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Abstract Apolipoprotein B (apoB) and microsomal tri-
glyceride transfer protein (MTP) are necessary for lipo-
protein assembly. ApoB consists of five structural do-

 

mains, 
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. We propose that MTP contains

 

three structural motifs (N-terminal 

 

�

 

-barrel, central 

 

�

 

-helix,
and C-terminal lipid cavity) and three functional domains
(lipid transfer, membrane associating, and apoB binding).
MTP’s lipid transfer activity is required for the assembly
of lipoproteins. This activity renders nascent apoB secre-

 

tion-competent and may be involved in the import of tri-
glycerides into the lumen of endoplasmic reticulum. In
addition, MTP binds to apoB with high affinity involving
ionic interactions. MTP interacts at multiple sites in the
N-terminal 

 

��

 

1 

 

structural domain of apoB. A novel antag-
onist that inhibits apoB-MTP binding decreases apoB se-
cretion. Furthermore, site-directed mutagenesis and dele-
tion analyses that inhibit apoB-MTP binding decrease
apoB secretion. Lipids modulate protein-protein interac-
tions between apoB and MTP. Lipids associated with MTP
increase apoB-MTP binding whereas lipids associated with
apoB decrease this binding. Thus, specific antagonist,
site-directed mutagenesis, deletion analyses, and modula-
tion studies support the notion that apoB-MTP binding
plays a role in lipoprotein biogenesis. However, specific

 

steps in lipoprotein assembly that require apoB-MTP
binding have not been identified.  ApoB-MTP binding
may be important for the prevention of degradation and

 

lipidation of nascent apoB.

 

—Hussain, M. M., J. Shi, and P.
Dreizen. 

 

Microsomal triglyceride transfer protein and its

 

role in apoB-lipoprotein assembly. 

 

J. Lipid Res.

 

 2003. 

 

44:

 

22–32.

 

Supplementary key words

 

protein-protein interactions 

 

•

 

 protein mo-
tifs 

 

•

 

 domains 

 

•

 

 abetalipoproteinemia 

 

•

 

 hypobetalipoproteinemia 

 

•

 

apolipoprotein B 

 

•

 

 MTP

 

Plasma lipoproteins are absent in abetalipoproteinemia
due to mutations in the microsomal triglyceride transfer
protein (MTP) gene, and plasma lipoprotein levels are
low in hypobetalipoproteinemia due to mutations in the

 

apolipoprotein B (apoB) gene (1, 2). These genetic disor-
ders clearly underscore the importance of these two pro-
teins in lipoprotein biogenesis, and recent findings indi-
cate that MTP and apoB physically interact during this
process. The aim of this review is to discuss specific molec-
ular interactions between these proteins and their role in
the biosynthesis of triglyceride-rich lipoproteins. A brief
review of apoB and MTP is provided to aid in the under-
standing of protein-protein interactions between these
proteins. In-depth discussion of apoB, MTP, and lipopro-
tein assembly can be found in several recent reviews and
references therein (3–14).

STRUCTURAL AND FUNCTIONAL DOMAINS
IN APOB

 

Apolipoprotein B (apoB) is a non-exchangeable apo-
lipoprotein found associated exclusively with plasma li-

 

poproteins. In the human genome there is one 

 

apob

 

gene of 

 

�

 

45 kb. In the liver, it is transcribed into a sin-
gle mRNA of 15 kb and is translated into a single
polypeptide of 4536 amino acids called apoB-100. In the
intestine, the apoB mRNA is post-transcriptionally ed-
ited, resulting in the conversion of a glutamine codon
into a stop codon. The edited mRNA is translated into a
single polypeptide of 2,152 amino acids called apoB48.
By comparing mean hydrophobic moments per amino
acid residue and the average hydrophobicity of the hy-
drophobic face of the helices, Segrest et al. have pro-
posed a pentapartite secondary structure for apoB-100
(3, 15–17). According to this model, apoB100 is com-

 

prised of three amphiphatic 

 

�

 

-helical domains alternat-

 

Abbreviations: ER, endoplasmic reticulum; MTP, microsomal tri-
glyceride transfer protein; M subunit, 97-kDa subunit of the MTP com-
plex; P subunit, the 55-kDa PDI subunit of the MTP complex; PDI,
protein disulfide isomerase.
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ing with two amphiphatic 

 

�

 

-sheet domains in an NH

 

2

 

-
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-
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-COOH configuration.
The 

 

�

 

1

 

 domain (B:58–795) is an independent globular
domain. It associates with lipids but is incapable of form-
ing a lipoprotein (18, 19). Nonetheless, it is required for
lipoprotein assembly because its absence ablates lipopro-
tein assembly (20). It contains 12 cysteine residues that
form six disulfide linkages (21). Proper disulfide bond
formation between some cysteine residues is essential for
the assembly of apoB-containing lipoproteins (22, 23).
Based on sequence homology with lipovitellin, this region
has been predicted to consist of a 

 

�

 

-barrel (B:1–263) and
an 

 

�

 

-helical (B:294–592) domains (24) and has subse-
quently be called 

 

��

 

1 

 

domain (3). As discussed below, this
domain contains MTP binding site.

