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N- terminal  � -barrel (amino acids 22–297), central  � -helical 
region (amino acids 298–603), and C-terminal domain 
(amino acids 604–894) ( 5–8 ). Based on mutagenesis fol-
lowed by functional studies, it has been suggested that the 
N-terminal domain binds apoB ( 7 ), the central  � -helical 
region interacts with both PDI and apoB ( 9 ), and the 
C-terminal domain is involved in lipid binding and trans-
fer ( 7 ). Bakillah et al. ( 10 ) identifi ed small-molecule in-
hibitors that differentially inhibit MTP’s lipid transfer 
and apoB-binding activities, providing evidence for dif-
ferent functional domains. Further, it has been sug-
gested that different domains of MTP carry out different 
functions ( 8, 11 ). 

 MTP facilitates transfer of lipids to nascent apoB while it 
is being cotranslationally translocated across the ER mem-
brane, thereby aiding in the assembly of primordial lipo-
protein particles and preventing presecretory proteasomal 
degradation of apoB ( 12 ). Kinetic studies predict that 
MTP has two lipid binding sites ( 13, 14 ); the fast site is im-
plicated in triglyceride and phospholipid transfer, whereas 
the slow site in phospholipid transfer only. Evolutionary 
studies have suggested that MTP evolved as a phospholipid 
transfer protein and acquired triglyceride transfer during 
a transition from invertebrates to vertebrates ( 15 ). Fur-
ther, it was shown that phospholipid transfer activity of 
MTP is suffi cient to support secretion of apoB-containing 
lipoproteins in vitro and in vivo ( 16, 17 ). 

 Abetalipoproteinemia (ABL, OMIM#200100) is a rare 
autosomal recessive disorder due to mutations in the  MTTP  
gene. Plasma triglycerides (<0.23 mmol/l, 20 mg/dl) and 
cholesterol (<1.16 mmol/l, 45 mg/dl) are typically low; in 
addition, LDL and apoB are undetectable. Acanthocytosis 
of red blood cells is a distinguishing feature on blood 
smears ( 18 ). The severity of symptoms varies, and their 
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  Microsomal triglyceride transfer protein (MTP) is a het-
erodimer of a large  � 97 kDa M subunit and a  � 55 kDa 
protein disulfi de isomerase (PDI) P subunit held together 
by noncovalent interactions in 1:1 stoichiometry ( 1–4 ). 
PDI helps to maintain solubility and retention of MTP in 
the endoplasmic reticulum (ER) ( 1, 2 ). The M-subunit of 
MTP is a single peptide of 894 amino acids. Based on its 
homology with lipovitellin, an ancient transport and stor-
age lipoprotein found in egg-laying vertebrates, MTP has 
been predicted to contain three major structural domains: 
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lipofectamine were obtained from Roche and Invitrogen, respec-
tively. Antibodies M2 FLAG, anti-human apoB, anti-human PDI, 
anti-human GAPDH, and Alexa Fluor 488 and 594 were purchased 
from Molecular Probes. 

 Cloning and generation of recombinant retroviruses 
 Single amino acid mutations for each missense mutation were 

introduced in FLAG-tagged human MTP (hMTP-FLAG) ( 33 ) se-
quence using site-directed mutagenesis (Stratagene). Mutagene-
sis was confi rmed by sequencing. Later these mutations were 
cloned into a pMFG retroviral vector. Human kidney-derived cell 
line 293GPG was used for retroviral packaging. pMFG retroviral 
vectors carrying normal and mutant MTP were transiently trans-
fected using lipopfectamine 2000 (Invitrogen) according to the 
manufacturer’s instructions. Viruses were harvested 48–72 h fol-
lowing transfection in tet-off media to initiate viral production. 
The viral supernatants were collected and amplifi ed on large 
scale and subsequently used to generate stable cell lines. 

 Generation of stable cell lines expressing MTP mutations 
 Monkey kidney COS7 cells (2 × 10 5 ), which do not express 

MTP and apoB, were seeded in tissue culture plates. These cells 
were transduced with recombinant retroviruses and were grown 
to confl uence. This infection step was repeated three times; cells 
were stored in liquid nitrogen. As all the proteins generated were 
FLAG tagged, FLAG expression was quantifi ed by western blot 
analysis to compare protein levels. 

