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Abstract The microsomal triglyceride transfer protein
(MTTP) is essential for the assembly of VLDLs. We recently
observed that a polymorphism in the MTTP promoter
(2493G.T), which is in allelic association with an isoleu-
cine-to-theronine substitution at position 128 (Ile128Thr) in
the expressed protein, confers an increased risk of coronary
heart disease. Two variant proteins comprising amino acids
16–297 of intact MTTP, MTTPN-Ile128 and MTTPN-Thr128,
had similar native secondary structure content, as judged by
circular dichroism. However, the thermal stability ofMTTPN-
Thr128 was greatly reduced, and this protein was also more
extensively cleaved in limited proteolysis experiments com-
pared with MTTPN-Ile128; both of these findings support
a less compact fold. On adding LDL, which includes natively
folded apolipoprotein B (apoB), decreased stability of the
MTTPN-Thr128-LDL complex was observed compared with
that of the MTTPN-Ile128-LDL complex. In a refined model
of the N-terminal domain of MTTP, residue 128 is located
in a surface-exposed position, in the same region as an iden-
tified MTTP binding site in the homologous apoB pro-
tein. Thus, the Ile128Thr polymorphism confers reduced
structural stability, leading to decreased binding of MTTP to
LDL particles. Because the major MTTP binding target on
LDL is apoB, the Ile128Thr polymorphism could target the
MTTP-apoB interaction.—Ledmyr, H., L. Ottosson, M.
Sunnerhagen, and E. Ehrenborg. The Ile128Thr polymor-
phism influences stability and ligand binding properties of
themicrosomal triglyceride transferprotein. J.LipidRes.2006.
47: 1378–1385.
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The microsomal triglyceride transfer protein (MTTP) is
essential for the assembly of VLDLs in hepatocytes and
chylomicrons in enterocytes (1). VLDLs are large parti-
cles consisting of apolipoprotein B (apoB) and bulk tri-

glycerides and are needed in the circulating plasma as
energy deposits for muscle tissue. MTTP is also expressed
in the heart; its function there is not completely un-
derstood, but it has been hypothesized that MTTP could
facilitate the export of excess triglycerides from the heart
muscle (2, 3). MTTP is functional as a heterodimer of the
large and unique 97 kDa subunit and the multifunctional
55 kDa protein disulfide isomerase. The MTTP subunit
confers lipid transfer activity, whereas protein disulfide
isomerase holds the complex in a stable, active conforma-
tion (4). Protein disulfide isomerase possesses a C-terminal
endoplasmic reticulum retention signal (lysine-aspartate-
glutamate-leucine or KDEL sequence) that is essential for
the endoplasmic reticulum localization of the complex
(5). MTTP binds to the apoB polypeptide as it is being
translated and loads the growing apoB particle with bulk
triglycerides to form a mature VLDL particle (6, 7).

Because it is known that lipid metabolism is affected by
individual variations in the gene heritage, a deeper anal-
ysis of the effects of polymorphisms in the MTTP gene
could give important functional information. Three poly-
morphisms in the MTTP gene have been described to be
in almost complete linkage disequilibrium (8). Two are
promoter polymorphisms and can be found at positions
2493 (a G-to-T substitution) and 2164 (a T-to-C substi-
tution). The 2493G.T polymorphism has been shown to
affect the transcriptional activity of the MTTP promoter in
HepG2 cells (9). Furthermore, we recently showed that
individuals homozygous for the 2493T allele have a
markedly increased risk of coronary heart disease (10).
These results were somewhat surprising, because the same
genotype confers a small decrease of LDL cholesterol
levels, and one would expect the opposite effect on coro-
nary heart disease risk under these circumstances. The
second promoter polymorphism, 2164T.C, is located in
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a putative sterol response element. The rare allele gives a
sterol response element that is more homologous to the
low density lipoprotein receptor sterol response element,
which could lead to cholesterol-dependent transcription.
However, more studies of the promoter polymorphic vari-
ants are needed to establish their combined effect on the
transcriptional activity of the MTTP gene.