The other four domains (

 

�

 

1

 

-

 

�

 

2

 

-

 

�

 

2

 

-

 

�

 

3

 

) are also comprised
of several short amphiphatic 

 

�

 

-strands and 

 

�

 

-helices.
The 

 

�

 

-sheet domains (B:827–2001 and B:2571–4032) are
essential for lipoprotein assembly and bind lipids non-
reversibly. The assembly of these 

 

�

 

-sheets into lipoproteins
requires 

 

�

 

1

 

 domain (20). The LDL receptor binding and
heparin binding sites are in the 

 

�

 

2

 

 domain. ApoB-48 con-
tains 

 

�

 

1

 

 domain only, whereas apoB-100 contains both the

 

�

 

1

 

 and 

 

�

 

2

 

 domains. These two proteins are used for the as-
sembly of two different lipoproteins, chylomicrons and
VLDLs. The 

 

�

 

2

 

 (B:2045–2587) and 

 

�

 

3

 

 (B:4017–4515) do-
mains consist of several amphiphatic helices that can revers-
ibly associate with lipids, a characteristic property of ex-
changeable apolipoproteins. Their role in lipoprotein
assembly is unknown.

MICROSOMAL TRIGLYCERIDE TRANSFER PROTEIN

Evidence for the presence of a protein in the endoplas-
mic reticulum (ER) responsible for the transfer of neutral
lipids between vesicles was first provided by Wetterau and
Zilversmit (25). Subsequently, they purified MTP to ho-
mogeneity and showed that it consists of two non-cova-
lently bound polypeptides of 97 (M subunit) and 55 (P
subunit) kDa (26–28). The small 55-kDa “P” subunit was
the ubiquitous ER resident enzyme protein disulfide
isomerase (PDI). The P subunit is inactive with respect to
its isomerase activity in the MTP complex (27, 29). More-
over, the isomerase activity is not essential for its associa-
tion with the larger M subunit and for MTP activity, as PDI
mutants lacking enzyme activity are fully functional in
lipid transfer activity in association with a normal M sub-
unit (30). The large 97-kDa M subunit was unique and was
essential for the lipid transfer activity. The kinetics of lipid
transfer from membranes to lipoproteins has not yet been
studied in detail.

MTP enhances the rate of lipid transfer between vesi-
cles (31, 32). Kinetic studies with model membranes sug-
gest that MTP transfers lipids by a shuttle mechanism
(33). In this mechanism, each MTP molecule is proposed
to interact transiently with a membrane, extract lipid mol-
ecules, dissociate from the membrane, bind transiently
with another membrane, deliver lipids rapidly to the sec-

 

ond membrane, and become available for another cycle
of lipid transfer. The lipid transfer activity was shown to be
optimum with neutrally charged membranes and decreased
in the presence of negatively charged lipids in vesicles
(33). Kinetic studies suggest that MTP has two, one fast
and one slow, lipid binding sites (34, 35). The fast site is
implicated in lipid transfer (34).

FUNCTIONAL DOMAINS IN THE 
HETERODIMERIC COMPLEX

The M subunit is a single polypeptide of 894 amino ac-
ids (36). Based on sequence homology with lipovitellin,
it is proposed (24, 37, 38) that the M subunit contains
three domains: N-terminal 

 

�

 

-barrel, central 

 

�

 

-helical do-
main, and C-terminal lipid-binding cavity (

 

Fig. 1

 

). We
propose that MTP may contain at least three (lipid trans-
fer, membrane associating, and apoB binding) function-
ally independent domains (Fig. 1). Kinetic studies indi-
cate for the presence of two, one low and one high
affinity, lipid-binding domains in MTP (34). The high af-
finity domain binds few molecules of neutral lipids and
phospholipids and may represent the lipid transfer do-
main. The lipid transfer activity antagonists probably
bind at this site and inhibit lipid transfer activity. Precise
information about the lipid transfer domain in MTP is
not available but based on the homology with lipovitellin
(39), Read et al. (38) have suggested that MTP contains
a C-terminal lipid binding cavity. The walls of the lipid
binding cavity in MTP are formed by the A and C 

 

�

 

-sheets
present in the M subunit (Fig. 1). The 

 

�

 

-helical domain
holds these sheets together. The back of the cavity is
probably covered by the P subunit (not shown in the fig-
ure). The lipid transfer domain may be involved in the
loading and unloading of lipid molecules, a step neces-
sary for their transfer. A nonsense mutation in the A
sheet, Asn780Tyr, does not affect its binding to the P sub-
unit but abolishes MTP’s lipid transfer activity (40).
Thus, the C-terminal 1/3rd of the M subunit and the P
subunit may form a lipid transfer domain in MTP.

