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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 thatCitesophila 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 consisting of 14% lipid and three apolipoproteins, apoLTP-
lipoproteins evolved more than 900 million years ago. These |, -1I, and -lll of M, ~ 350000, 85000, and 60 000.
include the apolipophorins circulating through the hemolymph Vitellogenins are female-specific lipoproteins synthesized
of insects {, 2), vitellogenins of oviparous animal8,(4), intracellularly. The protein associated with these lipoproteins
and the apoBlipoproteins secreted by vertebrat&sg). In is a large molecule o1, &~ 210 000 4). In contrast to the
insects, hemolymph contains two lipid-containing particles, reusable lipophorins, vitellogenins deliver lipids to oocytes
lipophorins, which exist as high-density and low-density yia receptor-mediated endocytosis. In the oocytes, these
particles, and lipid transfer particle (LTP). Both of these particles undergo proteolytic cleavage, are referred to as

particles are synthesized and secreted by cells; howeverjiyyitellins, and consist of dimeric vitellogening, (4).
biochemical mechanisms involved in their biosynthesis have

not been elaborated. Lipophorin acts as a reusable shuttle, 1€ @ssembly of apoB lipoproteins in mammalian hepatic

whereas the LTP loads and unloads lipids, mainly diacylg-
lycerols, onto these particles. High-density lipophorins
contain two proteins, lipophorin IM; ~ 250 000) and I
(M, ~ 70 000), which arise from proteolytic cleavage of a
precursor protein. The low-density lipophorin, in addition,
contains lipophorin 11l |, ~ 18 000), which is acquired
during the loading of lipids to cover the surfaces of the
particles @, 4, 7). LTP is a very high-density lipoprotein
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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§—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, CD1d4¢16), and in the
development of NKT cellslg). Wetterau and Zilversmit first
identified bovine MTP as a heterodimer of MTP and protein
disulfide isomerase (PDI) subunits that transfers lipids but
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pholipids as substrates when this activity is measured in vitro
(17—19). Antagonists to this activity increase the intracellular
degradation of apoB20) and reduce the secretion of these
particles both in cell culture and in animal mode24,(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 lev@®).(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 Expression Plasmid&xpression vectors containing human
of MTP, we cloned &rosophilaorthologue 24, 25). The MTP, DrosophilaMTP (24, 25), and apoB4849, 30) have
Drosophila MTP transferred phospholipids but did not been described. For the expression of zebrafish @nd
transfer triacylglycerols. Even though it lacked neutral lipid elegandVTPs, full-length cDNA clones were acquired from
transfer activity, thedrosophilaMTP assisted the secretion the Open Biosystems and the National Institute of Genetics,
of human apoB lipoproteins. We hypothesized that the Mahima, Japan, respectively, amplified by PCR, and sub-
phospholipid transfer activity was the most ancient activity cloned into the mammalian expression vector pCDNA3.1
associated with MTP and that the neutral lipid transfer (Invitrogen). Forward and reverse primers used wére 5
activity was acquired during evolution. To test this hypoth- CGGGGTACCGACCCCAAACATGATGCCGG-3and 3-
esis, we compared the sequences as well as the variou€GGGGTACCCCAGGCCGGCTCAAAGACCTTC3as
biochemical and cellular properties of MTP from different well as -CGGGGTACCACCAGAGATGTTCTCATCACG-
organisms to establish the period during evolution that MTP 3 and 3-CGGGGTACCCAACTACAATCTAAACTGCTCC-
acquired neutral lipid transfer activity. This comparison 3 for zebrafish andC. elegansMTPs, respectively. To
revealed that fish MTP was the first of the MTPs to acquire generate MTPs containing C-terminal FLAG epitope tags,
triglyceride transfer activity during evolution. These studies the 3 antisense primers were made to encode the FLAG
demonstrate that protein structtifeinction relationships can ~ sequence (DYKDDDDK) followed by an in-frame termina-
be studied by exploring the evolutionary changes proteins tion codon.

undergo over periods of time. Cell Culture and apoB Secretio@0OS-7 cells were grown
in DMEM (CellGrow) supplemented with 10% fetal bovine
MATERIALS AND METHODS serum (FBS)L-glutamine, and antibiotic/antimycotic mix-

ture. The cells were plated in six-well plates at a density of

Protein Alignments and Structural Analysé4TP amino 400 000 cells per well 24 h prior to DNA transfections. DNA
acid sequences were acquired by executing an iterativewas introduced to the cells using Polyfect reagent (Qiagen)
protein—protein BLAST @6) against all nonredundant Gen-  according to the manufacturer’s instructions. After 48 h, the
Bank CDS translations- RefSeq+ PDB + SwissProt+ medium was aspirated, and 1 mL of lipid-containing medium
PIR + PRF protein databases using human MTP (CAA58142) (DMEM, 0.4 mM oleic acid/1.5% BSA complex, and 1 mM
as the query. Full-length proteins that produced significant glycerol) was added. Following an additional 18 h of
alignments E threshold value 0.0) includeiEiquus caballus  incubation, the medium was collected, protease inhibitor
(horse, XP_001498540Bos taurus(bovine, CAA55310),  cocktail (Sigma) added, and the mixture centrifuged (2500
Mus musculugmouse, NP_032668Mesocricetus auratus  rpm, 4°C) to pellet cell debris. The presence of apoB was
(hamster, AAA53143)Gallus gallus(chicken, XP_420662),  measured using ELISA20, 31). The particle density was
Canis familiaris (dog, XP_544995),Sus scrofa(pig, determined by subjecting the conditioned medium to a KBr
NP_999350),Rattus novegicus (rat, XP_227765),Pan gradient as previously describe@5. Briefly, 4 mL of
troglodytes(chimpanzee, XP_52677%onodelphis domes-  medium was brought to a density of 1.30 g/mL by adding
tica (gray short-tailed opossum, XP_0013696I2jnio rerio KBr and overlaid with 2 mL each of 1.24, 1.15, and 1.063
(zebrafish, NP_998135%trongylocentrotus purpuratysea g/mL density solutions, followed by 1 mL each of 1.019
urchin, XP_001192053prosophila melanogastdfruit fly, and 1.006 g/mL density solutions. After ultracentrifugation
NP_610075)Drosophila pseudoobscutauit fly, EAL33909), (SW41 rotor, 40 000 rpm, 17 h, &), 1 mL fractions were
Apis mellifera(honeybee, XP_623644jribolium castaneum  collected, and the apoB content was determined. The density