 Cell culture and apoB secretion studies 
 COS7 cell lines stably expressing different mutants were grown 

in Dulbecco’s modifi ed Eagle’s medium (CellGrow) containing 
10% fetal bovine serum supplemented with L-glutamine and an-
tibiotics. ApoB expression vectors were transfected into these 
cells using FuGENE 6 (Roche Applied Sciences) according to the 
instructions provided by the manufacturer. The cells were de-
tached from the plate after 8–10 h using trypsin and were plated 
in 6-well plates (400,000 cells/well). During the fi nal 16 h of 48 h 
post transfection, media were replaced with either 1 ml of DMEM 
with 1.5% BSA or DMEM containing 0.4 mM oleic acid com-
plexed with 1.5% BSA and 1 mM glycerol. Media and cells were 
collected in tubes containing protease inhibitors (Sigma-Aldrich). 
Media were centrifuged and supernatants were used to measure 
apoB by ELISA ( 34, 35 ). Cells were used to measure intracellular 
apoB. For this purpose, cells were scraped in cold PBS, and a 
small sample was taken for total protein measurement. After cen-
trifugation for 5 min at 100  g , pellets were lysed in cell extract 
buffer (100 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EGTA, 1 mM 
EDTA,1% Triton X-100, 0.5% sodium deoxycholate) and rotated 
for 1 h at 4°C. The cell extract was centrifuged at 16,000  g , and 
the supernatant was used to measure apoB by ELISA ( 34 ). Intra-
cellular apoB was normalized to total cell protein. 

 Immunofl uoroscence 
 Stable cell lines were grown on coverslips in 12-well cell cul-

ture plates, fi xed, blocked, and probed with primary and second-
ary antibodies as described earlier ( 16 ). Cells were incubated 
with 0.05% Tween 20 in 10 mM sodium citrate buffer (pH 6.0) at 
37°C for 15–20 min. PBS containing 1 mM MgCl 2 , 0.5 mM CaCl 2 , 
3% BSA, and 1% horse serum was used as blocking reagent. Pri-
mary and secondary antibody dilutions were made in the same 
buffer. The cells were incubated for 1 h with 1:100 dilution of 
mouse anti-FLAG M2 (Sigma) and rabbit anti-PDI (AbCam) or 
rabbit anti-calnexin (Santa Cruz Biotechnology) for 1 h with 
0.1% Triton-X100 to increase the permeability. Alexa Fluor 488-
conjugated goat anti-rabbit IgG1 (green fl uorescence) and Alexa 

subsequent downstream complications depend on early di-
agnosis and treatment. During the fi rst and second decade, 
the fi rst symptoms to be noticed are fat malabsorption, ste-
atorrhea, and failure to thrive. The other ramifi cations of 
the disease are fat-soluble vitamin defi ciency, specifi cally 
vitamin E ( 19 ) and vitamin A, as apoB-containing lipo-
proteins distribute these vitamins to the peripheral tissues. 
The most prominent and debilitating clinical manifesta-
tions of ABL are neurological disorders caused by the defi -
ciency of vitamin E and progressive degeneration of the 
central nervous system, leading to death. 

 The majority of the mutations reported following se-
quence analysis of the MTP gene or cDNA in ABL subjects 
are frameshift, nonsense, and splice site mutations that are 
predicted to encode truncated forms of MTP completely 
devoid of function ( 20–28 ). However, a few missense mu-
tations, R540H ( 23, 25 ), S590I ( 25, 29 ), N780Y ( 7, 26 ), 
D384A ( 23, 30 ), and G746E ( 25 ) have been described. 
Characterization of some of these mutants has provided 
signifi cant information about the structure-function of 
MTP. Ricci et al. reported a nonsense mutation, G865× 
that caused loss of 30 amino acids at the C-terminal  � -sheet 
of the 97 kDa MTP subunit ( 31 ). The translated protein 
lost the ability to interact with PDI and was unable to trans-
fer lipids, indicating that C-terminal  � -sheet may play a 
role in the formation of the active heterodimer. N780Y, 
located in the C-terminal end, has been shown to interact 
with PDI but lacks triglyceride transfer activity ( 7, 26 ). It 
has been suggested to interact with membranes and ex-
tract lipids for transfer ( 7 ). It does not support secretion 
of apoB41 but does support secretion of vitellogenin ( 32 ). 
R540H neither transfers triglycerides nor supports apoB 
secretion ( 23 ). It has been suggested to form an internal 
salt bridge to keep the central  � -helical domain in proper 
conformation for PDI binding ( 6 ). However, nothing is 
known about the ability of these two missense mutants 
to transfer phospholipids. ABL subjects homozygous for 
S590I have been reported ( 25 ), but the biochemical rea-
son for the disease phenotype has not been explained. In 
contrast, D384A and G746E have been reported as com-
pound heterozygotes with other mutations, and therefore, 
it is not known whether these mutations affect MTP activ-
ity and contribute to the ABL phenotype ( 23, 25, 30 ). In this 
study, we explored the effects of these missense mutations 
on various aspects of cellular, molecular, and biochemical 
properties of MTP. 