Studying the binding of 

 

125

 

I-MTP to lipid vesicles and
separating MTP from vesicles by density gradient ultracen-
trifugation, we provided evidence for the stable association
of MTP with membranes (41). Similarly, Read et al. (38)
have shown association of MTP with lipid vesicles. The low
affinity lipid-binding domain identified in the kinetic ex-
periments may be involved in membrane association. At
present, the structural properties of the membrane-associating
domain are not known. We propose that the region between
the N and the A sheets may form a membrane-association do-
main. It should be pointed out that the lipovitellin (LV)
structure contains a lipid moiety at this site (39).

We showed that apoB-binding domain in MTP is differ-
ent from the lipid transfer domain because the lipid trans-
fer activity inhibitors do not inhibit apoB-MTP binding,
and inhibitors that inhibit apoB-MTP binding have no ef-
fect on lipid transfer activity of MTP (42). Furthermore, im-
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mobilization of MTP results in partial loss of MTP’s lipid
transfer activity but has no effect on apoB-MTP binding
(43, 44). Similarly, apoB-binding and membrane associat-
ing domains in MTP appear to be dissimilar. Evidence for
the independent membrane associating and apoB binding
domains also comes from the modulation of apoB-MTP in-
teractions by lipids (41). If apoB and membrane binding
domains were the same, then apoB-MTP binding would
have decreased in the presence of lipids. Contrary to this
expectation, association of MTP with lipids resulted in in-
creased binding to apoB. Thus, apoB-binding domain in
MTP appears to be different from both the lipid transfer
and membrane associating domains in MTP.

DOMAINS INVOLVED IN SUBUNIT INTERACTIONS

The M subunit requires the P subunit for its solubility,
retention in the ER, and for lipid-transfer activity (27,

29). These two subunits are held together by non-cova-
lent interactions. Early evidence for the P subunit-bind-
ing site in the M subunit came from the identification of
genetic mutations in abetalipoproteinemia. Ricci et al.
(45) sequenced the 

 

mttp

 

 gene, which codes for the M
subunit, from an abetalipoproteinemia patient and
showed that the C-terminal 30 amino acids are required
for its interaction with the P subunit. Using yeast two-
hybrid system, Bradbury et al. (37) showed that P:1–274
bind to the central 

 

�

 

-helical region of the M (M:297–
603) subunit. Within this region, M:520–598 showed
maximum binding to the P subunit. The binding be-
tween the N-terminus of the P subunit and the middle
region of the M subunit may constitute a nucleation site
for the heterodimerization of the two subunits. Subse-
quent binding of other regions in the P subunit with the
C-terminal region in the M subunit are probably impor-
tant for the formation of a soluble and biochemically ac-
tive heterodimeric MTP complex.

Fig. 1.  Structures of lipovitellin (LV) and the 97-kDa subunit of the MTP complex (M subunit) of microsomal
triglyceride transfer protein (MTP):LV. X-ray structure of lamprey LV contains N sheet (green), C sheet
(red), A sheet (blue), helical domain (cyan), and associated lipids (orange) (39). M subunit: Molecular
model of the M subunit of MTP based upon sequence homology with LV:15-521 using CLUSTAL W 1.8 and
modified alignment for LV:522–907 as described (24, 38). We have retained LV �-sheets and �-helices, de-
fined by �/� angles, to deduce the structure of the M subunit. Various sheets and helices have been either
truncated or deleted to accommodate the absence of homologous sequences in the M subunit. Side chains
are replaced using dictionary definitions, keeping the main chain intact. Sequence gaps and insertions as-
signed to loops and �-turns are rebuilt with the fewest residues needed based on loop searches of known
PDB structures. Using the AMBER force field (72), the structure was energy minimized using the SIMPLEX
method to keep maximum force on any atom below 1,000 kcal/mol D2, followed by the conjugate gradient
method to convergence at 0.5 kcal/mol D. Atomic coordinates are deposited in the Protein Data Bank. Cal-
culations and graphics were done using SYBYL software (Tripos Inc.). The structure of the M subunit has
largely conserved N sheet, C sheet, and helical domain and a truncated A sheet. Three functional domains
have been identified. The membrane-association domain is hypothesized to be the region between the N
and the A sheets. The apoB-binding domain has been shown to involve both the N-sheet and the helical do-
main. The lipid transfer domain is lined by the A and C sheets. The major structural difference between LV
and MTP is in the lipid transfer domain due to the absence of several �-strands of the A sheet. In the M sub-
unit, the lipid transfer domain is larger and more open and may be responsible for the transfer of greater
number of lipid molecules compared to LV.
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PROTEIN-PROTEIN INTERACTIONS BETWEEN 
APOB AND MTP

Three independent approaches (coimmunoprecipitation,
solid-liquid inter-phase binding assays, and yeast two-
hybrid system) have been used to demonstrate protein-
protein interactions between apoB and MTP. Wu et al.
(46) presented the first evidence for interactions between
these proteins in 1996 using co-immunoprecipitation
technique. They immunoprecipitated MTP from [

 

3

 

H]leu-
cine-labeled HepG2 cells and found that about 5–10% of
the nascent apoB was associated with MTP. Furthermore,
co-immunoprecipitation of apoB was also demonstrated
by Western blot analysis of proteins immunoprecipitated
with anti-MTP antibodies. In the same year Patel and
Grundy transfected COS cells with various C-terminally
truncated apoB polypeptides with MTP, immunoprecipi-
tated apoB with anti-apoB antibodies, and observed that
MTP was precipitated with various apoB peptides (47).