(red flour beetle, XP_973610fnopheles gambiagmos- of each fraction was measured using a refractometer (Fisher
quito, EAA13951), Caenorhabditis elegangnematode, Scientific).
AAR27937), and Caenorhabditis briggsagnematode, ImmunofluorescenceCOS cells transfected with MTFP

CAEG67922). An incomplete sequence (693 amino acids) for FLAG expression plasmids were grown on coverslips in 24-
Tetraodon nigreiridis (green spotted pufferfish, CAG03740, well tissue culture dishes. After 48 h, the cells were fixed
E value 0.0) was also acquired. TRagu rubripes(Japanese  and permeabilized in methanol for 15 min-a20 °C. Fixed
pufferfish) MTP protein sequence has been reporgd. ( cells were blocked with phosphate-buffered saline (PBS)
A partial Oryzia latipes(sea squirt) MTP was assembled containing 1 mM MgCJ, 0.5 mM CaC}, 3% BSA, and 1%
using protein ESTs (UniGene accession numbers BJ014235goat serum. Immunofluorescence was performed as described
BJ000420, BJ499123, and BJ735768))( Xenopus tropi- (25). Primary and secondary antibodies were diluted 1:100
calis (frog) MTP was acquired from Xenbase (www.xen- in the same buffer used for blocking: M2 anti-FLAG
base.org). Protein alignments were performed using default(Sigma), anti-calnexin (Stressgen), and Alexa Fluor 488 and
settings, thus avoiding the introduction of bias into selection Alexa Fluor 594 antibodies (Molecular Probes). The cover-
processes, and phylogenetic trees were generated usinglips were mounted in PBS containing 10% glycerol and 12%
CLUSTAL W and DRAWTREE programs in Biology triethyldiamine (Sigma) to prevent fluorescent bleaching and
Workbench 28). Secondary and three-dimensional protein visualized using a Biorad Radiance 2000 confocal micro-
structures were resolved using PELE (Biology Workbench) scope.

and PHYRE (www.sbg.bio.ic.ac.ukphyre, Protein Homol- Affinity Purification of MTP-FLAG. The purification of
ogy Analogy Recognition Engine, Imperial College, London), MTP—FLAG chimeras from COS cell lysates that transiently
respectively. MTP structural domains N-termirg&barrel expressed MTP was performed using M2-anti-FLAG agarose

(BN, centralo-helical domain ¢), and C-terminap-strands (Sigma) as described%). Briefly, cell monolayers were
(B¢ and8*) were compared with the corresponding human washed with PBS, incubated for 2 min in hypotonic buffer
MTP amino acid sequenc®)( (1 mM Tris—Cl, pH 7.4, 1 mM MgC}, and 1 mM EGTA),



Evolution of MTP Biochemistry, Vol. 46, No. 43, 200712265

A *
Chimpanzee KEFYSYQNEAVAIERNIKRELASLFQTQLS SGT TNIJ KVTHOAHQDKVYVKIKALDSCK
human KEFYSYQNRAVAIRRITIKRELASLFPQTQLS SGTTNIS TTENEKVTIOAHQDKVY IKIKALDSCK
Rhesus_monkey KEFYSYQNEPVAIERIKRELASLFQTQLS SGTTNIS “TENERKVTHOAHQGKVIKIKALDSCK
Horse KEFYSYQNEPVAIBRLKRELASLFQMQLS SGT TNIJ - KVTHOAHQDKV TKIKALDSCK

Pig KEFYSYQNEPPAIQI LASLFQMQLS SGT TNIJ - KVTHMOQAHQDKVY TKIKALDSCT
Bovine KEFYSYQONEPAAIRRLKRELASLFQMQLS SGT TNID TTEDEKVTIOAHQDKV TKIKALDSCK

Dog KEFYSYPNEPVAIRRMLKRELASLFQMQLS SGT TNIZ - KVTHMOAHQDKV TKIKALDSCK

Rat KEFYSYENEPVGIERILKRELASLFQMQLT SGT TNI TTEDEKVTIOAQQDKVVKIKALD TCK
Mouse KEPYSYENEPVGIERLKRELASLFPQMQLS SGT TNIZ TTEDERKVTHMOAQQDKVVKIKALD TCK
Hamster KEFYSYRNEPVGIBRILKRELASLFQMQLS SGT TNIJ TTEDEKVTHOAQQDKVYVKTKALD TCK
Opossun TDYYSYPNEPVSIQRIKRELASLFOQMQLT SGT8DIJ TTENEKVTIOAHHDKVY TKIKALD TCK
Chicken QNFYSYENEPGF TQULKRELASLFQLOMH SGSVRIJ =—~EKENVTQVRQDQVTKIKALDTCE
Frog KSPFSYQDEPTVLLEMKRELASLFQIQLNPGSVSIY ——ENEKVNME TRQNQV TKVKDI ASCK
Zebrafish RSLYAQKAEPA TVKRILKREVASMLMMQLK SGKMSIYA TTEKELVEBK VNKHQVIRTKHLETCK
Pufferfish KAFTSYWTEPATIRYLKRELASLLQVQLKSGKVL ““ERETVAMKVDQHRV TRTKLLETCK
Beetle GKILLPKGEPKSLARMFKKETIASLFQFQILDVETTIY “TESERKTVMHTIDTTKFRKTKTNCIS
Honeybee QSIFTDPAESVSSANIKRELASLLQYRVFDNDVED - TVIHSLGPRET VGKRKT SCEQ
D._pseudoobacur HQVIAHTGRDQSVLULEREIASLLQLRFEGS —-BEIJ ——EHERVAMNVKSSTS VEKRKMDCAL
D._melancgaster DKVIAHTSKDQSLLALEREIASLLQLRLDASQREEI TTELMRVSIN VKSSTKVEKTKRDCSL
A._aegypti KKIYPGQQEDASLANFKKEIASLFQYQLLDGKYWVIS TTETEDVQLT SHSSTRYHKAKNNCKP
A._ganbiae KEVYFEASDALPVRUFKKEICALFQYQLLDGTY¥SIJ “"EEMEETKMI SHSSTRYHKSKGNCHY
Sea_urchin GSVYGSTSDTP SSLYMKKEAASLPQFQSNEGTVTII TTEBELVRE4S SNNGKI TKSKDIASCT
C._briggsae ESVFK&SEDSDASHﬂELYGIANTIYTPQEYGEGDEQTVDTIYEg RVNFGRPEDKRFR-RIIDKCE