The third polymorphism, which is located in exon 3,
leads to an amino acid difference in the expressed protein.
The common variant has isoleucine (Ile) and the rare vari-
ant has threonine (Thr) in amino acid position 128 (11).
Although no physiological polymorphisms in the ex-
pressed MTTP protein have yet been functionally an-
alyzed, several amino acid substitutions that are associated
with changes in the structure and/or function of proteins
involved in lipoprotein metabolism have been reported.
One of the best-known cases is the polymorphisms in the
apoE gene, which result in three major functional iso-
forms of the apoE protein (12). In the apoB protein, sub-
stitution of an arginine with a tryptophan at position 3,500
has been shown to diminish the receptor-mediated uptake
of LDL and to cause familial defective apoB (13). A third
example is the alanine-threonine substitution at position
176 in the lipoprotein lipase protein. Individuals who have
this genetic variant show abnormal heparin binding and
loss of enzymatic activity (14).

A general idea of the structural location of the isoleu-
cine-to-theronine substitution at position 128 (Ile128Thr)
polymorphism can be derived from the common ancestry
of apoB and MTTP with vitellogenin (15). The vitello-
genins are ancient lipid transport and storage proteins
that are ligands to proteins of the LDL receptor super-
family and deliver nutrients to the egg yolk (16, 17).
Although no structures of apoB or MTTP are available,
a low-resolution structure of lipovitellin, which is the ma-
ture form of vitellogenin, was used to provide structural
models of both apoB and MTTP (15). From these models,
it is clear that the third polymorphism (Ile128Thr) is lo-
cated in an N-terminal well-conserved b-barrel-type sub-
domain (15).

To elucidate possible functional implications of the
Ile128Thr polymorphism located in the MTTP N-terminal
domain, it should be noted that these regions in both
MTTP and apoB appear to have interactive properties.
The N-terminal region of apoB (residues 1–264) has been
reported to bind to the N-terminal region of MTTP (res-
idues 22–303) (15). Furthermore, a proteoglycan bind-
ing site on apoB has been mapped to amino acid residues
84–94 (18), also in the N-terminal domain (15). Because
the position of the Ile128Thr polymorphism is confined
to this region, the genetic variation could influence
MTTP interactions, presumably leading to the observed
patient phenotypes.

In this study, we aimed to evaluate whether the
Ile128Thr polymorphism might have any impact on the
structure and/or function on the N-terminal domain of
MTTP. A combined strategy using limited proteolysis, cir-
cular dichroism (CD) spectroscopy, and modeling using
the recently refined lipovitellin coordinates (19) was used.

METHODS

Cloning

The sequence corresponding to amino acids 16–297 of the
MTTP gene was amplified from cDNA obtained from HepG2
cells. Primers were designed with overhangs corresponding to
the recognition sequence of the restriction enzymes NdeI and
EcoRI. The forward primer was MTTPSer16 (59-CATATGTTCA-
GCTTCTGTTAAAGGTC-39), and the reverse primer was MTTP-
His297 (59-GAATTCGTGGCTCTGGAAGACC-39). Amplification
was performed in a 25 ml reaction mix containing 100 ng of
cDNA, 0.8 mM of each primer, 2 mM of each deoxynucleoside
triphosphate (Boehringer Mannheim), 1 unit of Taq polymerase
(Promega, Madison, WI), 50 mM KCl, 10 mM Tris-HCl, 2 mM
MgCl2, and 0.1% Triton X-100. Fresh PCR product was ligated
into pGEM Easy II vector according to the manufacturer’s
protocol (Promega).

The expression vector pETMCSIII (20) and the pGEM Easy II
vector containing the MTTP gene fragment were digested with
NdeI and EcoRI (New England Biolabs) in 50 mM NaCl, 100 mM
Tris-HCl, 10 mM MgCl2, and 0.025% Triton X-100, pH 7.5, at
378C. The PCR-amplified MTTP gene fragment was purified and
subsequently ligated into the pETMCSIII vector with a vector-
insert ratio of 5:1. Successful cloning of the MTTP insert into the
pETMCSIII vector was verified by ABI sequencing according to
the manufacturer’s protocol.