We published a solid-liquid inter-phase binding assay in
1997 to study apoB-MTP binding. First, we immobilized
different lipoproteins to microtiter plates and incubated
them with 

 

125

 

I-labeled heterodimeric MTP. The amounts
of MTP bound to LDL and VLDL were significantly
higher than those bound to HDL (43). Next, the binding
of MTP to different lipoproteins was compared with the
binding of PDI. Lipoproteins bound to MTP but not to
PDI. These studies indicated that the M subunit plays an
important role in lipoprotein binding. Subsequently, we
showed that immobilized heterodimeric MTP also inter-
acted with lipoproteins present in solution. Kinetic studies
demonstrated that protein-protein interactions between
these proteins were of high affinity (

 

K

 

d

 

 10–30 nM).
In 1999, Shoulders and associates used baculoviral expres-

sion system and yeast two-hybrid system to study protein-
protein interactions (24, 37). They expressed apoB-17 with M
subunit, P subunit, or both M and P subunits in Sf9 cells, im-
munoprecipitated apoB, and looked for the co-precipitation
of the M and P subunits (24). PDI was not precipitated
with apoB. However, the M subunit was immunoprecipi-
tated with apoB-17 when expressed with the P subunit.
These studies reinforced the notion that apoB interacts
with the M subunit and the P subunit is probably not re-
quired for apoB binding.

NATURE OF INTERACTIONS

Patel and Grundy made the first attempt to understand the
nature of interactions between apoB and MTP (47). They
washed coimmunoprecipitated apoB-MTP complexes with
high salt concentrations, observed that the protein com-
plexes were not disrupted by these washes, and concluded
that the protein-protein interactions were hydrophobic in na-
ture. We also studied the effect of salt on apoB-MTP binding
(43). Presence of salt during binding inhibited protein-
protein interactions, indicating that the binding was ionic in
nature. Furthermore, in agreement with the studies of Patel
and Grundy, pre-formed apoB-MTP complexes could not be

 

disrupted by high salt washes (43). Thus, it appears that pro-
tein-protein interactions between apoB and MTP initially in-
volve ionic interactions. Subsequently, these interactions be-
come resistant to salt washes, most likely due to additional
hydrophobic interactions.

The importance of ionic interactions was substantiated
by chemical modification of functional groups in apoB us-
ing group specific reagents (48). Modification of 38–44%
of the aspartic and glutamic acid residues in LDL by gly-
cine methyl ester had no effect on apoB-MTP binding. Al-
teration of all histidine residues by diethyl pyrocarbonate
in LDL decreased, but did not abolish, apoB-MTP bind-
ing. Treatment with 1,2-cyclohexanedione resulted in the
modification of 54% of the arginine residues in LDL and
completely abolished its binding to MTP. Similarly, modifi-
cation of 74% of lysine 

 

�

 

-amino groups by acetoacetylation
abolished LDL-MTP binding. More importantly, hydroxyl-
amine treatment of the modified LDL regenerated all
modified arginine and lysine residues and completely re-
stored MTP binding. Modification of the 

 

�

 

-amino groups
by reductive methylation and acetylation further substanti-
ated the involvement of positive charges. Reductive meth-
ylation does not alter the positive charges, whereas
acetylation neutralizes the positive charges. Reductive meth-
ylation of 88% of lysine residues did not affect apoB-MTP
binding. In contrast, acetylation of LDL completely abolished
apoB-MTP binding. These studies showed that positive
charges on the functional side groups of arginine and lysine
in apoB are critical for apoB-MTP binding. Most likely, they
interact with negatively charged residues in MTP.

Positively charged amino acid residues in apoB are
known to interact with heparin and LDL receptors (49,
50). To determine whether the MTP binding site overlaps
with the heparin binding site, Bakillah et al. studies the in-
hibition of LDL-MTP binding by heparin, chondroitin sul-
fate, and suramin (48). Heparin and chondroitin sulfate
had no significant inhibitory effect on LDL-MTP binding.
However, suramin, a highly charged polysulfated polycy-
clic hydrocarbon, inhibited apoB-MTP binding. Inhibi-
tion by suramin indicates that apoB-MTP binding involves
ionic interactions. Lack of inhibition of apoB-MTP bind-
ing by heparin indicates that heparin binding and MTP
binding sites are independent and different from each
other. Thus, lysine and arginine residues crucial for MTP
binding are different from those involved in heparin and
LDL receptor binding.