C. elegans EBHILKASDESDATWRIFLYAIVNTI¥TPARYGEGDIQTVDTIY FVNFGRPEDKRFR-RIIRKCD

B

Chimpanzee (SRMLSAS-GDP--—--[SYVRGLILLIDESQEIQLQS ELMNIEVQGGLA Ii
human I SRHLEAS-GDP-~—~LS§VVRGLILLIDAESQEIQLQS ELRANIEVQGGLATL
Rhesus_monkey 1SEMLSAS uLRANIEVQGGLAD
Horme I SEMLTTE-SDP- ULMDHBVQGGLA I
Pig ISEHLSAS HLMNHBVQGGLA I
Bovine ISKRHLSAS ‘LMHKDVQGGLH I
Dog ISRHLSAS Fz.unun\ngca]‘a I
Rat ISEMLSAS~-GDP--——-¥SVYVYRGLILLIDESQD IQLQS dIlldl!‘l'MIIJ IQGGLATH
Houme SRMLEAS-GDP-~—-¥YSVVRGLILLIDESQD IQLS !LMNHB IQGGLATL
Hammster ERMLEAS-GDP-~—-VYSVVRGLILLIDESQD IQLS HLMHD(E IQGGLATL
Opoassum ARYLEAS-GDP--—-¥SYVRGLILLTDESQVIQLS !LMHVBFQGGLAII
Chicken | SRMLSAT HpRasADPQGGLAT!
Frog IARMF S AT ULMNABFQGGLS I
Zebrafish ISRHF STS ULRASABPQAGLS I
Pufferfish I SRHF SMT-GEP-———-NMVVRGLILLSDASEVIRLQS GLRASABFQGGLA Ii
Beetle IGHYWSGTASER--—-TTAFQALILLODBLEF IRLGP uF VAQLSIRGGVYSFI
Honeybee IGHYWSGTGSER-~-—-TPAFQALSSIBYBNEYIPLGS uIVIB IDVQGAVSF!
D._pseudoobscur IGBVUGGEASDS—-—-TPAYQHTTL&QDHEE!IVLASuASanRVLGARs
D. _melanogaster IGEYWGGEASDS--—~TPAYQATTLSQDNERYIILTS ‘A‘!LEWRVI:GARS

A._aegypti
A._gambiae
Sea_urchin

C._briggmae PEGSYRIGVAGHRLPTNRIGRESTDI s'nwnan-Gu----nstcnrwnmnvsvpLLsEmvn\msrcnranﬂAE--—-uEu
C. elegans POGSVRIGVAGERLPTHE LRSS TDIRLSTVWEAD—GRT - ~— ~ ARAFEGEVPVRDVRLSVP LLESLT LD VD SVGAL SHRVLAS———— AE X

Ficure 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 lipovitéh gre also present in vitellogenin, apolipophorin, and apoB.

The conserved region identified in vertebrates and insects was present in nem@pdesalignment of C-terminal MTP sequences from
different species derived by CLUSTAL W is shown. This sequence contains the MTP-specific sequence. ldentical residues are shaded
black. This region was also present in nematodes but not in apoB and apolipophorin.

scraped, and passaged 20 times through a 25 gauge needld. °C), the supernatants were collected, and the protein
Homogenates were then centrifuged (50 000 rpm, SW55 concentrations were determined using Coomassie reagent
rotor, 4°C, 1 h), and the supernatant was transferred to M2- (34). Equal amounts of soluble proteins were used to assay
agarose beads (Sigma). Following incubatior-%3h at triacylglycerol transfer activity by MTP. To study the
4°C), M2-bound proteins were eluted with 250 mgFLAG inhibition of triacylglycerol transfer activity, the antagonist
peptide (10 mM Tris-Cl, pH 7.4, 150 mM NaCl, and CP-34608613), kindly provided by Dr. James Harwood of
protease inhibitors). M2-agarose beads were pelleted byPfizer, was added to the assay mixture to obtain the
centrifugation (10 000 rpm, 30 s,°€), and the supernatant appropriate concentration prior to the addition of the MTP
was collected and stored at@. SDS-PAGE followed by source. The final concentration of DMSO did not exceed
Western blotting using M2 anti-FLAG antibody (Sigma) was 0.25%.

performed to determine the amounts of MTIPLAG.

