer activities. The ini-
tial rates and the maximum amounts of TAG transfer were
significantly higher compared with those of CE and PL.
These studies indicate that the efficiency of lipid transfer
is greatest for TAG followed by those of CE and PL trans-
fer in mouse liver microsomes.

 

Relative lipid transfer activities in MTP

 

Subsequently, we sought to compare the relationship
between TAG, CE, and PL transfer activities measured in
purified MTP preparations as well as in cellular and tissue
homogenates (

 

Table 1

 

). In purified bovine and rat MTP
preparations, CE and PL transfer activities were 59–60%
and 6–5%, respectively, the TAG transfer activity. These
are similar to the relative activities noted by Wetterau et al.
(7, 19) in purified bovine MTP using a radioactive assay.
In HepG2 cell lysates and liver microsomes, the CE and
PL activities were 42–55% and 13–27%, respectively, com-
pared with the TAG transfer activity. Thus, although the
relative CE transfer activity in mouse liver microsomes was
similar to that of the purified protein, HepG2 cell lysates
demonstrated less CE transfer activity compared with puri-
fied MTP preparations. This suggests that proteins or other
soluble factors in cells or tissues may interfere with this
transfer. In contrast, relative PL transfer activities observed
in HepG2 cells and liver microsomes were 2- to 4-fold
higher than those observed in purified MTP preparations.
This is most likely attributable to the presence of other PL
transfer proteins, such as PC and phosphatidylinositol

Fig. 3. Lipid transfer activities in HepG2 cells and mouse liver mi-
crosomes. A: HepG2 cell lysates were prepared as described in Ma-
terials and Methods and used to perform lipid transfer assays in
triplicate. Each assay contained 42 �g of protein. Data are expressed
as line graphs and error bars representing means � SD. TAG, triac-
ylglycerol. B: Mouse microsomal contents were prepared as de-
scribed in Materials and Methods. TAG, CE, or PE lipid transfer ac-
tivities were measured in triplicate using 21 �g of protein. Mean
values are drawn as line graphs and SDs as error bars. Nonlinear re-
gression curve fits were determined using Prism.

 

TABLE 1. Specific and relative lipid transfer activities of MTP

 

Specific Activities (Relative Activities)

MTP Source TAG CE PL

 

Purified bovine 901 

 

�

 

 36 (100) 533 

 

�

 

 53 (59) 56 

 

�

 

 4 (6)
Purified rat 735 

 

�

 

 45 (100) 438 

 

�

 

 175 (60) 34 

 

�

 

 5 (5)
Mouse liver

microsomes 9 

 

�

 

 0.2 (100) 5 

 

�

 

 1 (55) 1 

 

�

 

 0.1 (13)
HepG2 cell lysate 4 

 

�

 

 0.5 (100) 1.5 

 

�

 

 0.1 (42) 1 

 

�

 

 0.1 (27)

CE, cholesteryl ester; MTP, microsomal triglyceride transfer pro-
tein; PL, phospholipid; TAG, triacylglycerol. Lipid transfer assays were
performed using fluorescent lipids as described for Figs. 1–3. The ini-
tial rates of lipid transfer (nmol lipid/mg/h) were obtained using low
amounts of purified MTP (0.025, 0.04, and 0.1 

 

�

 

g of protein for deter-
mining TAG, CE, and PL transfer, respectively) that produced a linear
curve for at least 30 min of the assay. Specific activities (% transfer/mg
protein/h) were then calculated using time points falling in the linear
range for each assay. The absolute rate of lipid transfer (nmol lipid
transferred/mg protein/h) was determined by comparing the fluores-
cence with standard curves. Dividing the specific activity of the lipid
transfer in question by the specific activity of TAG transfer and multi-
plying by 100 provided the relative activities (in parentheses).
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transfer proteins (27), in cells and tissues that might trans-
fer fluorescent PE.