To obtain the rare Thr128 variant, a site-directed mutagenesis
kit (Stratagene) was used together with primers MTTP128Thr-1
(5 9-GCAAAGACCTACGCTCCTTCATCTAACCCATG-
GAAAGGTC-39) and MTTP128Thr-2 (59-CTCTTTGACCTTTC-
CATGGGTTAGATGAAGGAGCGTAGG-39) according to the
manufacturer’s protocol. Successful mutagenesis was verified by
ABI sequencing.

Protein expression and purification

Plasmids containing the correct MTTP sequence were trans-
formed into the competent Escherichia coli strain BL21(DE3)plys-s
gold and grown at 378C in Luria-Bertani medium containing
carbenicillin and cloramphenicol. Cultures were induced with
isopropylthio-b-galactoside (0.1 mg/ml) and harvested after 4 h.
Pellets were resuspended in 50 mMNaH2PO4, 100 mMNaCl, and
10 mM Tris at pH 8.0 and sonicated on ice. The pellet was finally
resuspended in 100 mM NaH2PO4, 10 mM Tris, and 8 M urea at
pH 8.0, sonicated on ice, and spun down at 20,000 g and 48C
for 30 min.

Protein purification was performed on a nickel-nitrilotriacetic
acid agarose affinity column according to the manufacturer’s
protocol (Qiagen). Fractions of 60 drops each were collected and
frozen. Samples were run on a 15% (w/v) SDS gel to verify
successful purification. Refolding of the denatured protein was
performed by dialysis in 50 mM NaH2PO4, 100 mM NaCl, 10 mM
Tris, 5 mM EDTA, 2 mM DTT, 1 mM benzamidine, and 1 mM b-
mercaptoethanol using number 6 dialysis membrane tubing
(Spectrum Medical Industries, Inc.). To verify the presence of di-
sulfide bonds, we estimated the total number of free sulfhydryl
groups (21). No free thiols were observed in any of the variants,
which indicates the formation of a suggested disulfide bond in
the folded structure, as suggested in previous MTP structural
modeling (15). Proper folding of the protein was confirmed by
CD spectroscopy (see below).

Proteolysis experiments

Before limited proteolysis, the protein was dialyzed into
50 mM NaH2PO4, 100 mM NaCl, 10 mM Tris, and 5 mM EDTA
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to a concentration of 3 pmol/ml (MTTPN-Ile128) or 1.6 pmol/ml
(MTTPN-Thr128). Aliquots of the protein (30 ml) were digested
with 1022-fold dilutions of chymotrypsin stock solutions of
1.6 mg/ml for 1, 2, 5, 10, 20, 30, 50, and 100 min. The proteolysis
reaction was stopped by adding trichloroacetic acid. Samples
were then incubated on ice for 30 min and spun at 15,000 g for
30 min, the supernatant was discarded, and the precipitated pro-
tein was dissolved in 12 ml of SDS-PAGE loading buffer (80 mM
Tris-HCl, pH 6.8, 35% glycerol, 3% SDS, 0.02 M 2-mercaptoeth-
anol, and 0.002% bromphenol blue) before visualization on a
15% (w/v) SDS-polyacrylamide gel. The gels were stained with
Coomassie Brilliant Blue R-250.

The identities of fragments produced by proteolysis were
determined by N-terminal sequencing (Protein Analysis Centre,
Karolinska Institutet). The protein fragments were blotted onto a
polyvinylidene difluoride (TropiflourTM) membrane and stained
with Coomassie Brilliant Blue R-250, and the bands of interest
were cut out and submitted to five cycles of Edman degradation.

Ligand binding experiments

Ligand binding experiments were carried out with human
LDL cholesterol particles that were prepared the day before the
assays. Plasma LDL cholesterol was isolated by density gradient
ultracentrifugation (22). After a 16 h spin at 40,000 rpm and 158C
(Beckman SW40), the top 0.5 ml layer was aspirated (VLDL). The
tube was then sliced 57 mm from the top to harvest the fraction
(density 5 1.006–1.061 kg/l) containing LDL. The protein con-
centration of the isolated fraction was determined according to
the method of Lowry et al. (23) after the addition of SDS to the
reagent mixture to clear turbidity. Previous studies have shown a
stimulating effect of oleic acid on the assembly of VLDL (24);
therefore, the ligand binding assays in this study were performed
with 1 mM oleic acid (Sigma).