 MATERIALS AND METHODS 

 Materials 
 Four to 15% ready Tris-HCl gels and precision-plus protein lad-

der were obtained from Bio-Rad Laboratories.  � -mercaptoethanol 
and restore western blot stripping buffer were purchased from 
Invitrogen and Thermo Scientifi c, respectively. Calcium chlo-
ride, ethylene diamine tetraacetic acid, Hepes, kanamycin, mag-
nesium chloride, molecular weight markers, oleic acid, Tween-20, 
and Triton X-100 were bought from Sigma. Glycerol, heparin-
ized micro-hematocrit capillary tubes, sodium dodecyl sulfate, 
and sucrose were obtained from Fisher Chemicals. Fugene and 
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carried out by incubating the reaction mixture fi rst for 10 min 
at 95°C, followed by 40 cycles of 15 s incubations at 95°C and 
1 min at 60°C in the ABI 7000 SDS PCR machine. Data were 
analyzed using  �  � C T  method according to manufacturer’s in-
struction and are presented as arbitrary units. Data were nor-
malized to 18S rRNA. 

 Statistical analyses 
 One-way ANOVA was performed to compare differences 

between groups. Comparisons were made between COS7 cells 
expressing hMTP and all other mutations, and signifi cant differ-
ences are depicted by asterisks. Each analysis was performed in 
triplicate, and mean values were used as one value. Data repre-
sent the average of triplicate values and their SEM. Data are rep-
resentative of two to three independent experiments. 

 RESULTS 

 Structural illustration and location of missense mutations 
in MTP protein 

 A diagram of the secondary structure of MTP based on 
PSIPRED secondary structure prediction ( 38 ) overlaid on 
the primary sequence shows N- and C-terminal  � -sheets 
and a central  � -helical domain (  Fig. 1A  ).  Various ABL mis-
sense mutations have been identifi ed to highlight their 
location in different regions of the protein ( Fig. 1A ). A 
schematic illustration of the secondary structure of MTP 
with respect to different predicted structural domains is 
shown in  Fig. 1B , along with location of the mutations. 
A predicted tertiary structure build on lipovitellin ( 5, 39 ) 
illustrates different structural domains and the location of 
different mutants ( Fig. 1C, D ). These analyses showed that 
mutations D384A, R540H, and S590I are located in the 
central  � -helical domain, whereas G746E and N780Y are 
in the C-terminal  �  A  sheet domain. 

 Expression of MTP mutants in stably transfected cells 
 To study the importance of various amino acid resi-

dues, site-directed mutagenesis was employed to create 
individual missense mutations into the coding sequence 
of wild-type human MTP 97 kDa subunit. These mutants 
were sequenced, cloned in the retrovirus expression vector 
pMFG-hMTP-FLAG, and stably expressed in COS7 cells 
that lack endogenous expression of apoB and MTP. 
Cells stably expressing pMFG-hMTP-FLAG were used as 
positive controls. 

 To determine whether single amino acid substitutions 
affect expression, we performed immunofl uorescence us-
ing anti-FLAG antibodies. All mutant proteins could be 
detected in different cell lines (  Fig. 2  ).  To determine the 
subcellular location of these mutant proteins, cells were 
also stained for calnexin, an ER marker ( Fig. 2 ). Merging 
of the calnexin- and FLAG-stained images showed overlap 
(yellow), suggesting their juxtaposition ( Fig. 2 ). This ex-
pression pattern is consistent with those of human and 
 Drosophila  MTP reported earlier ( 16, 17 ). These data dem-
onstrate that MTP mutants are expressed in these cells 
and localize similarly to hMTP in cells. 

Fluor 594-conjugated goat anti-mouse IgG1 (red fl uorescence) 
(Molecular Probes) were incubated for 1 h following primary 
antibody treatment. The coverslips were mounted in anti-fade 
(Vectashield) to prevent fl uorescent bleaching and analyzed with 
a laser-scanning microscope (Model LSM 510, Carl Zeiss). Im-
ages were imported and analyzed with Photoshop 6.0 before ex-
porting to Illustrator CS2 (Adobe). 