 

Measuring net lipid deposition

 

To measure the net deposition of lipids in acceptor vesi-
cles, we required a method to separate acceptor vesicles
from the donor vesicles and MTP present in the assay.
Wetterau et al. (7, 19–21) used cardiolipin and DE52 to
achieve this in their radiolabeled assay. First, we deter-
mined that the addition of cardiolipin had no effect on
the incorporation of TAG in the donor vesicles. The total
fluorescence incorporated was 17,821 

 

�

 

 112 and 17,202 

 

�

 

1,162 for donor vesicles with and without cardiolipin, re-
spectively. Second, we confirmed that 

 

�

 

99% of the donor
vesicles and MTP could be removed from the reaction mix-
ture after incubation with DE52. Third, we determined
the effect of the presence of cardiolipin in donor vesicles
on the TAG transfer activity of MTP. For this purpose, we
performed parallel measurements of TAG transfer with
donor vesicles containing, and free of, cardiolipin (

 

Fig. 4A

 

).
Even though both assays contained the same amounts of
acceptor and donor vesicles, as well as MTP, the TAG trans-
fer by MTP from donor vesicles containing cardiolipin was
50% less compared with that obtained with donor vesicles
with no cardiolipin and is consistent with published stud-
ies (5, 19, 28).

Next, we determined the net lipid deposition to accep-
tor vesicles. For this, donor as well as acceptor vesicles and
MTP were incubated for different times, and fluorescence
readings were taken to determine the transfer of TAG. The
reaction was then stopped, donor vesicles and MTP were
precipitated by the addition of DE52, and the TAG depos-
ited in acceptor vesicles was quantified. The TAG transfer
slowly increased with time (Fig. 4B), similar to that ob-
served in the presence of cardiolipin (Fig. 4A). The net dep-
osition of fluorescent TAG to acceptor vesicles increased
for 120 min and remained unchanged until 180 min. At
saturation, 

 

�

 

50–60% of the TAG was deposited in accep-
tor vesicles.

We then determined the relative net lipid deposition of
various lipids to acceptor vesicles. Donor vesicles contain-
ing fluorescent TAG, CE, or PE, as well as cardiolipin, were
made (Fig. 4C). Net deposition to acceptor vesicles was
measured after the removal of donor vesicles and MTP.
The relative activities were 100 

 

�

 

 4.8%, 71.0 

 

�

 

 8.5%, and
13.5 

 

�

 

 5.2% for TAG, CE, and PL, respectively. These rela-
tive values are similar to those observed based on lipid
transfer measurements (Table 1). Thus, both assays gave
similar results concerning relative lipid transfer activities.

DISCUSSION

Wetterau et al. (7, 19–21) had published an in vitro
method for measuring lipid transfer in microsomal frac-
tions using radiolabeled lipids. Recently, a fluorescent as-
say was described for MTP that evaluates the transfer of
TAG between membrane vesicles (23). This procedure, al-
though rapid and sensitive, also precludes the use, as well

Fig. 4. Measurement of net lipid deposition: A: Effect of cardio-
lipin on the TAG transfer activity of MTP. Donor vesicles made with
and without cardiolipin were used. Each assay in triplicate con-
tained 0.25 �g of purified bovine MTP, 3 �l of donor vesicles (100
pmol of fluorescent TAG, 1.2 nmol of PC with or without 0.081
nmol of cardiolipin), and 3 �l of PC acceptor vesicles, as described
for Fig. 1. The microtiter plate was incubated at 37�C, fluorescence
was monitored over time, and percentage transfer was determined
as described previously. B: Measurement of net deposition of lipids
by MTP. Transfer assays were set up in triplicate as described for A
containing 0.25 �g of MTP, 3 �l of donor vesicles, and 3 �l of ac-
ceptor vesicles in 100 �l assay volume. Percentage lipid transfer was
measured as described for Fig. 1. To measure lipid deposition, 100
�l of DE52 anion-exchange resin was added to the reactions at the
predetermined times. After centrifugation, 10 �l of supernatant
was transferred to a 96-well black microtiter plate. Fluorescence was
measured after the addition of 90 �l of isopropanol. C: Relative net
lipid deposition by MTP. Net lipid transfer assays were set up in trip-
licate as described for B. Assays contained 0.25 �g of purified bo-
vine MTP, donor vesicles (100 pmol of different fluorescent lipids,
1.2 nmol of PC, and 0.081 nmol of cardiolipin), and acceptor vesi-
cles. Percentage net lipid deposition was determined at 1 h for TAG
as well as CE and at 1.5 h for PE. The specific activity (% transfer/
mg protein/h) was then calculated. Dividing the individual specific
activities with the specific activity of TAG lipid transfer and multi-
plying by 100 provided relative net lipid transfer activities. Bar
graphs and error bars represent means � SD.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


1784 Journal of Lipid Research Volume 46, 2005

as the disposal, of radioactivity. Here, we describe meth-
ods to measure CE and PL transfer by MTP using fluores-
cent lipids. In addition, we describe a procedure to deter-
mine the net deposition of fluorescent lipids to acceptor
vesicles.