Measuring Lipid Transfer Actity. MTP lipid transfer RESULTS
activity was assayed using donor vesicles containing phos- Identification of MTP OrthologuesHomologues are
phatidylcholine and 1,2-dioleoyl-3-nitrobenzoxadiazole- sequences with common origins that may or may not have
labeled triacylglycerols (Chylos Inc.) according to published the same activity. Orthologues are homologous proteins
protocols 82, 33). Cell lysates were obtained by hypotonic expressed in different species. They represent genes with
lysis followed by ultracentrifugation (SW55 rotor, 50 000 similar function that were derived from a common ancestor
rpm, 4 °C, 1 h) to pellet cell debris. To prepare liver and diverged during evolution. To identify human MTP
homogenates, 166200 mg of tissues was rinsed with PBS orthologues, we searched nonredundant protein databases
and homogenized in hypotonic buffer containing protease using the full-length human MTP sequence. Initially, 83
inhibitor cocktail (Sigma) using a Polytron homogenizer (1 proteins were found to share homology with human MTP.
min pulse, setting 5). The homogenates were passed througiThese included 16 known MTP proteins from mammals,

a 20 gauge needle followed by a 25 gauge needle- {50 birds, fish, and insects, as well as the previously reported
times each) and centrifuged (SW55 rotor, 50 000 rpm, 1h, homologous proteins apoB, apolipophorin, and vitellogenin
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Invertebrates Vertebrates useful framework to investigate the biochemical as well as
o I the functional similarities and differences among MTP
% S orthologues.
. "’se,,d%b ooe;._...\%,o I Characterization of MTP OrthologuedVe previously
3 Insects SCupy e | 2. Fish reported thatDrosophila MTP (group 3), like its human

A gambjze

A, melliferi

1 €. famitiaris

- Musculus
p. troglodytes

R. norvegicus™.

orthologue (group 1), was present in the endoplasmic
reticulum and Golgi apparatu2¥). Here, we investigated
the subcellular localization of FLAG-tagged zebrafish (group
2) andC. eleganggroup 4) MTP proteins in COS cells using
indirect immunofluorescence microscopy (Figure 3A). A
reticular fluorescent pattern was detected for both zebrafish
andC. elegandMTPs (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

| ap\ " rey
H n. s O Us . L
- f e images, a significant overlap (yellow) between the MTP and
c.e© . . .
c“‘\ggsa 1. Mammals .- calnexin signals was observed (Figure 3A, panels ¢ and f).

4 Nem‘atodeg‘s’:

These results demonstrate that both zebrafishCGaredegans

MTP proteins reside in the ER similar to the intracellular
FIGURE 2: Phylogram of the MTP proteins. Full and partial MTP  localization of the mammalian and insect MTP orthologues.
sequences were used to perform a phylogenetic comparison. MTP  Bovine MTP is known to be a lumenal protein that forms
pfOteiR se(unebnlcef) acquired féotm BLASTt analysis <’:1P(1(|j cgataban_ka heterodimeric complex with PD18, 39). Purified rat MTP
searcnes (lable were used to generate an unrooted tree usin i i i
the CLUSTAL W and DRAWTREEgprograms in Biology Work- %Igo contams tvyo s'ubunlts correqundlng to 110 gnd 55 kDa
bench. Sequences belonging to mammals (group 1), fish (group(l:'gur‘_3 3B), |n_dlcat|ng _that_ mammalian MTP gon5|sts of two
2), insects (group 3), and nematodes (group 4) are shown. subunits that interact in vivo. We have previously demon-
strated thatDrosophila MTP interacts with PDI 25). To
(35). In addition, three sequences frofm rubripes, O. determine whether the nematode and fish MTP orthologues
latipes andX. tropicaliswere obtained as described in the also form a soluble heterodimeric complex with mammalian
Materials and Methods. All 19 MTP sequences were aligned PDI, we first studied the intracellular distribution of zebrafish
using CLUSTAL W, and two conserved regions were andC. elegansMTPs and endogenous PDI in COS cells
identified. The first was located in the N-terminus (Figure (Figure 3C). All MTP-FLAG proteins and PDI exhibited
1A). This conserved region is also present in apoB, vitel- punctate staining. There was significant overlap between
logenin, and apolipophorir86) and is therefore not specific  these signals as illustrated by the yellow color in the merged
to MTP. In fact, this region has been used to define the largeimages (Figure 3C, panels c, f, i, and | representing human,
lipid transfer protein family 35, 37). A second region of  zebrafishDrosophila andC. elegansrespectively), indicat-
conserved residues was identified in the C-terminus (Figureing extensive colocalization. We next determined whether
1B). Unlike the N-terminal sequence, this region was only these MTP orthologues physically associate with PDI. FLAG
recognized in MTP proteins and was not conserved in apoB, chimeras were purified by affinity chromatography from
apolipophorin, or vitellogenin. Furthermore, it was not COS cells, and the presence of both the MTP and PDI
present in phospholipid transfer protein or any other lipid subunits was studied by Western blotting (Figure 3D). M2
transfer protein. We therefore suggest that the C-terminal anti-FLAG antibody recognized a band migrating~at00
sequence (QLRPVTFFNGYSDLMSKMLSASGDPISVVKG-  kDa, while theo-PDI antibody revealed a lower molecular
LILLIDHSQELQLQSGLKANIEVQGGLAIDISGAMEF- weight protein that migrated at55 kDa. Therefore, all the
SLW) is specific to MTP. In contrast to the 83 proteins MTP orthologues form a heterodimeric complex with mam-
recognized by the full-length human MTP, only 36 sequences malian PDI.
were found to share homology with the MTP-specific MTP Orthologues Support apoB Secretiorhe major
sequence. Of these, 13 represented redundant sequences, afuhction of human MTP is to support apoB lipoprotein
two sequences were from the nemat@ienorhabditisThe assembly and secretion. We have previously shown that
first was previously described as tdsc-4gene product in DrosophilaMTP assists in the secretion of human ap@B, (
C. elegans(38), while the second corresponded to a 25). To determine whether the MTPs belonging to groups 2
hypothetical protein fronC. briggsae The nematode MTP  (fish) and 4 (nematodes) also support apoB secretion, COS
proteins shared homology with both the N- and C-terminal cells were cotransfected with different MTP orthologues and
highly conserved regions (Figure 1). Thus, only a subset of apoB48 expression plasmids (Figure 4). The cells were
proteins homologous to MTP contain the MTP-specific incubated with medium supplemented or not with oleic acid
sequence. (Figure 4A). As expected apoB48 was secreted by cells
In an attempt to understand the evolutionary relationship transfected with human MTP in the absence of oleic acid,
among different MTP protein sequences, we generated aand the secretion was enhanced upon the addition of oleic
phylogenetic tree (Figure 2). The MTP orthologues segre- acid to the medium. Similarly, zebrafisBrosophilg and
gated into vertebrate and invertebrate clusters that could beC. elegandTP orthologues also supported apoB48 secretion
further divided into four main groups. These corresponded that was further augmented when the cells were incubated
to mammals (group 1) and fish (group 2) as well as insects with oleic acid. In a separate experiment, COS cells
(group 3) and nematodes (group 4) in the vertebrate andtransfected with human apoB48 and different MTP ortho-
invertebrate clusters, respectively. This division provided a logues were incubated with oleic acid-containing medium.
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Ficure 3: Subcellular localization and interaction with protein disulfide isomerase of MTP orthologues. (A) The zebrafiShedeghns
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 et48) @nd subjected to SODSPAGE followed by staining with
Coomassie Blue. The bands~a100 and 55 kDa represent the M and P subunits, respecti@IYCOS cells transiently expressing human
(a—c), zebrafish (&-f), Drosophila(g—i), or C. elegangj—I) MTP were fixed and treated with M2 anti-FLAG antibodies to demonstrate
MTP (a, d, g, j), while protein disulfide isomerase was visualized usiirPl antibodies (b, e, h, k). Merged images (c, f, i, I) reveal the
colocalization of MTP and PDI as a yellow coldD) Homogenates from COS cells transiently expressing human, zebiafissophila