 Lipid transfer assays 
 Lipid transfer activities of MTP in COS7 cells stably expressing 

different mutants were determined by triglyceride and phospho-
lipid transfer assays as described earlier ( 36, 37 ). Cells were ex-
tensively washed in ice-cold PBS and homogenized in 1 ml of 
ice-cold homogenizing buffer (Tris-HCl, pH 7.6, 1 mM EGTA, 
and 1 mM MgCl2) containing protease inhibitor cocktail (Sigma) 
using a Dounce homogenizer. This low-salt buffer is known to 
disrupt microsomes and release its contents ( 36 ). Homogenates 
were centrifuged in a SW55 Ti rotor at 50,000 rpm for 1 h at 
10°C. To purify proteins, homogenates were incubated with M2 
agarose beads (Sigma) and eluted three times with FLAG fusion 
peptide (150 ng/µl) (Sigma). Supernatants were used for MTP 
lipid transfer assays in triplicates as described elsewhere ( 36, 37 ). 
In brief, homogenates were added to a mixture of donor vesicles 
containing NBD-triglycerides and acceptor vesicles. After 30 min, 
increases in fl uorescence due to transfer were recorded. Total 
fl uorescence was measured by disrupting vesicles with isopropa-
nol. Fluorescence values containing no MTP as blank were sub-
tracted from samples containing MTP proteins and divided by 
the total fl uorescence of vesicles to determine percentage of lipid 
transfer. Similarly, phospholipid transfer assays were performed 
( 37 ). Again, purifi ed proteins were added to a mixture of donor 
vesicles containing NBD-phosphatidylethanolamine and accep-
tor vesicles. Increase in fl uorescence was measured, and percent-
age lipid transfer was determined by subtracting fl uorescence 
values containing no MTP from samples containing MTP divided 
by total fl uorescence of vesicles obtained after their disruption 
with isopropanol. 

 Immunoprecipitation and western blot analysis 
 For coimmunoprecipitation of MTP and PDI, COS7 cells 

stably expressing different mutants were grown, washed with 
PBS, scraped, and collected. Cells were homogenized as de-
scribed above, and protein content in homogenates was deter-
mined by Bradford assay (Thermo Scientifi c). Equal amounts 
of total proteins (adjusted with 150 mM NaCl, pH 7.4, if neces-
sary) from different cell lines were incubated with mouse-anti-
FLAG antibody according to manufacturer’s recommendations 
at 4°C overnight. Protein A/G agarose beads from Santa Cruz 
Biotechnology were added the next morning and further incu-
bated for 2 h. Beads were pelleted, washed, and resuspended 
in 1× SDS-PAGE laemmeli buffer. Beads were spun down after 
boiling, and the supernatant containing the immunoprecipi-
tated proteins were applied to 4-20% precast SDS-PAGE gel 
(Bio-Rad), subjected to electrophoresis, transferred onto ni-
trocellulose membrane, and probed for protein expression, 
FLAG, and PDI. 

 mRNA quantifi cations 
 Total RNA from cells was isolated using TriZol (Invitrogen). 

The fi rst-strand cDNA was synthesized using Omniscript RT 
(Qiagen) kit. Each reaction of quantitative RT-PCR was car-
ried out in a volume of 20  � l, consisting of 9  � l cDNA sample 
(1:50 dilution of the fi rst strand cDNA sample) and 11  � l of 
PCR master mix solution containing 1× PCR reaction buffer 
(qPCR Core Kit for SYBR Green I, Eurogentec). The PCR was 
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 We next determined whether MTP mutants coimmuno-
precipitate with PDI. FLAG proteins were immunoprecipi-
tated using anti-FLAG M2 antibodies, and immunoprecipitated 
proteins were western blotted to detect MTP. Membranes 
were stripped and reprobed with anti-PDI antibodies 
(  Fig. 4  ).  No FLAG protein or PDI was detected in wild-type 
control cells, indicating absence of proteins recognized 
by anti-FLAG antibodies in these cells. Immunoprecipi-
tates obtained from COS7 cells expressing D384A, S590I, 
G746E, and N780Y contained both FLAG and PDI ( Fig. 4A ); 
however, lower amounts of PDI were precipitated with 
R540H-FLAG consistent with Mann et al. ( 6 ). PDI/MTP 
ratios after the densitometric quantifi cations of bands are 
shown in  Fig. 4B . In most cases, this ratio ranged between 
0.7 and 1.0, but it was lower for R540H. These studies show 
that that all mutants, except for R540H, interact strongly 