DOMAINS IN APOB THAT INTERACT WITH MTP

Patel and Grundy (47) showed that MTP co-immuno-
precipitates with apoB polypeptides as small as apoB13.
This was the first study to demonstrate that MTP binding
site may be present in the N-terminus of apoB. To identify
MTP binding site in apoB, we compared the binding of
equimolar concentrations of several C-terminally truncated
apoB polypeptides to MTP (43). ApoB-100 and apoB-42
bound to similar extent. However, decreasing the length
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of apoB from apoB-42 to apoB-28 resulted in 2.6-fold in-
creased binding. Further decrease in length from apoB-28
to apoB-17 resulted in another 2-fold increased binding
to MTP. These studies indicated that the binding of apoB
to MTP decreases with increases in the length of apoB
polypeptide. Recently, Liang and Ginsberg (51) showed
that MTP binds to the N-terminal apoB-16 but not to 

 

�

 

1

 

domain of apoB (51). Thus, it can be concluded that
MTP binds to the N-terminal 

 

��

 

1

 

-globular domain of
apoB.

To further delineate the MTP binding site in the 

 

��

 

1

 

-
domain, we expressed different apoB sequences as FLAG-
apoB chimeras in COS cells (44). Two chimeras, B:1–300 and
B:270–570 were secreted to similar extent, but their binding
to MTP was significantly different. B:270–570 bound robustly to
MTP but the binding of B:1–300 was considerably low (4–25%
of B:270–570 in different experiments, unpublished observa-
tions). We concluded that B:270–570 contains a high affinity
binding site for MTP. Attempts were then made to identify
the minimum sequence that could bind to MTP. For this pur-
pose, we subjected B:270–570 to N- and C-terminal trunca-
tions at proline residues (

 

Table 1

 

). C-terminal deletion to
amino acid 430 resulted in significant loss of MTP binding.
These studies indicated that amino acids 430–570 are
critical for MTP binding. Progressive N-terminal trunca-
tions of amino acids from 270 to 341 resulted in progressive
decrease in MTP binding, and truncations to amino acid
430 resulted in significant loss of MTP binding. More im-
portantly, these studies showed that B:430–570 do not
bind to MTP. Thus, it appears that amino acids 270–570
are required for optimum binding.

Mann et al. (24) showed that B:1–152 interacted with
MTP significantly more than the binding of apoA-I to
MTP. They also used yeast two-hybrid system to study
apoB-MTP interactions (37). By co-expressing various
combinations of apoB and M subunit sequences in
yeast, they showed that B:349–583 and B:512–721 also
bind to MTP. Based on the data discussed above from
different groups, it can be concluded that MTP inter-
acts at multiple sites in the 

 

��

 

1

 

-domain of apoB. Criti-
cal amino acids in this region that interact with MTP
are not known.

 

DOMAINS IN MTP THAT INTERACT WITH APOB

Mann et al. (24) and Bradbury et al. (37) identified two
regions in MTP that interact with two different binding
sites in apoB; B:1–264 interact with amino-terminal 

 

�

 

-barrel
of MTP (M:22–303) and B:512–721 interact with M:517–
603 in MTP. It needs to be determined whether the binding
characteristics of these two binding sites are similar or dis-
similar. Moreover, contribution of these interactions in lipo-
protein assembly needs to be determined.

FACTORS MODULATING APOB-MTP BINDING

 

Inhibition of apoB-MTP binding by sequences
within apoB

 

As discussed above MTP binds to the N-terminal 17% of
apoB. We observed that increasing the length of apoB
from apoB-17 to apoB-28, and from apoB-28 to apoB-42
resulted in substantial decrease in MTP binding (43). The
reasons for decrease in MTP binding with increase in
apoB length are not known and need further investiga-
tion. We suggested two reasons for incremental decreases
with increases in the length of apoB (43). First, decrease
in MTP binding by increasing the length from apoB-17 to
apoB-28 may be due to the presence of a sequence that
might inhibit apoB-MTP binding. Second, region between
apoB-28 and apoB-42 may bind lipids and decrease apoB-
MTP binding.

 

Effect of PDI on apoB-MTP binding

 

In yeast two-hybrid system, Bradbury et al. observed that
M:520–598 interact with the P subunit and apoB-17 (37).
They expressed M subunit and apoB-17 in the presence
and absence of P subunit in insect cells and observed that
the P subunit decreased the binding of apoB to the M sub-
unit. These studies indicate that the P subunit may affect
apoB binding to M subunit of MTP most likely prior to the
formation of heterodimeric MTP complex. It remains to
be determined whether the P subunit can modulate apoB
binding to the heterodimeric MTP. Most likely, it may not
for the following reasons. There is excess of PDI in the ER
lumen and yet apoB-MTP complexes have been isolated
by immunoprecipitations. The M subunit probably does
not exist in the ER unassociated with the P subunit and
thus has a limited ability to interact with apoB in the ab-
sence of the P subunit.

MODULATION OF APOB-MTP BINDING BY LIPIDS

 

Lipids associated with MTP increase apoB-MTP binding

 

Wu et al. (46) showed that, at basal levels, 

 

�

 

10% of na-
scent apoB is associated with MTP in HepG2 cells. Inhibi-
tion of intracellular apoB degradation by proteosomal in-
hibitors prolonged the duration of apoB-MTP binding
without increasing the amounts of apoB bound to MTP. In
contrast, increases in triglyceride synthesis by the supple-
mentation of oleic acid increased the amounts of apoB as-

 

TABLE 1. MTP binding site in apoB

 

ApoB Sequences Binding

 

% of B:270–570

 

Amino acids
C-terminal truncations

 

a

 

270–570 100
270–509 58
270–430 9
270–394 0

N-terminal truncations

 

b

 

270–570 100
291–570 80
341–570 67
430–570 0

 

a

 

 The data is from (44).