CD measurements

Wavelength scans and denaturation experiments were per-
formed on an AVIV Associates model 62DS CD spectrometer.
All wavelength-scanned spectra were recorded in a 0.1 cm
cuvette at 258C over the wavelength range of 195–250 nm with
a step size of 1 nm, a bandwidth of 1.5 nm, an average collec-
tion time of 2 s per point, and an equilibration time of 1 min.
The CD spectra were averaged from four wavelength scans
and blanked against the used buffer (10 mM sodium phosphate
buffer, pH 7.5). Denaturation experiments were performed in a
0.1 cm cuvette positioned in a thermostat-equipped sample
holder, recording the ellipticity at a single wavelength (218 nm)
while increasing the temperature at a rate of 28C/min. The
resulting denaturation curve was fitted to linear predenatur-
ation and postdenaturation curves representing the tempera-
ture dependence of the ellipticity in the folded and unfolded
states, respectively.

Sequence analysis and domain structure modeling

The N-terminal domain of the native MTTP sequence, resi-
dues 28–265 (SWISSPROT number P55157), was aligned toward
the common MTTP and apoB ancestor protein vitellogenin
(SWISSPROT number Q91062) using ClustalW (25) and 3D-
PSSM (26). The refined coordinates of vitellogenin (15) were
used as a template for the structural modeling. The final model
was derived using Modeller4 (27), in which the initial alignment
was optimized to relieve local energetic stress and to optimize
the alignment in regions of low similarity. Results were visu-
alized with PyMOL (28). The MTTPN-Ile128 variant was used
for the model.

RESULTS

Subcloning, expression, and purification of
MTTPN-Ile128 and MTTPN-Thr128

To investigate whether the Ile128Thr polymorphism
could influence the functional properties of the expressed
gene, an MTTP subregion comprising the N-terminal
domain (residues 16–297) was subcloned into a histidine-
tagged expression vector (see Methods). Both the MTTPN-
Ile128 and MTTPN-Thr128 proteins were expressed as
inclusion bodies; therefore, a refolding protocol was
designed to regain the native fold (see Methods). The
MTTPN-Thr128 protein, representing the less common
allele, had to be refolded in a 2-fold more dilute con-
centration compared with the MTTPN-Ile128 variant to
avoid precipitation and to attain a proper fold, as judged
by CD spectroscopy (see below). The MTTPN-Thr128 pro-
tein also showed a higher tendency to adhere to surfaces
(plastic, glass); thus, all analyses had to be performed at
low micromolar concentrations.

Analysis of folding and stability by CD spectroscopy

The secondary structure of the two variants of the N-
terminal domain was evaluated by CD spectroscopy in near-
ultraviolet light. The CD spectra of MTTPN-Ile128 and
MTTPN-Thr128 were similar. Both spectra show typical
features of a mixed b-sheet/random coil structure at room
temperature (Fig. 1). Although buffer conditions pre-
vented the recording of spectra below 200 nm, a rough
estimate of the secondary structure content by K2d (29) of
MTTPN-Ile128 suggests 40%b-sheet, 48% randomcoil, and
12% a-helix. A K2d fit of the MTTPN-Thr128 spectrum was
less reliable, but judging from the similar spectral features
compared with the Ile128 variant, the two MTTPN variants
appear to be similarly structured at room temperature.

The stability of the two protein domains was investigated
by thermal denaturation monitored by CD (Fig. 2). Sur-
prisingly, the stabilities of MTTPN-Ile128 and MTTPN-

Fig. 1. Circular dichroism (CD) spectra of the two variants of the
N-terminal domain of microsomal triglyceride transfer protein
(MTTP). MTTPN-Ile128 is denoted by open circles, and MTTPN-
Thr128 is denoted by closed circles.
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Thr128 are significantly different. After a plateau of sta-
bility at physiological temperatures and above, and with
even higher stability at lower temperatures, the MTTPN-
Ile128 variant is stable up to 608C, at which it unfolds
rapidly and cooperatively. The MTTPN-Thr128 variant, on
the other hand, starts to unfold already at 308C, with low
cooperativity, both of which suggest a much less compact
fold (Fig. 2). After complete denaturation, the MTTPN-
Thr128 variant precipitates, disabling measurements at
temperatures of.708C. The MTTPN-Ile128 variant, on the
other hand, is still not completely denatured at 908C.