Although the mechanism associated with MTP lipid
transfer has yet to be fully elucidated, it is suggested that
MTP binds transiently to lipid membranes, extracts lipid,
and ultimately transfers this lipid to another membrane
or possibly apoB (21, 22). The assays described here are
capable of evaluating the two key events in this process,
lipid transfer by MTP and the subsequent deposition of
such lipids to acceptor vesicles. The availability of these
two methods may be useful for determining whether the
two steps occur independent of each other and/or through
different domains of MTP.

The first method monitors MTP’s capacity to bind and
extract lipids from a membrane in the presence of accep-
tor vesicles. Fluorescence is quenched when lipids are in
unilamellar (one PL bilayer) membrane vesicles. Upon as-
sociation with MTP, the lipid fluorophore is unquenched
and detected by the flourimeter. In this process, the real-time
lipid transfer is measured and found to be time- as well as
concentration-dependent. Furthermore, the process is sat-
urable. The saturation of lipid transfer might indicate that all
of the MTP molecules are actively involved in the process.

The second method measures the deposition of fluores-
cent lipids to acceptor vesicles and is based on the proce-
dure of Wetterau et al. (7, 19–21). In this method, fluores-
cent lipids deposited in acceptor vesicles are quantified
after the removal of MTP and donor vesicles by anion-
exchange resin. The amounts of lipids deposited were far
greater than those measured during lipid transfer, mostly
reflecting the large excess of acceptor vesicles present in
the assay. There are two major drawbacks associated with
this method. First, it involves an additional step of separat-
ing acceptor vesicles from donor vesicles and MTP. Sec-
ond, the incorporation of negatively charged lipids in the
donor vesicles decreases the sensitivity of the assay. Thus,
this assay is recommended only when there is a need to
measure the process of lipid deposition. Under normal
conditions, the measurement of lipid transfer is recom-
mended to measure individual MTP activities. For the rou-
tine determination of MTP activity in cell lysates, we rec-
ommend measuring TAG transfer.

We observed that PL transfer could not be completely
inhibited by MTP antagonists (Fig. 1). Jamil et al. (26)
also reported that PL transfer cannot be completely inhib-
ited by MTP antagonists. Three possible reasons were con-
sidered. First, we do not think that the incomplete inhibi-
tion is attributable to nonfacilitated transfer of PL. All
assays have blanks consisting of donor and acceptor vesi-
cles in the absence of MTP. Blank values were not affected
by the MTP antagonists, and increases in fluorescence
were not observed in blanks. Furthermore, blank values
were subtracted during activity calculations, eliminating
the contribution, if any, of nonfacilitated transfer. Second,
contamination of MTP preparations with PL transfer pro-
teins was considered. Plasma contains PL and CE transfer

proteins, whereas cells are known to contain PC and phos-
phatidylinositol transfer proteins. The purified MTP prep-
arations consisted mainly of two polypeptides correspond-
ing to the known 97 and 55 kDa subunits. None of the
known cellular and plasma PL transfer proteins was present
in the preparations. Third, BMS197636 might be a spe-
cific inhibitor for neutral lipids. Kinetic studies have dem-
onstrated that MTP might contain two PL binding sites
and one neutral lipid transfer site (22). The neutral lipid
transfer site might also transfer PL. It is possible that the
inhibitor might inhibit only one site and not the other, re-
sulting in partial inhibition.

There are some caveats concerning the measurement
of PL and CE transfer activities using cell and tissue ho-
mogenates. Cells contain other PL transfer activities that
contribute to PL transfer activity. The determination of PL
transfer activity in cell homogenates is further compli-
cated by the �60% inhibition of this activity by the avail-
able MTP inhibitors. The extent of CE transfer is compar-
atively lower than that of TAG and is only linear under a
small concentration range of MTP. Thus, time course and
concentration curves should be measured in the presence
and absence of MTP inhibitors to determine the CE trans-
fer activity of MTP in homogenates.