 

b

 

 Unpublished observations.
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sociated with MTP by 3–5-folds. Thus, these studies pro-
vided initial evidence that lipids may modulate apoB-MTP
binding.

We observed that lipids have a profound effect on apoB-
MTP binding (41). Zwitterionic phospholipids, phospho-
tidylcholine, and sphingomyelin increased apoB-MTP
binding and negatively charged phospholipids, phosphati-
dylinositol, and phosphatidylserine and decreased apoB-
MTP binding (41). The negatively charged lipids, most
likely, competed with ionic interactions between these
proteins. However, the effect of zwitterionic lipids was in-
triguing. Kinetic analysis revealed that phosphatidylcho-
line vesicles increased affinity between proteins without af-
fecting the number of binding sites. To understand the
mechanisms for increased affinity between proteins, we
pre-incubated apoB and MTP with lipids. Pre-incubation
of apoB with lipids had no effect on MTP binding. In con-
trast, pre-incubation of MTP with phosphatidylcholine
vesicles increased apoB binding by 4-fold (41). During
pre-incubation, MTP stably associated with phospholipid
vesicles and the MTP-lipid vesicles bound better to apoB.
These studies clearly indicate that the association of MTP
with phospholipid vesicles results in increased affinity for
apoB. It is likely that apoB first interacts with MTP via
ionic interactions. Next, lipids bound to MTP may interact
either with lipid-binding domains in apoB or with lipids
present in apoB-containing lipoproteins. Thus, protein-
protein interactions may bring lipids into close proximity
leading to additional hydrophobic interactions between
lipids. Combination of ionic and hydrophobic interac-
tions may result in increased affinity.

 

Lipids associated with apoB decrease apoB-MTP binding

 

Pre-incubation of apoB with phospholipids had no ef-
fect on apoB-MTP binding (41). However, apoB-associ-
ated lipids decrease MTP binding. Partial de-lipidation of
VLDL with Tween-20 increased the binding of VLDL-
apoB to MTP (43). Similarly, partial de-lipidation of LDL
with taurocholate increased its binding to MTP. These
studies suggest that the amounts of lipids associated with
apoB have a negative effect on apoB-MTP binding.
Hence, increased apoB lipidation may decrease apoB-
MTP binding.

MTP AND APOB-LIPOPROTEIN ASSEMBLY

 

Role of MTP’s lipid transfer activity in 
lipoprotein assembly

 

Three independent approaches led to the conclusion
that the lipid transfer activity of the heterodimeric MTP
complex is essential for the assembly and secretion of
apoB-containing lipoproteins. First, mutations in the M
subunit were correlated with defective in vitro lipid trans-
fer activity and an absence of apoB-containing lipopro-
teins in the plasma of abetalipoproteinemia patients (6, 7,
9, 10, 32). Second, direct correlation between MTP activ-
ity and lipoprotein assembly was obtained by coexpressing
apoB and MTP in non-hepatic, non-intestinal cells that

neither express apoB nor MTP (20, 52, 53). Expression of
apoB alone in most studies resulted in the intracellular
synthesis and degradation of apoB polypeptides, but no
secretion. In contrast, co-transfection of apoB with MTP
resulted in the synthesis and secretion of apoB (20, 52,
53). The secretion efficiency of apoB was low and apoB
was secreted as HDL-size particles, indicating that other
factors are needed for optimal lipoprotein assembly and
secretion. In Chinese hamster ovary cells, in addition to
MTP, cholesterol 7

 

�

 

-hydroxylase has been shown to be
necessary for apoB secretion (54). Third, the importance
of the lipid transfer activity in the lipidation of apoB
polypeptides was reinforced by using specific inhibitors
(55–60). MTP inhibitors that inhibited lipid transfer activ-
ity in vitro decreased apoB secretion in vivo. Thus, MTP’s
lipid transfer activity is essential for the assembly and se-
cretion of apoB-containing lipoproteins. However, it is still
not clear how this lipid transfer activity of MTP results in a
net transfer of lipids to nascent apoB. So far, no in vitro as-
say has been reported that demonstrates net transfer of
lipids to apoB-lipoproteins resulting in the assembly of
larger lipoproteins.

Substantial evidence exists to suggest that MTP’s lipid
transfer activity is essential for two processes in lipopro-
tein assembly. First, it is required for rendering apoB-
secretion competent. Rusinol et al. have shown that
nascent apoB can be assembled into lipoproteins in a
cell-free system in the absence of MTP (61). The secre-
tion competency is achieved by the addition of lipids to
nascent apoB and inhibition of intracellular degrada-
tion. The lipidation process inhibits the degradation of
nascent apoB and promotes lipoprotein assembly. The
dependency of apoB on MTP with respect to its lipida-
tion and secretion appears to depend on the length of
apoB. Specific inhibitor and gene ablation studies have
shown that the larger apoB peptides are more dependent
on MTP compared to smaller apoB peptides (62–64). In
fact, there are reports indicating that apoB-48 may be se-
creted in the absence of MTP (64). Nicodeme et al. (62)
have suggested that a region between apoB-51 and apoB-
53 has a high requirement for lipids and for the lipid
transfer activity of MTP.