Limited proteolysis with chymotrypsin

The extent and nature of the hydrophobic core in a
folded protein domain can be assayed by proteolysis, be-
cause the hydrophobic core is proteolytically protected
in a stable fold. To probe for the extent of exposed
hydrophobic residues, chymotrypsin, which cleaves pref-
erentially at tyrosine, phenylalanine, isoleucine, leucine,
and valine, was chosen for a time-resolved proteolysis
experiment. To probe whether the lower stability of the
MTTPN-Thr128 variant was attributable to a more exposed
hydrophobic core, both MTTP N-Ile128 and MTTPN-
Thr128 were subjected to chymotrypsin cleavage (Fig. 3).
The same proteolytic fragments are produced for both
variants, which indicates that MTTPN-Ile128 and MTTPN-

Thr128 share a common fold. However, three distinct
fragments (I, II, and III) were observed at a significantly
earlier time point for the MTTPN-Thr128 protein com-
pared with the MTTPN-Ile128 protein (Fig. 3). N-terminal
sequencing of these three fragments corresponded to
(H)LIGH at residue 127 (I), the N terminus (II), and
(Y)KLT at residue 35 (III) (residues in parentheses cor-
respond to the residue N terminal to the cleavage site).
Although the fragment comprising the N terminus does
not give any information regarding structure because its
C-terminal end was not identified, the increased cleavage
rates at residues 127 and 35 suggest that these regions are
more exposed in MTTPN-Thr128 compared with MTTPN-
Ile128. Such exposure could be attributable to a less com-
pact folding of the MTTPN-Thr128 variant or a more
dynamic assembly of secondary structure elements, both of
which would allow for increased accessibility to proteases.

Ligand binding experiments

Ligand binding experiments were carried out by limited
proteolysis to examine whether the change from an iso-
leucine to a threonine at position 128 would interfere with
the binding ofMTTP to its natural ligand apoB. ApoB is the
main lipoprotein present on the LDL particle, but apoB
precipitates after delipidation. Therefore, we chose the in-
tact LDL particle as a ligand in this experiment to enable
interactions with a fully folded apoB. MTTPN-Ile128 and
MTTPN-Thr128 were incubated with human LDL choles-
terol particles and 1 mM oleic acid before digestion with
chymotrypsin. The oleic acid was added to facilitate the
interaction between MTTP and apoB. Results show that
both theMTTP and the apoB components of the presumed
MTTPN-Thr128-LDL complex were proteolytically cleaved
at a faster rate than those in the presumed MTTPN-Ile128-
LDL complex (Fig. 4). Although the MTTPN-Thr128 pro-
tein is completely digested after 50 min, the MTTPN-Ile128
protein is still present after 100 min. ApoB is cleaved into
two distinct fragments already after 5 min in the complex
containing the MTTPN-Thr128 variant, whereas apoB
together with MTTPN-Ile128 appears to be completely pro-
tected at 20 min. Thus, the apoB-MTTPN-Thr128 complex
appears less stable than the apoB-MTTPN-Ile128 complex
on LDL particles. The rapid accumulation of additional

Fig. 2. CD spectra of the thermal denaturation of the two variants
of the N-terminal domain of MTTP. MTTPN-Ile128 is denoted by
open circles, and MTTPN-Thr128 is denoted by closed circles.

Fig. 3. Proteolysis by chymotrypsin of the MTTPN-
Ile128 (Ile) and MTTPN-Thr128 (Thr) variants of
MTTP. Time points in minutes are given at the top of
each lane. Themolecular weight marker is shown at left
(MW). The arrows denoted I, II, and III show the
fragments formed during proteolysis that were subse-
quently sequenced.
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small cleavage products in the less stable complex (Fig. 4)
supports this conclusion.

