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ABSTRACT: Microsomal triglyceride transfer protein (MTP) is essential for the assembly of neutral-lipid-
rich apolipoprotein B (apoB) lipoproteins. Previously we reported that theDrosophila MTP transfers
phospholipids but does not transfer triglycerides. In contrast, human MTP transfers both lipids. To explore
the acquisition of triglyceride transfer activity by MTP, we evaluated amino acid sequences, protein
structures, and the biochemical and cellular properties of various MTP orthologues obtained from species
that diverged during evolution. All MTP orthologues shared similar secondary and tertiary structures,
associated with protein disulfide isomerase, localized to the endoplasmic reticulum, and supported apoB
secretion. While vertebrate MTPs transferred triglyceride, invertebrate MTPs lacked this activity. Thus,
triglyceride transfer activity was acquired during the transition from invertebrates to vertebrates. Within
vertebrates, fish, amphibians, and birds displayed 27%, 40%, and 100% triglyceride transfer activity
compared to mammals. We conclude that MTP triglyceride transfer activity first appeared in fish and
speculate that the acquisition of triglyceride transfer activity by MTP provided for a significant advantage
in the evolution of larger and more complex organisms.

Distinct extracellular lipid transport systems that utilize
lipoproteins evolved more than 900 million years ago. These
include the apolipophorins circulating through the hemolymph
of insects (1, 2), vitellogenins of oviparous animals (3, 4),
and the apoB1 lipoproteins secreted by vertebrates (5, 6). In
insects, hemolymph contains two lipid-containing particles,
lipophorins, which exist as high-density and low-density
particles, and lipid transfer particle (LTP). Both of these
particles are synthesized and secreted by cells; however,
biochemical mechanisms involved in their biosynthesis have
not been elaborated. Lipophorin acts as a reusable shuttle,
whereas the LTP loads and unloads lipids, mainly diacylg-
lycerols, onto these particles. High-density lipophorins
contain two proteins, lipophorin I (Mr ≈ 250 000) and II
(Mr ≈ 70 000), which arise from proteolytic cleavage of a
precursor protein. The low-density lipophorin, in addition,
contains lipophorin III (Mr ≈ 18 000), which is acquired
during the loading of lipids to cover the surfaces of the
particles (2, 4, 7). LTP is a very high-density lipoprotein

consisting of 14% lipid and three apolipoproteins, apoLTP-
I, -II, and -III of Mr ≈ 350 000, 85 000, and 60 000.
Vitellogenins are female-specific lipoproteins synthesized
intracellularly. The protein associated with these lipoproteins
is a large molecule ofMr ≈ 210 000 (4). In contrast to the
reusable lipophorins, vitellogenins deliver lipids to oocytes
via receptor-mediated endocytosis. In the oocytes, these
particles undergo proteolytic cleavage, are referred to as
lipovitellins, and consist of dimeric vitellogenins (3, 4).

The assembly of apoB lipoproteins in mammalian hepatic
and intestinal cells occurs in the endoplasmic reticulum (ER).
Microsomal triglyceride transfer protein (MTP) is acknowl-
edged to play a critical role during the assembly and secretion
of these particles (8-11). Besides its role in the assembly
of apoB lipoproteins, recent reports suggest that MTP may
be vital to the assembly and secretion of vitellogenins as
well as lipophorins (12, 13), in the biosynthesis of a lipid
antigen presenting molecule, CD1d (14-16), and in the
development of NKT cells (16). Wetterau and Zilversmit first
identified bovine MTP as a heterodimer of MTP and protein
disulfide isomerase (PDI) subunits that transfers lipids but
prefers to use triacylglycerols, cholesteryl esters, and phos-
pholipids as substrates when this activity is measured in vitro
(17-19). Antagonists to this activity increase the intracellular
degradation of apoB (20) and reduce the secretion of these
particles both in cell culture and in animal models (21, 22).
In humans, the absence of MTP activity results in abetali-
poproteinemia, a disease characterized by the deficiency of
plasma apoB and severely reduced lipid levels (23). Thus,
the MTP lipid transfer activity is essential for the formation
of apoB lipoproteins.
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To study the importance of different lipid transfer activities
of MTP, we cloned aDrosophilaorthologue (24, 25). The
Drosophila MTP transferred phospholipids but did not
transfer triacylglycerols. Even though it lacked neutral lipid
transfer activity, theDrosophilaMTP assisted the secretion
of human apoB lipoproteins. We hypothesized that the
phospholipid transfer activity was the most ancient activity
associated with MTP and that the neutral lipid transfer
activity was acquired during evolution. To test this hypoth-
esis, we compared the sequences as well as the various
biochemical and cellular properties of MTP from different
organisms to establish the period during evolution that MTP
acquired neutral lipid transfer activity. This comparison
revealed that fish MTP was the first of the MTPs to acquire
triglyceride transfer activity during evolution. These studies
demonstrate that protein structure-function relationships can
be studied by exploring the evolutionary changes proteins
undergo over periods of time.