andC. elegandMTPs were incubated with M2 (anti-FLAG) agarose beads. Bound proteins were eluted using FLAG peptide and analyzed
by Western blotting using antibodies against MILAG (a-FLAG) as well as protein disulfide isomerase-PDI).

The conditioned medium was subjected to density gradientfish and nematodes also support the secretion of human
ultracentrifugation to determine whether apoB48 was secretedapoB48 as a primordial lipoprotein particle similar to that
as a lipoprotein particle (Figure 4B). Although the total of human MTP.

secretion of apoB was greater in cells expressing the human Vertebrate, but Not lmertebrate, MTPs Transfer Tria-

or zebrafish MTPs compared to either thesophilaor C. cylglycerols We previously showed that while human MTP
elegansMTPs (area under the curves), the densities of the (group 1) transfers both phospholipids and triacylglycerols,
secreted particles were similar and ranged between 1.1 andhe DrosophilaMTP (group 3) only transfers phospholipids
1.25 g/mL. These studies show that MTP orthologues from (25). Therefore, we asked whether MTPs from zebrafish
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< FIGURe 5: Zebrafish, but no€C. elegansMTP transfers triacylg-
57 lycerols. (A) COS cells expressing human, zebrafi3tgsophilg
and C. elegansMTPs were hypotonically lysed, centrifuged to

e obtain lumenal proteins, and used to measure triacylglycerol transfer
4 5 6 7 activity (30 ug of protein/assay for human, zebrafish, @wbso-
Fractions phila MTPs and 5Qug of protein/assay fo€. eleganyusing donor
i ) and acceptor vesicles3?) as elaborated in the Materials and
FiGure 4: Zebrafish andC. elegansMTPs support the secretion  \ethods. The amounts of MTP protein present in these samples
of human apoB. COS cells were transfected with plasmids \yere compared by Western blotting (inset: H, human; Z, zebrafish;
expressing different MTP orthologues and apoBg#8). After 48 D, Drosophilg C, C. elegans (B) Lumenal proteins were also
h, the cells were provided with medium supplemented with or yseq to measure triacylglycerol transfer activity in the presence of

without glycerol and oleic acid/BSA complex-(or + OA) as donor vesicles and human LDL &y of protein) as described in
described in the Materials and Methods. After 24 h, conditioned ine Materials and Methods.

medium was used to measure apoB secre{Bh.The cells were

provided with medium containing glycerol and oleic acid/BSA .
complex as described in the Materials and Methods. Conditioned P€ndent of apoB, we suggest that these differences are