Structural modeling of the N-terminal domain of MTTP

The experimental CD data on the two N-terminal MTTP
domains (MTTPN-Ile128 and MTTPN-Thr128) show pre-
dominant b-sheet structure, which agrees with previous
modeling attempts, in which a less resolved crystal struc-
ture of vitellogenin was used as a template (15). To further
define the MTTPN domain model, the refined vitellogenin
crystal structure (Protein Data Bank deposit 1LSH, (19)
was used as a template to model the structure of the N-
terminal MTTP domain. Only residues 28–265 were mod-
eled, because they correspond to the N-terminal domain
of vitellogenin (Fig. 5). The MTTP model consists of 13 b-
strands and 2 a-helices, forming a b-barrel (Fig. 6). The
secondary structure content of MTTPN derived from CD
spectra (see above) is in good agreement with that in the
model (43% random coil, 47% b-sheet, and 9% a-helix).
In this model, Ile128 is located in a loop protruding from
the top of the b-barrel, which faces the N terminus of the
domain. This loop does not take part in forming the
hydrophobic protein core; rather, it protrudes away from
the protein core with a high degree of surface exposure.
Thus, Ile128, despite its hydrophobic character, is also
exposed, and no candidates for hydrophobic side chain
interactions to this residue were identified.

DISCUSSION

In this study,weaimed toevaluatepossible functional and
structural differences at the protein level between two
variants ofMTTPresulting froma Ile128Thrpolymorphism
in exon 3, which is in almost complete linkage disequilib-
rium with two promoter polymorphisms, 2493G.T and
2164T.C (8). Our interest was prompted by previous
observation that healthy individuals homozygous for the
rare alleles have a slight decrease in LDL cholesterol as well
as a slight increase in bodymass index and insulin levels (8)
and our own observation that individuals homozygous for
the rare 2493T allele have a markedly increased risk of
death from coronary heart disease as well as a slight in-
crease of electrocardiogram abnormalities (10).

Analysis by CD spectroscopy and limited proteolysis
both strongly support the idea that although the two
variants have similar folds at room temperature, the rare
variant MTTPN-Thr128 is significantly less stable. CD spec-
troscopy of MTTPN-Ile128 and MTTPN-Thr128 showed
similar secondary structure content at room temperature
but significantly decreased thermal stability of the Thr128
variant. In agreement with this, identical limited prote-
olysis products at room temperature suggested a com-
mon fold of the two variants, but a locally more rapid
degradation of the Thr128 variant, reflected in the in-
creased intensity of three proteolytic products, suggested
lower structural stability. Together, these findings suggest

Fig. 5. Alignment of lamprey vitellogenin (1LSH) and human MTTP (MTP) sequences. The notation
identifies identical (asterisks), conserved (colons), and semiconserved (dots) amino acids. The polymorphic
residue 128 is boldfaced andunderlined. The secondary structure, as in the derivedmodel, is shownbelow the
sequence alignment. b-sheets are shown as gray arrows, and amphipathic a-helices are shown as white boxes.

Fig. 4. The common Ile128 and the less common
Thr128 variants of the N-terminal domain of MTTP
were incubated with human LDL cholesterol particles
at room temperature and subjected to time-resolved
proteolysis by chymotrypsin. The MTTPN-Ile128-LDL
and MTTPN-Thr128-LDL complexes are indicated as
Ile and Thr, respectively. Time points in minutes are
given at the top of each lane. The apolipoprotein B
(ApoB) and MTTP complexes, as well as an unknown
complex, are denoted by an arrow. MW,molecular weight.

1382 Journal of Lipid Research Volume 47, 2006
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that the Ile128Thr polymorphism results in a more open
assembly of secondary structure elements in the rare
protein variant, reflected both in the increased accessi-
bility to cleavage in a limited part of the protein domain
and in decreased overall stability, as indicated by the de-
creased melting temperature in the CD thermal denatur-
ation experiments.