MATERIALS AND METHODS

Protein Alignments and Structural Analyses.MTP amino
acid sequences were acquired by executing an iterative
protein-protein BLAST (26) against all nonredundant Gen-
Bank CDS translations+ RefSeq+ PDB + SwissProt+
PIR+ PRF protein databases using human MTP (CAA58142)
as the query. Full-length proteins that produced significant
alignments (E threshold value 0.0) includedEquus caballus
(horse, XP_001498540),Bos taurus(bovine, CAA55310),
Mus musculus(mouse, NP_032668),Mesocricetus auratus
(hamster, AAA53143),Gallus gallus(chicken, XP_420662),
Canis familiaris (dog, XP_544995),Sus scrofa (pig,
NP_999350),Rattus norVegicus (rat, XP_227765),Pan
troglodytes(chimpanzee, XP_526779),Monodelphis domes-
tica (gray short-tailed opossum, XP_001369612),Danio rerio
(zebrafish, NP_998135),Strongylocentrotus purpuratus(sea
urchin, XP_001192053),Drosophila melanogaster(fruit fly,
NP_610075),Drosophilapseudoobscura(fruit fly,EAL33909),
Apis mellifera(honeybee, XP_623644),Tribolium castaneum
(red flour beetle, XP_973610),Anopheles gambiae(mos-
quito, EAA13951), Caenorhabditis elegans(nematode,
AAR27937), and Caenorhabditis briggsae(nematode,
CAE67922). An incomplete sequence (693 amino acids) for
Tetraodon nigroViridis (green spotted pufferfish, CAG03740,
E value 0.0) was also acquired. TheFugu rubripes(Japanese
pufferfish) MTP protein sequence has been reported (24).
A partial Oryzia latipes(sea squirt) MTP was assembled
using protein ESTs (UniGene accession numbers BJ014235,
BJ000420, BJ499123, and BJ735768) (27). Xenopus tropi-
calis (frog) MTP was acquired from Xenbase (www.xen-
base.org). Protein alignments were performed using default
settings, thus avoiding the introduction of bias into selection
processes, and phylogenetic trees were generated using
CLUSTAL W and DRAWTREE programs in Biology
Workbench (28). Secondary and three-dimensional protein
structures were resolved using PELE (Biology Workbench)
and PHYRE (www.sbg.bio.ic.ac.uk/∼phyre, Protein Homol-
ogy Analogy Recognition Engine, Imperial College, London),
respectively. MTP structural domains N-terminalâ-barrel
(âN), centralR-helical domain (R), and C-terminalâ-strands
(âC andâA) were compared with the corresponding human
MTP amino acid sequence (9).

Expression Plasmids. Expression vectors containing human
MTP, DrosophilaMTP (24, 25), and apoB48 (29, 30) have
been described. For the expression of zebrafish andC.
elegansMTPs, full-length cDNA clones were acquired from
the Open Biosystems and the National Institute of Genetics,
Mahima, Japan, respectively, amplified by PCR, and sub-
cloned into the mammalian expression vector pCDNA3.1
(Invitrogen). Forward and reverse primers used were 5′-
CGGGGTACCGACCCCAAACATGATGCCGG-3′ and 5′-
CGGGGTACCCCAGGCCGGCTCAAAGACCTTC-3′ as
well as 5′-CGGGGTACCACCAGAGATGTTCTCATCACG-
3′ and 5′-CGGGGTACCCAACTACAATCTAAACTGCTCC-
3′ for zebrafish andC. elegansMTPs, respectively. To
generate MTPs containing C-terminal FLAG epitope tags,
the 3′ antisense primers were made to encode the FLAG
sequence (DYKDDDDK) followed by an in-frame termina-
tion codon.

Cell Culture and apoB Secretion.COS-7 cells were grown
in DMEM (CellGrow) supplemented with 10% fetal bovine
serum (FBS),L-glutamine, and antibiotic/antimycotic mix-
ture. The cells were plated in six-well plates at a density of
400 000 cells per well 24 h prior to DNA transfections. DNA
was introduced to the cells using Polyfect reagent (Qiagen)
according to the manufacturer’s instructions. After 48 h, the
medium was aspirated, and 1 mL of lipid-containing medium
(DMEM, 0.4 mM oleic acid/1.5% BSA complex, and 1 mM
glycerol) was added. Following an additional 18 h of
incubation, the medium was collected, protease inhibitor
cocktail (Sigma) added, and the mixture centrifuged (2500
rpm, 4 °C) to pellet cell debris. The presence of apoB was
measured using ELISA (29, 31). The particle density was
determined by subjecting the conditioned medium to a KBr
gradient as previously described (25). Briefly, 4 mL of
medium was brought to a density of 1.30 g/mL by adding
KBr and overlaid with 2 mL each of 1.24, 1.15, and 1.063
g/mL density solutions, followed by 1 mL each of 1.019
and 1.006 g/mL density solutions. After ultracentrifugation
(SW41 rotor, 40 000 rpm, 17 h, 15°C), 1 mL fractions were
collected, and the apoB content was determined. The density
of each fraction was measured using a refractometer (Fisher
Scientific).

Immunofluorescence. COS cells transfected with MTP-
FLAG expression plasmids were grown on coverslips in 24-
well tissue culture dishes. After 48 h, the cells were fixed
and permeabilized in methanol for 15 min at-20 °C. Fixed
cells were blocked with phosphate-buffered saline (PBS)
containing 1 mM MgCl2, 0.5 mM CaCl2, 3% BSA, and 1%
goat serum. Immunofluorescence was performed as described
(25). Primary and secondary antibodies were diluted 1:100
in the same buffer used for blocking: M2 anti-FLAG
(Sigma), anti-calnexin (Stressgen), and Alexa Fluor 488 and
Alexa Fluor 594 antibodies (Molecular Probes). The cover-
slips were mounted in PBS containing 10% glycerol and 12%
triethyldiamine (Sigma) to prevent fluorescent bleaching and
visualized using a Biorad Radiance 2000 confocal micro-
scope.