medium obtained after 24 h was subjected to density gradient inherent properties of MTP orthologues.
uItrac.en.trifugation, and a_lpoB was quantified in eao_:h fraction. The  zeprafish MTP Is Less Efficient in Transferring Triacylg-
density in each fraction is shown as the dashed line. lycerols and Is Less Sensiti to Inhibition by MTP Antago-
nists.We next measured triacylglycerol transfer activity using
(group 2) andC. eleganggroup 4) transfer triacylglycerols  similar amounts of human and zebrafish MTPs (Figure 6A).
(Figure 5A). Human MTP demonstrated rapid and significant Again, even though the amounts of protein used in the assay
transfer of triacylglycerols in the presence of synthetic lipid were similar (Figure 6A, inset), zebrafish MTP was less
donor and acceptor vesicles. In contrast, this activity was efficient than human MTP in transferring triacylglycerols.
absent in lysates prepared from cells expresBirgsophila On average, the zebrafish MTP was 2710% as efficient
or C. eleganaVITP. The triacylglycerol transfer activity of  as the human MTP in this activity (Figure 6B). To compare
zebrafish MTP was less than that of human MTP even though further the activities between these orthologues, we studied
greater amounts were used in the in vitro assays (Figure 5A,the effect of human MTP antagonist on zebrafish MTP
inset). As we have shown that MTP orthologues assist the (Figure 6C). CP-346086 inhibited human MTP £$0% at
secretion of human apoB lipoproteins, we next considered 10 nM concentration. However, zebrafish MTP was not
whether theDrosophilag C. elegansand zebrafish MTPs  inhibited at this concentration, and only partial inhibition was
might transfer triacylglycerols in the presence of an acceptor achieved at higher concentrations. Next, we studied the effect
particle that contains apoB. To assess this possibility, apoB-of this inhibitor on the secretion of apoB supported by
containing low-density lipoproteins (LDLs) were used as different MTP orthologues (Figure 6D). At 10 nM concen-
acceptors. Cell lysates containing human and zebrafish MTPtration, CP-346086 significantly inhibited apoB secretion
transferred triacylglycerols in the presence of LDL, but those supported by human MTP. On the other hand, CP-346086
expressindrosophilaandC. elegandViTP were once more  had very little effect on apoB secretion supported by
deficient in measurable triglycerol transfer activity (Figure zebrafish andDrosophila MTPs (Figure 6D). These data
5B). These data show that while vertebrate MTPs (human indicate that zebrafish MTP was less efficient in transferring
and zebrafish) transfer triacylglycerols, the invertebrate MTPs triacylglycerols and this activity was less susceptible to
(Drosophilaand C. elegany are deficient in this activity. inhibition by antagonists. Thus, there exists a correlation
Since the differences in triacylglycerol transfer were inde- between the efficiency of triacylglycerol transfer activity and
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Ficure 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-NMFLAG protein determined by Western blotting (inset) were used.
Triacylglycerol transfer assays were performed using donor and acceptor ve@ldhe 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 meatendard deviations) = 3. (C) The effect of different
concentrations of CP-346086 on human and zebrafish MTPs was studied using lysates dBrotein) from COS cells transiently
expressing these proteins in the presence of donor and acceptor véBILIE®S 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.

% of Control
% of Control

its inhibition by antagonist. MTP orthologues demonstrating efficient in this activity compared to either bird or mam-
lower triglyceride transfer activity are less susceptible to malian MTP. In addition, the frog MTP is also less sensitive
inhibition by CP-346086. to a human MTP inhibitor than other vertebrate MTP
Evolution of Triacylglycerol Transfer Actity within proteins.
VertebratesSince there were significant differences in the  Structural Comparison of MTP Orthologue3ur studies
specific activities of human and zebrafish MTPs, we evalu- indicate that invertebrate MTPs are deficient in triglyceride
ated the triacylglycerol transfer activities of different distinct transfer activity. We next sought to identify structural
vertebrate MTPs. Homogenates prepared from the livers ofelements responsible for these differences. To determine
frog, chicken, mouse, rat, and rhesus monkey containedoverall sequence conservation in the MTP orthologues, we
measurable lipid transfer activity (Figure 7A), bXeénopus compared their percent identity with respect to human MTP
muscle lysates did not (Figure 7A, control). The specific (Table 1). The vertebrate MTP proteins exhibited greater than
activity of triacylglycerol transfer in th&Xenopudiver was 50% identity, while the invertebrate MTP proteins from
significantly less than that observed in the liver homogenatesinsects and nematodes shared less than 25% identity.
prepared from chickens, mice, rats, or monkeys (Figure 7B). Therefore, a considerable difference in amino acid content
The frog MTP was~40% as efficient as the bird or was present between the vertebrate and invertebrate proteins.
mammalian MTP in transferring triacylglycerols. The re- Human MTP is predicteddj to consist of an N-terminal
duced activity could be due to low expression of protein or S-barrel (3V), a central o-helical domain ¢), and two
its reduced efficiency of triacylglycerol transfer. As antibod- C-terminal 3-sheets ° and 5*). In efforts to establish
ies that recognize all orthologues with equal efficiency were whether other MTP orthologues were composed of similar
not available, we could not compare MTP protein in these domains, we compared their secondary and tertiary structures.
samples. Thus, we used CP-346086 to obtain more informa-The predicted secondary structures of different orthologues
tion about the triacylglycerol transfer activity of different were similar to those of human MTP (Figure 8A). All MTP
MTP orthologues (Figure 7C). The inhibitor reduced transfer proteins exhibited an overgN—o—/3°—p» arrangement.
activities in a dose-dependent manner in each of the samplesTertiary structures were assembled using the PHYRE
The monkey MTP was the most sensitive and the frog hepaticprogram (Figure 8B) and modeled according to the crystal
MTP was the least sensitive to inhibition. These studies structure of lipovitellin 40). These structures consisted of
indicate that frog MTP transfers triacylglycerols but is less N, a centrabi-helical domain, and two C-termingtsheets.
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Table 1: Sequence Identity in MTP Orthologues and in Their
30 Structural Domains
-0~ Control ~ —e—Rat
254 —— Xenopus —a— Monkey
—*— Chicken
204 —+— Mouse

% identity (%)
within domains

2 e —
§ no. of identity B¢ and
P amino acids (%) pN o pA
= o Vertebrates
54 Group 1 (Mammals)
H. sapien 894 100 100 100 100
[If:: ST = = . i ! P. troglodyted 881 98
0 10 20 30 40 50 60 S. scrofa 894 89
Time (minutes) E. caballus 894 89 90 88 91
B B. taurus 887 87
i R. noregicus 896 86
= M. musculus 894 86
< 5. = . M. auratus 895 86 84 86 90
2 — B == C. familiarize® 905 85
5 4- M. domestica 875 79 75 78 88
@ G. gallus 893 67 60 73 76
& 3 X. tropicali® 889 62 52 66 71
B, T Group 2 (Fish)
g o 0. latipes 554 58
e 1 F. rubripes 870 56 49 59 66
D. rerio 884 54 40 59 65
b Xenopus Chicken Mouse Rat  Monkey T. nigroviridus™* 693 52
c Invertebrates
120 S. purpuratu® 900 25 25 28 34
—=— Chicken Group 3 (Insects)
100 —+— Mouse T. castaneum 872 24 22 21 30
B B A. melliferp 894 23 24 25 27
£ :;"::gey D. melanogaster 886 20 20 24 21
S 4 PLe D. pseudoobscura 889 19 17 20 20
:-; A. gambiaé 776 19
T &8 Group 4 (Nematodes)
20 C. briggsaé 888 15 15 16 16
C. elegans 892 13 14 14 14
06 sol | oo [l [ el | 55 l1iaeoe | il s 2 Predicted protein sequencdeSequence acquired from Xenbase.