 Heterodimerization of MTP mutants with PDI 
 MTP and PDI subunits form heterodimers with a stoi-

chiometry of 1:1 ( 2, 3 ). This heterodimer formation is re-
quired to facilitate lipid transfer activity. Therefore, we 
performed immunofl uorescence and coimmunoprecipi-
tation analysis to study interactions between MTP and PDI 
subunits in COS7 cells stably expressing different MTP 
mutants (  Fig. 3  ).  Staining was seen for both MTP-FLAG 
and PDI in cells expressing hMTP and all other mutants. 
Overlap of MTP-FLAG and PDI was evident as yellow in 
merged images in most cell lines. In R540H-expressing 
cells, there was less yellow color, indicative of possibly 
sparse colocalization of these subunits ( Fig. 3 ). Alterna-
tively, this could be due to low intensity of the FLAG sig-
nal. These data indicate that, except for R540H, all mutant 
proteins are in close proximity of PDI in these cells. 

  Fig.   1.  Amino acid sequence as well as predicted secondary and tertiary structural domains of MTP. (A) Predicted secondary structural 
domains (top row) of MTP were drawn manually on top of the amino acid residues (second row) based on PSIPRED ( 38 ) and homology 
modeling published earlier ( 8 ). The bold blue arrows represent  � -sheet, whereas pink barrels represent  � -helices. The third row shows 
number of amino acid residues. The missense mutations and their locations have been identifi ed with black arrows. (B) A schematic line 
diagram of the 97 kDa MTP subunit showing all the putative structural domains. The N-terminal  � -sheet ( �  N , amino acids 22–297) contains 
three helices (NH1–NH3) and 12  � -sheets (N1–N12). The central  � -helical domain ( � , 298–603) contains 18 helices (H1–18). The 
C-terminal  � -sheet (604–894) contains two  � -sheet domains:  �  C  or C-sheet (C2–7) and  �  A  or A-sheet (A2–7). The A-sheet also contains 
two short highly conserved  � -helices, AH1 and AH2. The missense mutations cloned and characterized in this study have been identifi ed. 
(C) Tertiary structure of MTP was built using Chimera based on lipovitellin structure. Ribbon diagram of different domains have been dif-
ferentially color coded:  �  N , red;  � -helix, yellow;  �  C  and  �  A , cyan. The ABL mutants are shown in the structure. Side chains of residues de-
picting atoms/bonds are represented as spheres showing van der Waals radii. The colors denote nitrogen in blue, carbon in gray, and 
oxygen in red. (D) The posterior view of the MTP protein is shown for better representation of residues S590 and R540.   
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we examined triglyceride transfer activity in these purifi ed 
proteins ( Fig. 5C ). Signifi cant triglyceride transfer activity 
was measurable in purifi ed hMTP ( Fig. 5C ). D384A exhib-
ited signifi cant triglyceride transfer activity, but it was 
lower than hMTP. In contrast, no triglyceride transfer ac-
tivity was measurable in R540H, S590I, G746E, or N780Y 
mutants. Besides triglyceride transfer, MTP also transfers 
phospholipids. Similar levels of phospholipid transfer ac-
tivities were exhibited by hMTP and D384A. But no phos-
pholipid transfer activity was measurable in R540H, S590I, 
G746E, or N780Y mutants ( Fig. 5D ). These studies show 
that R540H, S590I, G746E, and N780Y are defi cient in 
both triglyceride and phospholipid transfer activities. 

 Ability of different missense mutations to support apoB 
lipoprotein assembly and secretion 

 The major function of MTP is to support apoB lipopro-
tein assembly and secretion. To study apoB secretion, vari-
ous cell lines stably expressing hMTP and different mutants 
were transiently transfected with apoB48-expressing plas-
mid. Different experiments were performed to measure 
intracellular apoB mRNA and protein levels.   Fig. 6A    shows 
the mRNA levels of apoB in two different dishes of various 
cell lines ( Fig. 6A ). All dishes had similar apoB mRNA lev-
els, except for one dish expressing N780Y. These studies 
indicated signifi cant expression of apoB. We also mea-
sured MTP expression in different wells.  Fig. 6B  shows the 
expression of different MTPs at the end of the experiment 
in two different wells. To study apoB secretion, we quanti-
fi ed media apoB. ApoB was detectable in the media of 
cells stably expressing hMTP and D384A, but it was not 
detectable in cells expressing R540H, S590I, G746E, or 
N780Y ( Fig. 6C ). To eliminate the possibility that low 
availability of lipids affected apoB secretion, cells were 
supplemented with oleic acid complexed to BSA. ApoB 
secretion was enhanced by  � 40% in cells expressing hMTP 
or D384A ( Fig. 6D ) when compared with cells that were 
not supplemented with oleic acid ( Fig. 6C ). However, 
apoB was still not detectable in the media of cells ex-
pressing R540H, S590I, G746E, or N780Y mutants. Con-
sideration was given to the possibility that lack of apoB 
expression might be secondary to no cellular apoB protein. 
Cells were transfected with apoB48-expressing plasmids, 
and intracellular apoB levels were quantifi ed by ELISA 
( Fig. 6E ). There were similar amounts of intracellular 
apoB in all cell lines, indicating signifi cant and equal 
expression. Thus, hMTP and D384 support apoB48 secre-
tion, but other mutants do not. 