Affinity Purification of MTP-FLAG. The purification of
MTP-FLAG chimeras from COS cell lysates that transiently
expressed MTP was performed using M2-anti-FLAG agarose
(Sigma) as described (25). Briefly, cell monolayers were
washed with PBS, incubated for 2 min in hypotonic buffer
(1 mM Tris-Cl, pH 7.4, 1 mM MgCl2, and 1 mM EGTA),
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scraped, and passaged 20 times through a 25 gauge needle.
Homogenates were then centrifuged (50 000 rpm, SW55
rotor, 4°C, 1 h), and the supernatant was transferred to M2-
agarose beads (Sigma). Following incubation (3-5 h at
4 °C), M2-bound proteins were eluted with 250 ng/µL FLAG
peptide (10 mM Tris-Cl, pH 7.4, 150 mM NaCl, and
protease inhibitors). M2-agarose beads were pelleted by
centrifugation (10 000 rpm, 30 s, 4°C), and the supernatant
was collected and stored at 4°C. SDS-PAGE followed by
Western blotting using M2 anti-FLAG antibody (Sigma) was
performed to determine the amounts of MTP-FLAG.

Measuring Lipid Transfer ActiVity. MTP lipid transfer
activity was assayed using donor vesicles containing phos-
phatidylcholine and 1,2-dioleoyl-3-nitrobenzoxadiazole-
labeled triacylglycerols (Chylos Inc.) according to published
protocols (32, 33). Cell lysates were obtained by hypotonic
lysis followed by ultracentrifugation (SW55 rotor, 50 000
rpm, 4 °C, 1 h) to pellet cell debris. To prepare liver
homogenates, 100-200 mg of tissues was rinsed with PBS
and homogenized in hypotonic buffer containing protease
inhibitor cocktail (Sigma) using a Polytron homogenizer (1
min pulse, setting 5). The homogenates were passed through
a 20 gauge needle followed by a 25 gauge needle (10-15
times each) and centrifuged (SW55 rotor, 50 000 rpm, 1h,

4 °C), the supernatants were collected, and the protein
concentrations were determined using Coomassie reagent
(34). Equal amounts of soluble proteins were used to assay
triacylglycerol transfer activity by MTP. To study the
inhibition of triacylglycerol transfer activity, the antagonist
CP-346086 (13), kindly provided by Dr. James Harwood of
Pfizer, was added to the assay mixture to obtain the
appropriate concentration prior to the addition of the MTP
source. The final concentration of DMSO did not exceed
0.25%.

RESULTS

Identification of MTP Orthologues.Homologues are
sequences with common origins that may or may not have
the same activity. Orthologues are homologous proteins
expressed in different species. They represent genes with
similar function that were derived from a common ancestor
and diverged during evolution. To identify human MTP
orthologues, we searched nonredundant protein databases
using the full-length human MTP sequence. Initially, 83
proteins were found to share homology with human MTP.
These included 16 known MTP proteins from mammals,
birds, fish, and insects, as well as the previously reported
homologous proteins apoB, apolipophorin, and vitellogenin

FIGURE 1: Conserved N- and C-terminal MTP sequences. (A) The MTP sequences from vertebrates and insects were aligned using CLUSTAL
W and color-coded using BOXSHADE. The conserved N-terminal sequence is shown. Identical amino acids are shaded black. The conserved
cysteine residues (asterisks) known to form a disulfide linkage in lipovitellin (36) are also present in vitellogenin, apolipophorin, and apoB.
The conserved region identified in vertebrates and insects was present in nematodes.(B) An alignment of C-terminal MTP sequences from
different species derived by CLUSTAL W is shown. This sequence contains the MTP-specific sequence. Identical residues are shaded
black. This region was also present in nematodes but not in apoB and apolipophorin.
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(35). In addition, three sequences fromF. rubripes, O.
latipes, andX. tropicaliswere obtained as described in the
Materials and Methods. All 19 MTP sequences were aligned
using CLUSTAL W, and two conserved regions were
identified. The first was located in the N-terminus (Figure
1A). This conserved region is also present in apoB, vitel-
logenin, and apolipophorin (36) and is therefore not specific
to MTP. In fact, this region has been used to define the large
lipid transfer protein family (35, 37). A second region of
conserved residues was identified in the C-terminus (Figure
1B). Unlike the N-terminal sequence, this region was only
recognized in MTP proteins and was not conserved in apoB,
apolipophorin, or vitellogenin. Furthermore, it was not
present in phospholipid transfer protein or any other lipid
transfer protein. We therefore suggest that the C-terminal
sequence (QLRPVTFFNGYSDLMSKMLSASGDPISVVKG-
LILLIDHSQELQLQSGLKANIEVQGGLAIDISGAMEF-
SLW) is specific to MTP. In contrast to the 83 proteins
recognized by the full-length human MTP, only 36 sequences
were found to share homology with the MTP-specific
sequence. Of these, 13 represented redundant sequences, and
two sequences were from the nematodeCaenorhabditis. The
first was previously described as thedsc-4gene product in
C. elegans (38), while the second corresponded to a
hypothetical protein fromC. briggsae. The nematode MTP
proteins shared homology with both the N- and C-terminal
highly conserved regions (Figure 1). Thus, only a subset of
proteins homologous to MTP contain the MTP-specific
sequence.

In an attempt to understand the evolutionary relationship
among different MTP protein sequences, we generated a
phylogenetic tree (Figure 2). The MTP orthologues segre-
gated into vertebrate and invertebrate clusters that could be
further divided into four main groups. These corresponded
to mammals (group 1) and fish (group 2) as well as insects
(group 3) and nematodes (group 4) in the vertebrate and
invertebrate clusters, respectively. This division provided a

useful framework to investigate the biochemical as well as
the functional similarities and differences among MTP
orthologues.