. . . h
CP-346086 [nM] Partial amino acid sequence.

Ficure 7: Triacylglycerol transfer activity in liver homogenates . . . L
obtained from different species. Liver (16800 mg of tissue)  increased. However, when comparing the identities within
homogenates were prepared in a hypotonic buffer (1 mM-Tris  individual protein domains (moving horizontally through the
{‘r']% g'; Z'gét ?“geMn%ialgf‘;né g]e%rE'fG;ég ?%’Osge)’grra;nqa;s?%es table), we detected differences between vertebrates and
u u ifu , 1B), ; N i

the supernatant was collected, and the protein concentrations Werénvertebrates. Theg" domains (_)f vertebrates were less
determined.(A) To measure triacylglycerol transfer, 1@ of conserved than the central-helical and the C-terminal
protein was added to MTP assay mixtures containing donor and -sheets. For example, while ti# of zebrafish MTP was
acceptor vesicles. Incubations were performed at°@7 and 40% identical to thg" domain in human MTP, the domain
fluorescence at 550 nm was monitored over time after excitation \y535 599 and the C-termin@F and A sheets were 65%

at 485 nm. The control represents a lysate prepared Xenopus . . .
muscle(B) The specific activities from each sample were calculated identical. In contrast, there existed less preference for the

using a 30 min reading from panel A. Bar graphs and error bars conservation of_ either of these domains in insect and
represent the meatt SD (*, p < 0.05). (C) The inhibition of nematode proteins.

triacylglycerol transfer activity was measured by adding different ~ To further understand why invertebrate MTPs do not
concentrations of a human MTP antagonist, CP-346086, and ansfer TG, we compared the sequences within different
assaying for 30 min. L . - .
structural domains involved in the triglyceride transfer by

Thus, these analyses indicate that the secondary and tertiarynammalian MTP. In lipovitellin, helices46 of the helical
structures of the MTP orthologues have been conservedstructural domain in addition to the C-terminftsheet
throughout the protein’s evolution even though there exists domains create a large, lipid-containing cavigl) The
extensive variation in the primary protein sequences. hypothetical structure of human MTP also contains a cavity

To detect changes in amino acid sequences within thecomposed ofa-helices as well as the entig® and *
structural domains of the MTP proteins, we determined the domains and is believed to be involved in triglyceride
percent identity within these regions (Table 1). The identity transfer. We identified greater conservation in helice$4
between the full-length proteins as well as individual domains than other helices7(-9) within the central domain of
decreased progressively from humans to other mammals,vertebrate MTP (Figure 8C). In contrast, helicesédwere
amphibians, fish, insects, and nematodes (moving vertically not well conserved in the invertebrate MTP orthologues.
through the table). Therefore, greater substitution of amino Similar to the helical domairfi® (Figure 8D) ang3* (Figure
acids occurred as the evolutionary distance from humans8E) domains showed a high degree of conservation in




Evolution of MTP Biochemistry, Vol. 46, No. 43, 200712271

A B

Zebralish  mmmpduh o (- | e—

Mammals Fish Insecis Nematodes

Human ey Do i | —-
Drosophila _:m:'-' s T —
CCleRans oty o . o

—— -

TANACHREOEYENFN
a0
S e

UL - T

e
& Tl T

cT

Chimpansss

Buman
Rhasus_monkey
Horme

Fig
Bo

AnBrrbgnm

o LPETATARFTRE AFE
AChow_ rorrBrans =L =
FLARMDTTTAD ¥ K| T

Chimpanzee
humasn
Rhesus_monkey
Ho rae

RANIEVQGGLAIDL
RANIEVOGGLAIDI
uL(HHIE\'QuuLA[D L

Eebrafish
Pufferfiash

Beetle TTAF SATERNCEL i Gig 5 ans K&A—G T v LAl REQI| &
Honeybee TPAFQ q LEA-G GG A RYGE B D LA & M T
D._pssudocbecur TPAYQAT TEA QI A ARE i3 49 QQNT -G w;nv G F AL YQDF T LE.
D._melancgaster TPAYQATT) il:ugx'n -GEAVIGE FTYAJLVODFHIT
A._ssgypti TPAY Aﬂ‘ QNT-GIAVGS LS LTE IS LTVNF N LG
A. gam TRAY ans QNT-GIS RLSFL A5 VD VEF 56V
C._briggwas ARQFE ARAEAYT&GELE &L VR E I
C._elegans ERAFE ARAEAYTSGELE [EFVRE
Sea_urchin E

Chimpanzee
buman
Rhesus_monkey
Hocwe

Eebrafish
Pufferfiah

Beetle nlu IP--GERARMRIAR
Honeybewe ! A--GERERIRRETR
D._pseudecbeaur s VGRETARNVES

D._ame Lanoga-ter wasvr VDRPEARRVRS
A _aegypti 2 VP--GEKYRKT

A _gambiae BREV -ungr—
C._briggeas Emv:xﬁv -— xTr
€. elegans ETVVQDOIG- - -~ - KRERETL
fea_urechin v FEGHEE - - ESFERFDVEY