 DISCUSSION 

 Although it is established that MTP is indispensable for 
apoB lipoprotein assembly and secretion, gathering infor-
mation about the structure and function of MTP has been 
hard due to diffi culties in obtaining a three-dimensional 
X-ray crytallographic structure. Identifi cation of missense 
mutations in the M subunit as the prime cause of ABL pro-
vided a possible new approach to explore structure-function 

with endogenous PDI. The reasons for low association of 
PDI with R540H are not known. It is likely that interac-
tions between R540H and PDI are weaker than those of 
other MTP mutants. 

 Effect of missense mutations on distinct lipid transfer 
activities of MTP 

 First, we studied the expression of different mutants in 
duplicate cell cultures by measuring MTP mRNA levels 
(  Fig. 5A  ).  All cell lines, except for D384A that showed 
higher mRNA levels, had similar levels of transcripts. To 
assay different lipid transfer activities, proteins were puri-
fi ed using anti-FLAG antibodies. Purifi cation was necessary, 
as we could not reliably measure phospholipid transfer 
activities in either cell homogenates or microsomal lume-
nal contents. Western blot analysis showed that, except 
for the lower levels of G746E, we were able to purify differ-
ent mutants and hMTP to similar extents ( Fig. 5B ). Next, 

  Fig.   2.  Expression and subcellular localization of hMTP mutants. 
COS7 cells stably expressing hMTP or different mutants were fi xed, 
permeabilized, blocked, and probed with primary antibodies for 
FLAG and Calnexin. Subsequently, they were probed with Alexa 
Fluor 488 (Calnexin, green) and Alexa Fluor 594 (FLAG, red) con-
jugated secondary antibodies. Immunofl uoroscence was detected 
using a Carl Zeiss confocal microscope. Images were merged to 
detect colocalization of the proteins. Duplicate samples were pro-
cessed and several fi elds were scanned. Representative images are 
shown. The bar represents 20 µm.   

  Fig.   3.  MTP and PDI interaction. COS7 cells stably expressing 
hMTP or different mutants were reacted with anti-PDI and anti-
FLAG antibodies. They were then probed with Alexa Fluor 488 
(PDI) and Alexa Fluor 594 (FLAG). Immunofl uorescence was de-
tected using a Carl Zeiss confocal microscope. Images were merged 
to detect colocalization of the proteins. Duplicate samples were 
processed and several fi elds were scanned. Representative images 
are shown. The bar represents 20 µm.   
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 S590 is located in the loop between helices 17 (amino 
acids 569–584) and 18 (amino acids 591–603) of the cen-
tral  � -helical region (  Fig. 7A  ).  It has been suggested ( 6 ) 
that residues I592, Y554, M555, and K558 ( Fig. 7B ) are in-
volved in PDI binding, as combined mutagenesis of Y554, 
M554, and I592 to alanine severely curtails PDI binding 
and triglyceride transfer activity. However, individual K591A, 
I592A, R594A, R595A, K598A, and E599A ( Fig. 7C ) substi-
tutions had very small effects on MTP activity ( 6 ). Thus, 
it was surprising to see that S590I resulted in complete 
loss of MTP activity. It has been previously pointed out ( 6 ) 
that S590 could be part of a hydrophobic patch at the edge 
of the helical domain, along with F585, M587, and A589 
( Fig. 7B ). S590I would increase hydrophobicity of the 
pocket. We noticed that S590 could also potentially form 
a hydrogen bond with M587 besides participating in the 
formation of a hydrophobic pocket between helices 17 
and 18 ( Fig. 7B, C ). Further mutagenesis experiments are 
needed to resolve whether S590 is crucial because it con-
tributes to an optimum hydrophobic pocket or because its 
interaction with M587 is important for MTP activity. 