Characterization of MTP Orthologues.We previously
reported thatDrosophila MTP (group 3), like its human
orthologue (group 1), was present in the endoplasmic
reticulum and Golgi apparatus (25). Here, we investigated
the subcellular localization of FLAG-tagged zebrafish (group
2) andC. elegans(group 4) MTP proteins in COS cells using
indirect immunofluorescence microscopy (Figure 3A). A
reticular fluorescent pattern was detected for both zebrafish
andC. elegansMTPs (green) (Figure 3A, panels a and d).
Calnexin staining (red) was used to illustrate the location of
the ER (Figure 3A, panels b and e). Upon merging the
images, a significant overlap (yellow) between the MTP and
calnexin signals was observed (Figure 3A, panels c and f).
These results demonstrate that both zebrafish andC. elegans
MTP proteins reside in the ER similar to the intracellular
localization of the mammalian and insect MTP orthologues.

Bovine MTP is known to be a lumenal protein that forms
a heterodimeric complex with PDI (18, 39). Purified rat MTP
also contains two subunits corresponding to 110 and 55 kDa
(Figure 3B), indicating that mammalian MTP consists of two
subunits that interact in vivo. We have previously demon-
strated thatDrosophila MTP interacts with PDI (25). To
determine whether the nematode and fish MTP orthologues
also form a soluble heterodimeric complex with mammalian
PDI, we first studied the intracellular distribution of zebrafish
and C. elegansMTPs and endogenous PDI in COS cells
(Figure 3C). All MTP-FLAG proteins and PDI exhibited
punctate staining. There was significant overlap between
these signals as illustrated by the yellow color in the merged
images (Figure 3C, panels c, f, i, and l representing human,
zebrafish,Drosophila, andC. elegans, respectively), indicat-
ing extensive colocalization. We next determined whether
these MTP orthologues physically associate with PDI. FLAG
chimeras were purified by affinity chromatography from
COS cells, and the presence of both the MTP and PDI
subunits was studied by Western blotting (Figure 3D). M2
anti-FLAG antibody recognized a band migrating at∼100
kDa, while theR-PDI antibody revealed a lower molecular
weight protein that migrated at∼55 kDa. Therefore, all the
MTP orthologues form a heterodimeric complex with mam-
malian PDI.

MTP Orthologues Support apoB Secretion.The major
function of human MTP is to support apoB lipoprotein
assembly and secretion. We have previously shown that
DrosophilaMTP assists in the secretion of human apoB (24,
25). To determine whether the MTPs belonging to groups 2
(fish) and 4 (nematodes) also support apoB secretion, COS
cells were cotransfected with different MTP orthologues and
apoB48 expression plasmids (Figure 4). The cells were
incubated with medium supplemented or not with oleic acid
(Figure 4A). As expected apoB48 was secreted by cells
transfected with human MTP in the absence of oleic acid,
and the secretion was enhanced upon the addition of oleic
acid to the medium. Similarly, zebrafish,Drosophila, and
C. elegansMTP orthologues also supported apoB48 secretion
that was further augmented when the cells were incubated
with oleic acid. In a separate experiment, COS cells
transfected with human apoB48 and different MTP ortho-
logues were incubated with oleic acid-containing medium.

FIGURE 2: Phylogram of the MTP proteins. Full and partial MTP
sequences were used to perform a phylogenetic comparison. MTP
protein sequences acquired from BLAST analysis and databank
searches (Table 1) were used to generate an unrooted tree using
the CLUSTAL W and DRAWTREE programs in Biology Work-
bench. Sequences belonging to mammals (group 1), fish (group
2), insects (group 3), and nematodes (group 4) are shown.
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The conditioned medium was subjected to density gradient
ultracentrifugation to determine whether apoB48 was secreted
as a lipoprotein particle (Figure 4B). Although the total
secretion of apoB was greater in cells expressing the human
or zebrafish MTPs compared to either theDrosophilaor C.
elegansMTPs (area under the curves), the densities of the
secreted particles were similar and ranged between 1.1 and
1.25 g/mL. These studies show that MTP orthologues from

fish and nematodes also support the secretion of human
apoB48 as a primordial lipoprotein particle similar to that
of human MTP.

Vertebrate, but Not InVertebrate, MTPs Transfer Tria-
cylglycerols.We previously showed that while human MTP
(group 1) transfers both phospholipids and triacylglycerols,
theDrosophilaMTP (group 3) only transfers phospholipids
(25). Therefore, we asked whether MTPs from zebrafish