Ficure 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 cAhtdih a
terminalS-barrel), ana (centralo-helical domain), g (C-terminals-sheet 1), and g* (C-terminal$-sheet 2)(B) The tertiary structure

of human MTP has been described), (and structures for other MTP orthologues were derived using PHYRE. Four structural domains
consistent with those reported for the human MTP were dete®t&@6,(49). (C) The centraki-helical domain containing helices-® from
vertebrate and invertebrate MTPs are shown. Barrels degietices, and numbers refer to helices in tlaelical region. Shaded residues

are conserved. The C-termindf (D) and* (E) domains were aligned using CLUSTAL W and BOXSHADE (Biology Workbench).
Barrels and arrows depict-helices and3-sheets, respectively. Numbers -©27 and A2-A7 represeni3® and * sheets, respectively.
Numbers AH1 and AH2 refer to helices within the C-terminal domain. Shaded residues are conserved.

vertebrates, yet there was only minimal amino acid conserva-tion of thea-helical and C-termingb-sheet domains exists
tion present in the invertebrate MTP. These data indicate in vertebrate but not in insect and nematode MTPs. Thus,
that an evolutionary trend toward the preferential conserva- we conclude that the absence of triglyceride transfer activity
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Ficure 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).

in invertebrates might be due to significant sequence varia- protein (PCTP) 42), phosphatidylinositol transfer protein
tions in the TG transfer domain that is highly conserved in (PITP) @3), and fatty acid binding protein (FABPY4).

vertebrates. Within the g-barrel of PITP, PCTP, and FABP resides a
single lipid molecule 42—44). It is noteworthy that a
DISCUSSION molecule of phospholipid was also identified in {Bdarrel

We have previously shown th&trosophilaMTP shares of the lipovitellin c_rys.tal structured(). Thus, it is possible
several biochemical and functional characteristics with that the N domain in MTP may represent the second
human MTP 25). This includes subcellular localization to  Phospholipid binding site postulated to exist on the basis of
the ER and Golgi apparatus, binding to PDI, phospholipid !(lnetlc analy3|s45). On the basis of the structural h.omology
transfer activity, and its ability to assist in the assembly and it shares with PCTP, PITP, and FABP, MTP might have
secretion of apoB lipoproteins. The major difference noted €Vvolved from these cytoplasmic or as yet unidentified lipid
was that theDrosophila MTP was unable to transfer transfer proteins. Subsequently, MTP could have acquired
triacylglycerols. In the present study, we investigated how the centrala-helical domain and C-termingi-strands and
the triglyceride transfer activity of MTP was evolved. Fish, Was able to transfer triglycerides. In contrast to the similarity
but not nematode, MTP transferred triacylglycerols. The N the" domain, MTP and the phospholipid transfer proteins
activity in fish, amphibians, and birds was27% (Figure share no _S|gn|f|cant homology in amino acid sequence.
6B), 40% (Figure 7B), and 100%, respectively, of that Therefore, it appears that there is no shared ancestry between
observed in mammals. Thus, we conclude that MTP tria- these proteins or that the proteins have diverged to such an
cylglycerol transfer activity first appeared in fish, matured €xtent that common ancestry can no longer be predicted on
in birds, and was conserved in mammals. the basis of sequence comparisons.

By comparing distinct orthologues, MTP proteins could  We performed secondary and tertiary structural studies and
be divided into four main groups that included vertebrates found that all the orthologues exhibit very similar secondary
(mammals and fish) as well as invertebrates (insects andand tertiary structural properties. Furthermore, the helical
nematodes). All the identified orthologues exhibited second- domain and C-terming#-sheets believed to be involved in
ary and tertiary structures consisting gN—a—p¢—pA triglyceride transfer are conserved in different vertebrate
domains. They associated with PDI when expressed in MTP orthologues but not in invertebrates. Despite the
monkey kidney COS cells and localized to the ER. Further- structural similarities, our novel observation is that these
more, they assisted in the assembly and secretion of apoBproteins exhibit very different biochemical properties with
lipoproteins. The latter observation is intriguing because respect to their ability to transfer triglycerides. Amino acid
apoB is not present in invertebrates. Hence, the basic tenetsequence comparison studies indicate several differences
required for the assembly of primordial apoB lipoproteins within the triglyceride transfer domain in the invertebrate
were present prior to the emergence of apoB as the primaryand vertebrate MTPs (Figure 8&). For example, the
transporter of neutral lipids. The acquisition of triacylglycerol centralo-helical domain and C-termingl-sheets are more
transfer activity by the vertebrate MTP might have enhanced conserved than the N-termingsY) domain in vertebrate
the efficiency of packaging neutral lipids into apoB lipo- MTPs. Within the 18 helices of the-helical domain, helices
proteins. 4—6 demonstrate more conservation than the surrounding

Currently, the MTP structure is believed to consisptf- helices (Figure 8C). These helices create the superior border
o—[3¢—pA domains. On the basis of comparative sequence of the lipid binding cavity in lipovitellin 8, 40). Similarly,
analyses, we suggest that tBieis not specific to MTP as it 3 (Figure 8D) andg3* (Figure 8E) are highly conserved in
is also conserved in apoB, lipovitellin, and apolipophorin. vertebrates but not in invertebrates. Thus, we suggest that
Furthermore, similar structures are found in other intracellular the a-helical domain and the C-termingdisheets critical for
lipid transfer proteins including phosphatidylcholine transfer the triglyceride transfer activity are preserved in vertebrate
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MTPs but the corresponding domains are not retained in for extracellular lipid transport. In addition, this activity

invertebrates. Therefore, the acquisition of triglyceride continued to evolve in amphibians and birds and was retained

transfer activity does not appear to be the consequence ofin mammals. We observed that the centrdielical domain

simple, few amino acid substitutions. and C-terminaB-sheets are preferentially conserved among
It is known that organisms use different lipoproteins for vertebrates but not in invertebrates and suggest that these

lipid transport (Figure 9). Nematodes and insects secreteregions might be critical for the robust triacylglycerol transfer

vitellogenins and lipophorins1( 3), whereas vertebrates activity associated with vertebrate MTP.

utilize apoB lipoproteins46) to transport lipids. Although
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