In short, we describe two methods for evaluating lipid
transfer activities of MTP using fluorescent lipids. These
assays are fast and sensitive and can be used to detect in-
herent differences in the transfer of various lipids by MTP.
The methods measuring the deposition of lipids to accep-
tor vesicles may be useful in determining the unidirec-
tional transfer of lipids to various acceptors. These meth-
ods may be valuable in identifying MTP mutants that are
able to bind lipids but cannot transfer them to acceptor
vesicles, or those deficient in a specific lipid transfer activ-
ity. The availability of methods for measuring different
lipid transfer activities of MTP may facilitate the discovery
of inhibitors specific for individual lipid transfer activities.
The identification of such inhibitors may be valuable in
delineating the importance of various lipid transfer activi-
ties of MTP in apoB lipoprotein assembly and secretion.

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

REFERENCES

1. Hussain, M. M., J. Shi, and P. Dreizen. 2003. Microsomal triglycer-
ide transfer protein and its role in apolipoprotein B-lipoprotein as-
sembly. J. Lipid Res. 44: 22–32.

2. Hussain, M. M., J. Iqbal, K. Anwar, P. Rava, and K. Dai. 2003. Mi-
crosomal triglyceride transfer protein: a multifunctional protein.
Front. Biosci. 8: S500–S506.

3. Bakillah, A., and A. El Abbouyi. 2003. The role of microsomal tri-
glyceride transfer protein in lipoprotein assembly: an update. Front.
Biosci. 8: D294–D305.

4. Gordon, D. A., and H. Jamil. 2000. Progress towards understand-
ing the role of microsomal triglyceride transfer protein in apolipo-
protein-B lipoprotein assembly. Biochim. Biophys. Acta. 1486: 72–83.

5. Wetterau, J. R., M. C. M. Lin, and H. Jamil. 1997. Microsomal tri-
glyceride transfer protein. Biochim. Biophys. Acta. 1345: 136–150.

6. Wetterau, J. R., K. A. Combs, S. N. Spinner, and B. J. Joiner. 1990.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Rava et al. Measuring lipid transfer and deposition by MTP 1785

Protein disulfide isomerase is a component of the microsomal tri-
glyceride transfer protein complex. J. Biol. Chem. 265: 9800–9807.

7. Wetterau, J. R., and D. B. Zilversmit. 1985. Purification and charac-
terization of microsomal triglyceride and cholesteryl ester transfer
protein from bovine liver microsomes. Chem. Phys. Lipids. 38: 205–
222.

8. Wetterau, J. R., K. A. Combs, L. R. McLean, S. N. Spinner, and L. P.
Aggerbeck. 1991. Protein disulfide isomerase appears necessary to
maintain the catalytically active structure of the microsomal triglyc-
eride transfer protein. Biochemistry. 30: 9728–9735.

9. Patel, S. B., and S. M. Grundy. 1996. Interactions between microso-
mal triglyceride transfer protein and apolipoprotein B within the
endoplasmic reticulum in a heterologous system. J. Biol. Chem. 271:
18686–18694.

10. Wu, X. J., M. Y. Zhou, L. S. Huang, J. Wetterau, and H. N. Gins-
berg. 1996. Demonstration of a physical interaction between mi-
crosomal triglyceride transfer protein and apolipoprotein B during
the assembly of apoB-containing lipoproteins. J. Biol. Chem. 271:
10277–10281.

11. Hussain, M. M., A. Bakillah, and H. Jamil. 1997. Apolipoprotein B
binding to microsomal triglyceride transfer protein decreases with
increases in length and lipidation: implications in lipoprotein bio-
synthesis. Biochemistry. 36: 13060–13067.

12. Hussain, M. M., A. Bakillah, N. Nayak, and G. S. Shelness. 1998.
Amino acids 430–570 in apolipoprotein B are critical for its binding
to microsomal triglyceride transfer protein. J. Biol. Chem. 273: 25612–
25615.

13. Bradbury, P., C. J. Mann, S. Köchl, T. A. Anderson, S. A. Chester,
J. M. Hancock, P. J. Ritchie, J. Amey, G. B. Harrison, D. G. Levitt, et
al. 1999. A common binding site on the microsomal triglyceride
transfer protein for apolipoprotein B and protein disulfide isom-
erase. J. Biol. Chem. 274: 3159–3164.