Evidence is accumulating to suggest that MTP’s lipid
transfer activity may be required for the accumulation of
triglycerides in the lumen of the ER. It has been shown
that the absence of MTP or inhibition of MTP leads to de-
creased triglycerides in the lumen of the ER (64, 65). It
has been suggested that MTP may in involved in the for-
mation and stabilization of lumenal lipid droplets (41).
The accumulation of the triglycerides in the ER is proba-
bly required for the “core expansion” of the nascent pri-
mordial particle (see below).

 

Importance of apoB-MTP binding in lipoprotein assembly

 

We observed that MTP’s lipid transfer activity antagonists
had no effect on apoB-MTP binding (42). These studies en-
couraged us to look for compounds that might inhibit
protein-protein interactions without affecting lipid transfer
activity of MTP. Screening of several compounds from the
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Atherogenics Inc. resulted in the identification of a com-
pound, AGI-S17, that inhibited apoB-MTP binding by
�70% at 40 �M and had no effect on MTP’s lipid transfer
activity (42). Next, we studied the effect of AGI-S17 in

HepG2 cells. Incubation of HepG2 cells with AGI-S17 had
no effect on the lipid transfer activity of MTP but de-
creased its binding to apoB. These studies indicated that
AGI-S17 inhibited intracellular apoB-MTP binding with-

Fig. 2.  Possible roles of apoB-MTP binding in lipoprotein assembly. A: Prevention of apoB degradation: i) nascent apoB is depicted inter-
acting with the inner leaflet of the endoplasmic reticulum (ER). MTP consists of “M” and “P” subunits. The M subunit contains independent
apoB and lipid binding sites. MTP is shown to interact with nascent apoB. This binding may facilitate lipidation of nascent apoB. ii) If the apoB-
MTP binding is inhibited by inhibitors or mutations in the binding sites, then apoB is predicted to undergo degradation involving hsp70 and
hsp90 binding, ubiquitination, and proteosomal degradation. B: Lipidation of nascent apoB: lipidation of apoB can occur by two different
pathways: i) Free MTP that is not associated with lipid droplets or vesicles may bind nascent apoB. Subsequently, the apoB bound MTP can
extract lipid molecules from the membrane and transfer them to nascent apoB polypeptide. Note that this process may involve formation of
a pocket. Several rounds of this process will result in extensive lipidation of apoB. MTP molecules that are not physically associated with
apoB can further assist this step and the pocket may serve as a nucleation site for lipid deposition. ii) MTP associated with lipid vesicles or
droplets may bind to apoB and provide a lipid core for the nascent apoB to encircle and wrap around it. This would result in an efficient
and faster assembly of apoB-containing lipoproteins and may predominate during excess availability of fat. Release of MTP would result in
the formation of secretion-competent primordial lipoproteins. Primordial lipoproteins can be supplied with a large dose of fat resulting in
their core expansion and formation of nascent lipoproteins. Droplets containing MTP molecules can efficiently accomplish the process of
core expansion by fusing with primordial lipoproteins.
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out affecting lipid-transfer activity. In addition, AGI-S17
inhibited the secretion of total and nascent apoB by
�70%. Most likely, inhibition of apoB secretion by AGI-
S17 is a consequence of the inhibition of intracellular
apoB-MTP binding. These studies provide strong evi-
dence that protein-protein interactions between apoB and
MTP may be important for lipoprotein assembly and se-
cretion.

Evidence for the importance of apoB-MTP binding in li-
poprotein assembly also comes from the studies of Bradbury
et al. (37). They showed that mutations in B:521–721 de-
crease MTP binding and apoB secretion. Moreover, Liang
and Ginsberg (51) showed that deletion of B:1–210 that
contains the first MTP binding site decreased the secretion
of apoB-34 but had no effect on apoB-16 secretion. As dis-
cussed before, modulation of apoB-MTP binding by lipids
also indicates that it may be a physiologically significant
event. It should be pointed out that apoB has been shown
to bind several other proteins (66), but modulation for
the binding of these proteins to apoB has not yet been
demonstrated. Thus, specific antagonists, site-directed
mutagenesis, deletion analysis, and modulation studies
lend strong support to the notion that apoB-MTP binding
plays an important role in lipoprotein biogenesis.