 G746E was reported as a compound heterozygote in 
an ABL subject ( 25 ); the other mutation found in this 
subject was a nonsense mutation resulting in the synthesis 
of a truncated protein. Therefore, it was not clear whether 
G746E contributes to the ABL phenotype. Our studies 
show that G746E missense mutation is accompanied with 
loss of triglyceride and phospholipid transfer activities in 
MTP and does not support apoB secretion. Thus, G746E 
alone could cause ABL. G746E is located in the deep pocket 
of MTP lipid transfer domain ( Fig. 7D ). We predict that 
introduction of a charged residue in this hydrophobic 
pocket might hinder neutral lipid acquisition for transfer. 
Thus, conversion of glycine to glutamic acid might create 
a hydrophilic environment untenable for the transfer of 
hydrophobic lipids. 

 Individuals homozygous for D384A have not been identi-
fi ed; instead, this mutation has been presented as compound 
heterozygote with R540H ( 23 ). Therefore, physiologic ef-
fects of this mutation are unknown. We found that D384A 
has no signifi cant impact on PDI binding, lipid transfer 

relationships. We analyzed the effects of different reported 
ABL missense mutations on MTP function. Our studies 
confi rm previous observations that R540H mutant neither 
transfers triglyceride nor supports apoB secretion, whereas 
D384A does both ( 23 ). Similarly, we also observed that 
N780Y interacts with PDI but does not transfer triglyceride 
as has been shown before ( 7, 26 ). Further, our studies show 
that this missense mutation is incapable of supporting 
apoB48 secretion as has been reported for apoB41 ( 32 ). We 
extend these studies to show that R540H and N780Y mu-
tants also lack phospholipid transfer activity. Additionally, 
we report for the fi rst time that S590I and G746E do not 
support apoB secretion. To identify mechanisms for their 
inability to support apoB secretion, we examined ER local-
ization, interaction with PDI, and both triglyceride and 
phospholipid lipid transfer activities. These mutants inter-
acted with PDI, but were unable to transfer lipids. Thus, a 
proximal reason for ABL due to R540H, S590I, G746E, or 
N780Y missense mutations might be the absence of both 
triglyceride and phospholipid transfer activities. 

 S590I missense mutation was described in a 52-year-old 
subject with a lifelong history of fat malabsorption ( 29 ) 
and in a 24-year-old subject ( 25 ), suggesting that this mu-
tation might result in a milder ABL phenotype. Despite 
the milder clinical phenotype, these patients lacked plasma 
apoB-containing lipoproteins and showed acanthocytosis. 
It had been suggested that this mutation might not have a 
major impact on the synthesis and function of MTP ( 29 ). 
Our in vitro studies, however, showed that MTP with this 
mutation has no lipid transfer activity and is unable to 
support assembly and secretion of apoB48-containing li-
poproteins. Thus, this mutation has severe biochemical 
defects. These data explain the absence of apoB-contain-
ing lipoproteins in these patients, but they do not provide 
any explanation regarding milder clinical phenotype, es-
pecially with regards to the absence of neuropathy usually 
associated with vitamin E defi ciency. It is possible that 
these subjects might have upregulated an alternate mech-
anism of absorbing vitamin E independent of apoB lipo-
proteins, such as those involving transport via HDL, despite 
having low levels ( 40, 41 ). 

  Fig.   4.  Coimmunoprecipitation studies showing 
MTP and PDI interactions. Wild-type COS7 cells 
and cell lines stably expressing hMTP or different 
mutants were seeded and grown to confl uence. (A) 
Homogenates from two different dishes were pre-
pared and used to immunoprecipitate chimeric pro-
teins using FLAG antibody. Immunoprecipitated 
proteins were separated on 4–20% SDS-PAGE gels 
and transferred to nitrocellulose membranes. West-
ern blot analyses were performed for FLAG-tagged 
MTP proteins using M2 anti-FLAG antibody (left 
panel). Membranes were stripped, and western 
blot analyses were performed for PDI proteins using 
rabbit anti-human PDI antibody (right panel). (B) 
Relative ratios of PDI and MTP (FLAG) in dupli-
cate for each mutant were quantifi ed from gels 
shown in (A).   
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 R540 is within the helix H15 (537-550) of the central  � -
helical domain and is not surface accessible. It has been 
suggested to form an internal salt bridge with E570 and 
N531 between helices 13 and 14 and the loop before the 

activities, or apoB secretion, consistent with other studies 
( 23 ). Hence, D384A is a polymorphism located in a highly 
conserved region of MTP, and individuals homozygous for 
this mutation may not have signifi cant phenotype. This is 
surprising, as a mutation from D to A leading to loss of a 
negative charge is expected to cause signifi cant structural 
changes. However, D384 is located between helices H5 
(369–380) and H6 (386–398) of the central  � -helical do-
main and is predicted to be surface accessible by Michel 
Sanner’s molecular surface (MSMS) analysis   (42). Thus  , a 
reason for no effect on MTP activity could be that due to 
its location on the surface of the molecule, it is not critical 
for lipid transfer. 