FIGURE 3: Subcellular localization and interaction with protein disulfide isomerase of MTP orthologues. (A) The zebrafish andC. elegans
sequences were cloned as FLAG-tagged proteins and expressed in COS cells grown on coverslips. After 48 h, the cells were fixed and
treated as described in the Materials and Methods. Fixed cells were stained with M2 anti-FLAG antibodies (a, d) to identify MTP and
anti-calnexin antibodies (b, e) to illustrate the ER. Colocalization of MTP and calnexin is shown in the merged images (c, f) as a yellow
color. (B) MTP was purified from rat liver as described by Wetterau et al. (48) and subjected to SDS-PAGE followed by staining with
Coomassie Blue. The bands at∼100 and 55 kDa represent the M and P subunits, respectively.(C) COS cells transiently expressing human
(a-c), zebrafish (d-f), Drosophila(g-i), or C. elegans(j-l) MTP were fixed and treated with M2 anti-FLAG antibodies to demonstrate
MTP (a, d, g, j), while protein disulfide isomerase was visualized usingR-PDI antibodies (b, e, h, k). Merged images (c, f, i, l) reveal the
colocalization of MTP and PDI as a yellow color.(D) Homogenates from COS cells transiently expressing human, zebrafish,Drosophila,
andC. elegansMTPs were incubated with M2 (anti-FLAG) agarose beads. Bound proteins were eluted using FLAG peptide and analyzed
by Western blotting using antibodies against MTP-FLAG (R-FLAG) as well as protein disulfide isomerase (R-PDI).
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(group 2) andC. elegans(group 4) transfer triacylglycerols
(Figure 5A). Human MTP demonstrated rapid and significant
transfer of triacylglycerols in the presence of synthetic lipid
donor and acceptor vesicles. In contrast, this activity was
absent in lysates prepared from cells expressingDrosophila
or C. elegansMTP. The triacylglycerol transfer activity of
zebrafish MTP was less than that of human MTP even though
greater amounts were used in the in vitro assays (Figure 5A,
inset). As we have shown that MTP orthologues assist the
secretion of human apoB lipoproteins, we next considered
whether theDrosophila, C. elegans, and zebrafish MTPs
might transfer triacylglycerols in the presence of an acceptor
particle that contains apoB. To assess this possibility, apoB-
containing low-density lipoproteins (LDLs) were used as
acceptors. Cell lysates containing human and zebrafish MTP
transferred triacylglycerols in the presence of LDL, but those
expressingDrosophilaandC. elegansMTP were once more
deficient in measurable triglycerol transfer activity (Figure
5B). These data show that while vertebrate MTPs (human
and zebrafish) transfer triacylglycerols, the invertebrate MTPs
(Drosophila and C. elegans) are deficient in this activity.
Since the differences in triacylglycerol transfer were inde-

pendent of apoB, we suggest that these differences are
inherent properties of MTP orthologues.

Zebrafish MTP Is Less Efficient in Transferring Triacylg-
lycerols and Is Less SensitiVe to Inhibition by MTP Antago-
nists.We next measured triacylglycerol transfer activity using
similar amounts of human and zebrafish MTPs (Figure 6A).
Again, even though the amounts of protein used in the assay
were similar (Figure 6A, inset), zebrafish MTP was less
efficient than human MTP in transferring triacylglycerols.
On average, the zebrafish MTP was 27( 10% as efficient
as the human MTP in this activity (Figure 6B). To compare
further the activities between these orthologues, we studied
the effect of human MTP antagonist on zebrafish MTP
(Figure 6C). CP-346086 inhibited human MTP by∼80% at
10 nM concentration. However, zebrafish MTP was not
inhibited at this concentration, and only partial inhibition was
achieved at higher concentrations. Next, we studied the effect
of this inhibitor on the secretion of apoB supported by
different MTP orthologues (Figure 6D). At 10 nM concen-
tration, CP-346086 significantly inhibited apoB secretion
supported by human MTP. On the other hand, CP-346086
had very little effect on apoB secretion supported by
zebrafish andDrosophila MTPs (Figure 6D). These data
indicate that zebrafish MTP was less efficient in transferring
triacylglycerols and this activity was less susceptible to
inhibition by antagonists. Thus, there exists a correlation
between the efficiency of triacylglycerol transfer activity and

FIGURE 4: Zebrafish andC. elegansMTPs support the secretion
of human apoB. COS cells were transfected with plasmids
expressing different MTP orthologues and apoB48.(A) After 48
h, the cells were provided with medium supplemented with or
without glycerol and oleic acid/BSA complex (- or + OA) as
described in the Materials and Methods. After 24 h, conditioned
medium was used to measure apoB secretion.(B) The cells were
provided with medium containing glycerol and oleic acid/BSA
complex as described in the Materials and Methods. Conditioned
medium obtained after 24 h was subjected to density gradient
ultracentrifugation, and apoB was quantified in each fraction. The
density in each fraction is shown as the dashed line.

FIGURE 5: Zebrafish, but notC. elegans, MTP transfers triacylg-
lycerols. (A) COS cells expressing human, zebrafish,Drosophila,
and C. elegansMTPs were hypotonically lysed, centrifuged to
obtain lumenal proteins, and used to measure triacylglycerol transfer
activity (30 µg of protein/assay for human, zebrafish, andDroso-
phila MTPs and 50µg of protein/assay forC. elegans) using donor
and acceptor vesicles (32) as elaborated in the Materials and
Methods. The amounts of MTP protein present in these samples
were compared by Western blotting (inset: H, human; Z, zebrafish;
D, Drosophila; C, C. elegans). (B) Lumenal proteins were also
used to measure triacylglycerol transfer activity in the presence of
donor vesicles and human LDL (3µg of protein) as described in
the Materials and Methods.
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its inhibition by antagonist. MTP orthologues demonstrating
lower triglyceride transfer activity are less susceptible to
inhibition by CP-346086.

EVolution of Triacylglycerol Transfer ActiVity within
Vertebrates.Since there were significant differences in the
specific activities of human and zebrafish MTPs, we evalu-
ated the triacylglycerol transfer activities of different distinct
vertebrate MTPs. Homogenates prepared from the livers of
frog, chicken, mouse, rat, and rhesus monkey contained
measurable lipid transfer activity (Figure 7A), butXenopus
muscle lysates did not (Figure 7A, control). The specific
activity of triacylglycerol transfer in theXenopusliver was
significantly less than that observed in the liver homogenates
prepared from chickens, mice, rats, or monkeys (Figure 7B).
The frog MTP was∼40% as efficient as the bird or
mammalian MTP in transferring triacylglycerols. The re-
duced activity could be due to low expression of protein or
its reduced efficiency of triacylglycerol transfer. As antibod-
ies that recognize all orthologues with equal efficiency were
not available, we could not compare MTP protein in these
samples. Thus, we used CP-346086 to obtain more informa-
tion about the triacylglycerol transfer activity of different
MTP orthologues (Figure 7C). The inhibitor reduced transfer
activities in a dose-dependent manner in each of the samples.
The monkey MTP was the most sensitive and the frog hepatic
MTP was the least sensitive to inhibition. These studies
indicate that frog MTP transfers triacylglycerols but is less

efficient in this activity compared to either bird or mam-
malian MTP. In addition, the frog MTP is also less sensitive
to a human MTP inhibitor than other vertebrate MTP
proteins.