14. Segrest, J. P., M. K. Jones, V. K. Mishra, V. Pierotti, S. H. Young, J.
Borén, T. L. Innerarity, and N. Dashti. 1998. Apolipoprotein B-100:
conservation of lipid-associating amphipathic secondary structural
motifs in nine species of vertebrates. J. Lipid Res. 39: 85–102.

15. Raabe, M., M. M. Véniant, M. A. Sullivan, C. H. Zlot, J. Björkegren,
L. B. Nielsen, J. S. Wong, R. L. Hamilton, and S. G. Young. 1999.
Analysis of the role of microsomal triglyceride transfer protein in
the liver of tissue-specific knockout mice. J. Clin. Invest. 103: 1287–
1298.

16. Wang, Y., K. Tran, and Z. Yao. 1999. The activity of microsomal tri-
glyceride transfer protein is essential for accumulation of triglycer-

ide within microsomes in McA-RH7777 cells. A unified model for
the assembly of very low density lipoproteins. J. Biol. Chem. 274:
27793–27800.

17. Kulinski, A., S. Rustaeus, and J. E. Vance. 2002. Microsomal triacyl-
glycerol transfer protein is required for lumenal accretion of triac-
ylglycerol not associated with apo B, as well as for apo B lipidation.
J. Biol. Chem. 277: 31516–31525.

18. Berriot-Varoqueaux, N., L. P. Aggerbeck, M. Samson-Bouma, and
J. R. Wetterau. 2000. The role of the microsomal triglygeride trans-
fer protein in abetalipoproteinemia. Annu. Rev. Nutr. 20: 663–697.

19. Wetterau, J. R., and D. B. Zilversmit. 1984. A triglyceride and cho-
lesteryl ester transfer protein associated with liver microsomes. J.
Biol. Chem. 259: 10863–10866.

20. Jamil, H., J. K. Dickson, Jr., C-H. Chu, M. W. Lago, J. K. Rinehart,
S. A. Biller, R. E. Gregg, and J. R. Wetterau. 1995. Microsomal tri-
glyceride transfer protein. Specificity of lipid binding and trans-
port. J. Biol. Chem. 270: 6549–6554.

21. Atzel, A., and J. R. Wetterau. 1993. Mechanism of microsomal tri-
glyceride transfer protein catalyzed lipid transport. Biochemistry.
32: 10444–10450.

22. Atzel, A., and J. R. Wetterau. 1994. Identification of two classes of
lipid molecule binding sites on the microsomal triglyceride trans-
fer protein. Biochemistry. 33: 15382–15388.

23. Athar, H., J. Iqbal, X. C. Jiang, and M. M. Hussain. 2004. A simple,
rapid, and sensitive fluorescence assay for microsomal triglyceride
transfer protein. J. Lipid Res. 45: 764–772.

24. Chang, T. Y., J. S. Limanek, and C. C. Chang. 1981. A simple and
efficient procedure for the rapid homogenization of cultured ani-
mal cells grown in monolayer. Anal. Biochem. 116: 298–302.

25. Bradford, M. M. 1976. A rapid and sensitive method for the quan-
titation of microgram quantities of protein utilizing the principle
of protein-dye binding. Anal. Biochem. 72: 248–254.

26. Jamil, H., D. A. Gordon, D. C. Eustice, C. M. Brooks, J. K. Dickson,
Jr., Y. Chen, B. Ricci, C-H. Chu, T. W. Harrity, C. P. Ciosek, Jr., et al.
1996. An inhibitor of the microsomal triglyceride transfer protein
inhibits apoB secretion from HepG2 cells. Proc. Natl. Acad. Sci. USA.
93: 11991–11995.

27. Routt, S. M., and V. A. Bankaitis. 2004. Biological functions of
phosphatidylinositol transfer proteins. Biochem. Cell Biol. 82: 254–
262.

28. Wetterau, J. R., and D. B. Zilversmit. 1986. Localization of intracel-
lular triacyglycerol and cholesteryl ester transfer activity in rat tis-
sue. Biochim. Biophys. Acta. 875: 610–617.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