We propose that apoB-MTP binding may play different
roles during lipoprotein biosynthesis (Fig. 2). For clarity,
apoB-MTP binding is shown to play an important role in
two steps, A) prevention of apoB degradation and B) lipida-
tion of nascent apoB. We have suggested that the emerging
nascent apoB polypeptide interacts with MTP prior to its
lipidation due to the localization of its binding site in the
N-terminal 17% of the molecule (42, 43). It is known that
apoB undergoes dislocation from the ER and degradation
by proteosomes if not assembled into lipoproteins (67, 68).
It is proposed that MTP binding may facilitate the import
of nascent apoB into the ER lumen, prevent dislocation
from the ER, and inhibit proteosomal degradation. These
processes can be facilitated further by the concomitant lipi-
dation of the emerging apoB peptide by MTP (Fig. 2A, i). If
inhibitors or mutations inhibit apoB-MTP binding, apoB is
predicted to undergo degradation involving hsp70 (69)
and hsp90 binding (70), ubiquitination, and proteosomal
degradation (Fig. 2A, ii).

Formation of primordial lipoproteins requires MTP.
MTP may participate in this process by two ways. First, free
MTP (unassociated with lipid droplets or vesicles) may
bind nascent apoB, extract lipids from membrane, and
transfer to apoB (Fig. 2B, i). This may result in the forma-
tion of “lipid pocket” as has been suggested by Segrest et
al. (3, 17) similar to that observed in LV, which accommo-
dates several lipid molecules. As shown in Fig. 2, the lipid
pocket could be an important intermediate acceptor. This
pocket could be a nucleation site to accommodate lipid
influx. The apoB-MTP binding may sequester MTP to
apoB, leading to a preferential unidirectional transfer of
lipids to apoB. Thus, apoB-MTP binding may help in net
transfer of lipids from membrane to apoB. It should be
noted that MTP molecules that are not bound to apoB
could facilitate transfer of lipids to the pocket. Second, it

is also possible that this process occurs in one step where
MTP delivers lipids in bulk (Fig. 2B, ii). MTP associated
with lipid vesicles or droplets may bind to apoB and pro-
vide a lipid core for the nascent apoB to encircle and
wrap around it. This would result in efficient and faster
assembly of apoB-containing lipoproteins and may pre-
dominate during excess lipid availability. Release of MTP
would result in the formation of secretion-competent
“primordial lipoproteins.”

Very little is known about the lipid droplet formation. This
process may require efficient lipid synthesis. In addition, it
may require MTP because mice deficient in MTP expression
do not accumulate lipid droplets in the ER lumen (64).
Wang et al. suggested that MTP activity might be necessary
for the accumulation of triglycerides into the ER lumen (65).
We have shown that MTP exists associated with lipids in the
ER lumen (41). Thus, MTP may play a role in the formation
and stabilization of lipid droplets. Obviously, this property of
the MTP does not require apoB binding.

The role of MTP in the fusion of lipids droplets with
primordial lipoproteins to form nascent lipoproteins in
a process called “core expansion” is not known. The
apoB-MTP binding may bring lipids associated with apoB
and MTP into close proximity and facilitate their fusion.
It is also possible that MTP may initiate the fusion of lip-
ids. MTP has been proposed to contain sequences that
may have fusogenic properties (38). Thus, apoB-MTP
binding may also play an important role during core ex-
pansion of primordial lipoproteins.

CONCLUDING REMARKS

Major advances have been made in the understanding
of the molecular interactions between apoB and MTP,
identification of binding sites, and regulation of these in-
teractions. In addition, data is available to support the idea
that apoB-MTP binding plays a role in lipoprotein biosyn-
thesis. However, very little progress has been made in the
identification of different steps in lipoprotein assembly
that require apoB-MTP binding. We have discussed various
steps that might need apoB-MTP binding (Fig. 2) and
hope that this will spur new investigations to delineate
them. Knowledge of these steps will establish that MTP acts
as a chaperone during lipoprotein assembly.

It remains to be determined whether inhibition of
apoB-MTP will increase intracellular triglyceride accumu-
lation. This is important because MTP’s lipid transfer ac-
tivity inhibitors have not yet proven to be useful in con-
trolling plasma lipid levels because they significantly
decrease lipoprotein secretion and cause increased accu-
mulation of lipids in the liver. The structural information
may be useful in obtaining compounds that partially in-
hibit lipoprotein assembly and secretion. Sub-optimal in-
hibition of lipoprotein assembly may provide a more de-
sirable phenotype of lowering plasma lipid levels coupled
with low lipid accumulation in the liver.

ApoB has been shown to interact with several other
chaperones in the ER (66). At present, no information is
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available about the modulation of the binding of different
chaperones to apoB. Particularly, it is not known how the
binding of these chaperones to apoB affects MTP binding
and vice versa. Modulation of the binding of various chap-
erones to apoB may play an important role in the maturation
of apoB into secretion-competent lipoprotein, and their
understanding will provide new insights into lipoprotein
biosynthesis. A proteomic approach has resulted in the
identification of several apoB-binding proteins (71). It re-
mains to be determined whether these proteins play a role
in lipoprotein assembly.

The role of MTP in the import of triglycerides into the
lumen of ER also needs further investigation. The accep-
tors involved in the import need to be identified. It re-
mains to be determined how these acceptors compete
with apoB and how MTP discriminates between different
acceptors and avoids futile cycle of triglyceride transfer
between membranes.
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