Structural Comparison of MTP Orthologues.Our studies
indicate that invertebrate MTPs are deficient in triglyceride
transfer activity. We next sought to identify structural
elements responsible for these differences. To determine
overall sequence conservation in the MTP orthologues, we
compared their percent identity with respect to human MTP
(Table 1). The vertebrate MTP proteins exhibited greater than
50% identity, while the invertebrate MTP proteins from
insects and nematodes shared less than 25% identity.
Therefore, a considerable difference in amino acid content
was present between the vertebrate and invertebrate proteins.

Human MTP is predicted (9) to consist of an N-terminal
â-barrel (âN), a central R-helical domain (R), and two
C-terminal â-sheets (âC and âA). In efforts to establish
whether other MTP orthologues were composed of similar
domains, we compared their secondary and tertiary structures.
The predicted secondary structures of different orthologues
were similar to those of human MTP (Figure 8A). All MTP
proteins exhibited an overallâN-R-âC-âA arrangement.
Tertiary structures were assembled using the PHYRE
program (Figure 8B) and modeled according to the crystal
structure of lipovitellin (40). These structures consisted of
âN, a centralR-helical domain, and two C-terminalâ-sheets.

FIGURE 6: Zebrafish MTP is less efficient in transferring triacylglycerols than the human MTP. (A) To evaluate the activities associated
with the human and zebrafish MTP orthologues, equal amounts of MTP-FLAG protein determined by Western blotting (inset) were used.
Triacylglycerol transfer assays were performed using donor and acceptor vesicles.(B) The transfer activities for human and zebrafish
MTPs were normalized to the amount of MTP protein present in the assays performed in triplicate. The human MTP activity was normalized
to 100%, and the relative zebrafish activity was calculated. Values are means( standard deviations,n ) 3. (C) The effect of different
concentrations of CP-346086 on human and zebrafish MTPs was studied using lysates (30µg of protein) from COS cells transiently
expressing these proteins in the presence of donor and acceptor vesicles.(D) COS cells were transfected with plasmids expressing apoB48
and different MTP orthologues and incubated with different indicated concentrations of the MTP inhibitor (CP-346086), and the amounts
of apoB secreted were quantified by ELISA.
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Thus, these analyses indicate that the secondary and tertiary
structures of the MTP orthologues have been conserved
throughout the protein’s evolution even though there exists
extensive variation in the primary protein sequences.

To detect changes in amino acid sequences within the
structural domains of the MTP proteins, we determined the
percent identity within these regions (Table 1). The identity
between the full-length proteins as well as individual domains
decreased progressively from humans to other mammals,
amphibians, fish, insects, and nematodes (moving vertically
through the table). Therefore, greater substitution of amino
acids occurred as the evolutionary distance from humans

increased. However, when comparing the identities within
individual protein domains (moving horizontally through the
table), we detected differences between vertebrates and
invertebrates. TheâN domains of vertebrates were less
conserved than the centralR-helical and the C-terminal
â-sheets. For example, while theâN of zebrafish MTP was
40% identical to theâN domain in human MTP, theR domain
was 59% and the C-terminalâC and âA sheets were 65%
identical. In contrast, there existed less preference for the
conservation of either of these domains in insect and
nematode proteins.

To further understand why invertebrate MTPs do not
transfer TG, we compared the sequences within different
structural domains involved in the triglyceride transfer by
mammalian MTP. In lipovitellin, helices 4-6 of the helical
structural domain in addition to the C-terminalâ-sheet
domains create a large, lipid-containing cavity (41). The
hypothetical structure of human MTP also contains a cavity
composed ofR-helices as well as the entireâC and âA

domains and is believed to be involved in triglyceride
transfer. We identified greater conservation in helices 4-6
than other helices (7-9) within the central domain of
vertebrate MTP (Figure 8C). In contrast, helices 4-6 were
not well conserved in the invertebrate MTP orthologues.
Similar to the helical domain,âC (Figure 8D) andâA (Figure
8E) domains showed a high degree of conservation in

FIGURE 7: Triacylglycerol transfer activity in liver homogenates
obtained from different species. Liver (100-300 mg of tissue)
homogenates were prepared in a hypotonic buffer (1 mM Tris-
HCl, pH 7.5, 1 mM MgCl2, and 1 mM EGTA) by several passages
through a 25 gauge needle and centrifuged (50 000 rpm, 1h, 4°C),
the supernatant was collected, and the protein concentrations were
determined.(A) To measure triacylglycerol transfer, 10µg of
protein was added to MTP assay mixtures containing donor and
acceptor vesicles. Incubations were performed at 37°C, and
fluorescence at 550 nm was monitored over time after excitation
at 485 nm. The control represents a lysate prepared fromXenopus
muscle.(B) The specific activities from each sample were calculated
using a 30 min reading from panel A. Bar graphs and error bars
represent the mean( SD (*, p < 0.05). (C) The inhibition of
triacylglycerol transfer activity was measured by adding different
concentrations of a human MTP antagonist, CP-346086, and
assaying for 30 min.