  Fig.   5.  Lipid transfer activities of different MTP mutants. COS7 
cell lines stably expressing hMTP or different mutants were seeded 
and grown to confl uence. (A) MTP mRNA levels were measured in 
two different dishes of individual cell lines by qRT-PCR and nor-
malized to 18S rRNA. (B) Different indicated proteins were puri-
fi ed using anti-FLAG antibodies from various indicated cell lines. 
Western blot analyses were performed to ascertain purifi cation. 
Equal amounts of proteins were used to determine (C) triglyceride 
and (D) phospholipid transfer activities. Data are representative 
of two independent experiments. Mean ± SEM, n = 3. One-way 
ANOVA was performed to compare differences between groups    . 
** P  < 0.01, *** P  < 0.001.   

  Fig.   6.  ApoB secretion supported by MTP mutants. ApoB expres-
sion plasmids were transiently transfected in COS7 cells expressing 
hMTP or different indicated MTP mutants. (A) ApoB mRNA levels 
were quantifi ed from two different wells of individual cell lines 
transfected with a human apoB48 expression plasmid. (B) Western 
blot analyses of the purifi ed MTP proteins are shown for the re-
spective groups to depict FLAG expression. (C) Media from differ-
ent cell lines was used to quantify apoB48 by ELISA. (D) ApoB 
secretion supported by MTP mutants during higher lipid avail-
ability was studied by supplementing cells with 0.4 mM oleic acid 
complexed with 1.5% BSA and 1 mM glycerol for the last 16 h of 
incubation. Media apoB was quantifi ed by ELISA and concentra-
tions were calculated from known standards. (E) Cells were used to 
measure intracellular apoB levels by ELISA. Data represent mean ± 
SEM, n = 3. One-way ANOVA was performed to compare differ-
ences between groups. *** P  < 0.001.   
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incapable of assisting apoB secretion. These studies indi-
cate that disruption of the internal salt bridge has a signifi -
cant effect on MTP structure, resulting in the loss of both 
the lipid transfer activities. 

 The C-terminal  � -sheet of MTP has been suggested to 
be crucial for its lipid transfer activity. Within this C-sheet, 
two  � -helices, AH1 (residues 725–736) and AH2 (residues 
781–786), have been proposed to play an important role 
in lipid transfer ( 7 ). This is based on the observation that 
N780Y missense mutation results in the loss of triglyceride 
transfer activity ( 7, 26 ). We also observed that MTP carry-
ing this mutation has very low triglyceride transfer activity 
and undetectable phospholipid transfer. 

 Apart from apoB-containing lipoprotein assembly in 
mammals, MTP is required for the secretion of vitello-
genin A1 in frogs ( 32 ). Vitellogenin is only secreted from 
COS cells when coexpressed with MTP. The secreted vitel-
logenin does not show fl otation properties, indicative of 
less neutral lipid association. Interestingly, N780Y mis-
sense mutation supports secretion of vitellogenin but not 
of apoB ( 32 ). Because vitellogenin is secreted as a phos-
pholipid-rich particle, we had hypothesized that N780Y 
might transfer phospholipids to aid in the secretion of vi-
tellogenin. However, our studies showed that this missense 
mutant is also defective in phospholipid transfer activity. 
Therefore, MTP’s chaperone activity that supports vitello-
genin secretion is not related to its ability to transfer lipids. 
It has been shown that MTP interacts with vitellogenin 
( 32 ), and this physical protein-protein interaction might 
be critical and suffi cient for vitellogenin secretion. 

 In short, this study provides biochemical explanation 
for novel missense mutations S590I and G746E, and it 
expands the reasons for ABL in N780Y and R540H muta-
tions. Apart from the absence of triglyceride transfer 
activity, our studies show that N780Y and R540H do not 
transfer phospholipids. We also found that S590I and 
G746E lack both triglyceride and phospholipid transfer 
activities. Hence, these studies point out that ABL is associ-
ated with an inability to transfer both triglycerides and 
phospholipids.  
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