Table 1: Sequence Identity in MTP Orthologues and in Their
Structural Domains

% identity (%)
within domains

no. of
amino acids

identity
(%) âN R

âC and
âA

Vertebrates

Group 1 (Mammals)
H. sapien 894 100 100 100 100
P. troglodytesa 881 98
S. scrofa 894 89
E. caballus 894 89 90 88 91
B. taurus 887 87
R. norVegicus 896 86
M. musculus 894 86
M. auratus 895 86 84 86 90
C. familiarizea 905 85
M. domestica 875 79 75 78 88
G. gallus 893 67 60 73 76
X. tropicalisb 889 62 52 66 71

Group 2 (Fish)
O. latipesc 554 58
F. rubripes 870 56 49 59 66
D. rerio 884 54 40 59 65
T. nigroViridusa,c 693 52

Invertebrates
S. purpuratusa 900 25 25 28 34

Group 3 (Insects)
T. castaneum 872 24 22 21 30
A. melliferia 894 23 24 25 27
D. melanogaster 886 20 20 24 21
D. pseudoobscura 889 19 17 20 20
A. gambiaec 776 19

Group 4 (Nematodes)
C. briggsaea 888 15 15 16 16
C. elegans 892 13 14 14 14

a Predicted protein sequence.b Sequence acquired from Xenbase.
c Partial amino acid sequence.
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vertebrates, yet there was only minimal amino acid conserva-
tion present in the invertebrate MTP. These data indicate
that an evolutionary trend toward the preferential conserva-

tion of theR-helical and C-terminalâ-sheet domains exists
in vertebrate but not in insect and nematode MTPs. Thus,
we conclude that the absence of triglyceride transfer activity

FIGURE 8: Structural analysis of MTP orthologues. (A) The secondary structures of each MTP orthologue were predicted using the PELE
protein structure prediction algorithm and the PHYRE protein structure prediction program. Each MTP was found to contain aâN (N-
terminalâ-barrel), anR (centralR-helical domain), aâC (C-terminalâ-sheet 1), and aâA (C-terminalâ-sheet 2).(B) The tertiary structure
of human MTP has been described (9), and structures for other MTP orthologues were derived using PHYRE. Four structural domains
consistent with those reported for the human MTP were detected (9, 36, 49). (C) The centralR-helical domain containing helices 2-9 from
vertebrate and invertebrate MTPs are shown. Barrels depictR-helices, and numbers refer to helices in theR-helical region. Shaded residues
are conserved. The C-terminalâC (D) and âA (E) domains were aligned using CLUSTAL W and BOXSHADE (Biology Workbench).
Barrels and arrows depictR-helices andâ-sheets, respectively. Numbers C2-C7 and A2-A7 representâC and âA sheets, respectively.
Numbers AH1 and AH2 refer to helices within the C-terminal domain. Shaded residues are conserved.
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in invertebrates might be due to significant sequence varia-
tions in the TG transfer domain that is highly conserved in
vertebrates.

DISCUSSION

We have previously shown thatDrosophilaMTP shares
several biochemical and functional characteristics with
human MTP (25). This includes subcellular localization to
the ER and Golgi apparatus, binding to PDI, phospholipid
transfer activity, and its ability to assist in the assembly and
secretion of apoB lipoproteins. The major difference noted
was that theDrosophila MTP was unable to transfer
triacylglycerols. In the present study, we investigated how
the triglyceride transfer activity of MTP was evolved. Fish,
but not nematode, MTP transferred triacylglycerols. The
activity in fish, amphibians, and birds was∼27% (Figure
6B), 40% (Figure 7B), and 100%, respectively, of that
observed in mammals. Thus, we conclude that MTP tria-
cylglycerol transfer activity first appeared in fish, matured
in birds, and was conserved in mammals.

By comparing distinct orthologues, MTP proteins could
be divided into four main groups that included vertebrates
(mammals and fish) as well as invertebrates (insects and
nematodes). All the identified orthologues exhibited second-
ary and tertiary structures consisting ofâN-R-âC-âA

domains. They associated with PDI when expressed in
monkey kidney COS cells and localized to the ER. Further-
more, they assisted in the assembly and secretion of apoB
lipoproteins. The latter observation is intriguing because
apoB is not present in invertebrates. Hence, the basic tenets
required for the assembly of primordial apoB lipoproteins
were present prior to the emergence of apoB as the primary
transporter of neutral lipids. The acquisition of triacylglycerol
transfer activity by the vertebrate MTP might have enhanced
the efficiency of packaging neutral lipids into apoB lipo-
proteins.

Currently, the MTP structure is believed to consist ofâN-
R-âC-âA domains. On the basis of comparative sequence
analyses, we suggest that theâN is not specific to MTP as it
is also conserved in apoB, lipovitellin, and apolipophorin.
Furthermore, similar structures are found in other intracellular
lipid transfer proteins including phosphatidylcholine transfer

protein (PCTP) (42), phosphatidylinositol transfer protein
(PITP) (43), and fatty acid binding protein (FABP) (44).
Within the â-barrel of PITP, PCTP, and FABP resides a
single lipid molecule (42-44). It is noteworthy that a
molecule of phospholipid was also identified in theâ-barrel
of the lipovitellin crystal structure (41). Thus, it is possible
that the âN domain in MTP may represent the second
phospholipid binding site postulated to exist on the basis of
kinetic analysis (45). On the basis of the structural homology
it shares with PCTP, PITP, and FABP, MTP might have
evolved from these cytoplasmic or as yet unidentified lipid
transfer proteins. Subsequently, MTP could have acquired
the centralR-helical domain and C-terminalâ-strands and
was able to transfer triglycerides. In contrast to the similarity
in theâN domain, MTP and the phospholipid transfer proteins
share no significant homology in amino acid sequence.
Therefore, it appears that there is no shared ancestry between
these proteins or that the proteins have diverged to such an
extent that common ancestry can no longer be predicted on
the basis of sequence comparisons.

We performed secondary and tertiary structural studies and
found that all the orthologues exhibit very similar secondary
and tertiary structural properties. Furthermore, the helical
domain and C-terminalâ-sheets believed to be involved in
triglyceride transfer are conserved in different vertebrate
MTP orthologues but not in invertebrates. Despite the
structural similarities, our novel observation is that these
proteins exhibit very different biochemical properties with
respect to their ability to transfer triglycerides. Amino acid
sequence comparison studies indicate several differences
within the triglyceride transfer domain in the invertebrate
and vertebrate MTPs (Figure 8C-E). For example, the
centralR-helical domain and C-terminalâ-sheets are more
conserved than the N-terminal (âN) domain in vertebrate
MTPs. Within the 18 helices of theR-helical domain, helices
4-6 demonstrate more conservation than the surrounding
helices (Figure 8C). These helices create the superior border
of the lipid binding cavity in lipovitellin (3, 40). Similarly,
âC (Figure 8D) andâA (Figure 8E) are highly conserved in
vertebrates but not in invertebrates. Thus, we suggest that
theR-helical domain and the C-terminalâ-sheets critical for
the triglyceride transfer activity are preserved in vertebrate

FIGURE 9: Coemergence of triacylglycerol transfer activity of MTP and apoB. A tree diagram illustrates the evolution of bacteria, yeast,
fungi, nematodes, insects, fish, birds, and mammals. The preferred apolipoprotein (apoB, apolipophorin, or vitellogenin) utilized by different
species as the primary carrier for lipids is indicated. The presence of MTP in different organisms is depicted. The properties of MTP in
various orthologues are shown. The numbers located at break points in the tree indicate the predicted approximate time of divergence (MY
) millions of years ago).
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MTPs but the corresponding domains are not retained in
invertebrates. Therefore, the acquisition of triglyceride
transfer activity does not appear to be the consequence of
simple, few amino acid substitutions.

It is known that organisms use different lipoproteins for
lipid transport (Figure 9). Nematodes and insects secrete
vitellogenins and lipophorins (1, 3), whereas vertebrates
utilize apoB lipoproteins (46) to transport lipids. Although
apoB, vitellogenin, and apolipophorin share sequence simi-
larities (35), these proteins are quite distinct from each other
in the amount and types of lipids they transport (1, 3, 9,
46). Vitellogenin and lipophorin are phospholipid-rich lipo-
proteins and carry smaller amounts of neutral lipids. In
contrast, apoB lipoproteins are neutral-lipid-rich particles and
can transport greater than 1000 lipid molecules. ApoB
emerged in fish and birds and was retained in mammals as
the primary mode of lipid transport (Figure 9). Thus, the
acquisition of triacylglycerol transfer activity by vertebrate
MTP was coincident with the utilization of apoB as the
primary carrier of extracellular lipids. We speculate that the
emergence of apoB and the acquisition of triacylglycerol
transfer activity by MTP provided an efficient system to
transport greater amounts of dietary neutral lipids, reducing
the reliance on endogenous sources of lipids.

While MTP is required for the assembly of apoB lipo-
proteins, it is clear that this protein is not restricted to
organisms that utilize apoB to transport extracellular lipids.
MTP orthologues have been reported in nematodes (38) and
insects (24) as well as in fish (47), birds, and mammals. We
were unable to identify MTP orthologues from organisms
that diverged earlier thanCaenorhabditis, suggesting that
MTP might have evolved during the emergence of nematodes
or that an earlier precursor may share only minimal homol-
ogy. The conservation of MTP in insects and nematodes
suggests that a property other than its triacylglycerol transfer
activity must be most ancient and required for its survival.
We have shown that insect MTP can transfer phospholipids
(25). Thus, the ancient activity evolved in MTP might be
the ability to transfer phospholipids and its initial biological
role related to phospholipid metabolism.

Usually structure-function analysis of proteins is per-
formed using site-directed mutagenesis. Alternative methods
include those that identify naturally occurring mutants on
the basis of distinct phenotypic characteristics and altered
function. In this paper, we present an alternate, novel method
of comparing the whole protein sequences and then evaluat-
ing their biochemical properties using expression systems.
This novel approach enabled us to evaluate much larger
regions than single amino acids and to speculate on the entire
functional domains of MTP. On the basis of these evolution-
ary studies, we noted that MTP triglyceride transfer activity
evolved with the emergence of apoB as the predominant
extracellular lipid carrier. Thus, evolutionary differences can
be exploited to gain insights into molecular and functional
changes that occurred in proteins and their impact on
biological functions.

In conclusion, we have shown that MTPs from nematodes
and insects do not transfer triacylglycerols. However, fish
MTP can transfer triacylglycerols. The appearance of this
activity coincides with the progression from relying on the
phospholipid-rich lipoproteins (vitellogenin and apolipo-
phorin) to relying on the neutral-lipid-rich apoB lipoproteins

for extracellular lipid transport. In addition, this activity
continued to evolve in amphibians and birds and was retained
in mammals. We observed that the centralR-helical domain
and C-terminalâ-sheets are preferentially conserved among
vertebrates but not in invertebrates and suggest that these
regions might be critical for the robust triacylglycerol transfer
activity associated with vertebrate MTP.
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