In the present MTTPN model, the Ile128Thr poly-
morphic site is located at the barrel opening facing the
domain N terminus. Interestingly, the N-terminal proteo-
lytic cleavage sites corresponding to fragments I and
III (Figs. 3, 6) that show increased cleavage rates in the
MTTPN-Thr128 variant are both located on the same side
of the barrel. One site is directly adjacent to the poly-
morphic site, suggesting increased protease accessibility in
this region as a direct result of the polymorphism (Fig. 6).
This is in agreement with the decreased stability of the
MTTPN-Thr128 variant. Furthermore, the MTTP model
revealed residue 128 to be located in an exposed loop
position in the N-terminal region, pointing out from the
core, which is unexpected for such a hydrophobic residue.
No tertiary stabilizing contacts to residue 128 were ob-
served in the model that would explain its exposed posi-
tion, such as contacts with exposed neighboring secondary
structure elements. Although sequence similarity is lim-
ited between MTTP and vitellogenin in the region sur-
rounding the polymorphism, it is less likely that this
sequence segment would be folded back and buried into
the core, because this would disrupt the otherwise con-
served general fold that is in experimental agreement with
CD data. Rather, the low sequence similarity surrounding
residue 128 is in agreement with the idea that exposed
loops are generally less conserved than buried and/or

structure-defining motifs. The lack of sequence homol-
ogy could also indicate that this loop contains MTTP
sequence-specific patterns. Thus, the exposed positioning
of Ile128 may have functional relevance, for example, as
part of a protein interaction surface. Indeed, the top of the
b-barrel, the “portal region,” is a motif that is well known
for being able to participate in fatty acid binding (30).
Disorder-order transitions in the portal region of intestinal
fatty acid binding protein have been suggested to be
pivotal for its ligand binding, and a polymorphism in
this region is suggested to be linked to metabolic con-
sequences (31, 32).

The common ancestry of apoB and MTTP with vitel-
logenin suggest that the two proteins have similarly folded
N-terminal domains (15). Furthermore, it is well known
that apoB and MTTP interact. Indeed, the N-terminal
domain of MTTP (amino acids 22–297) has been shown to
bind to a site on apoB, which includes apoB residues 1–152
(15). If so, the Ile128Thr polymorphism maps to the same
domain of MTTP that was identified on apoB as an in-
teracting region. Furthermore, a proteoglycan binding site
on apoB has been mapped to a similar region, amino acid
residues 84–94 (18). Together, these findings suggest a
highly interactive property of this surface region in the
MTTPN/apoBN fold. The Ile128Thr polymorphism con-
fers a change from an uncharged to a polar amino acid,
which, although structurally minor, could influence elec-
trostatic properties involved in stability-enhancing inter-
actions and interactive properties.

Our results indicate that there is indeed a negative
effect of the polymorphism on MTTP’s binding to LDL,
and possibly also to apoB. To investigate whether the
Ile128Thr polymorphism affects the binding to apoB,

Fig. 6. Cartoon representation of the predicted model of the N-terminal domain of MTTP (left) according
to the alignment with lamprey vitellogenin in Fig. 5, and model of the complete vitellogenin (right). The
corresponding N-terminal domain of vitellogenin is highlighted in the same colors as the N-terminal
domain of MTTP. Stick-represented residues in MTTP are Ile128 (depicted in red), Lys35 (orange), Leu127
(yellow), and the N-terminal Leu28 (green).
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human LDL particles were used in the ligand binding
experiments. Whole LDL particles were used instead of
pure apoB protein because of the insolubility of apoB
when it is delipidated. Furthermore, apoB is the only lipo-
protein harbored by LDL. In the presence of LDL, in-
creased cleavage propensity, suggesting a lower degree of
protection, was observed for both apoB and MTTP with
the MTTPN-Thr128 variant compared with the breakdown
pattern observed when the MTTPN-Ile128 variant was
used. This indicates that there is indeed a negative effect
of the polymorphism on MTTP’s binding to LDL, and
possibly also to apoB. Further experiments would be nec-
essary to evaluate the full implications of the Ile128Thr
polymorphism on VLDL assembly and secretion.

How, then, could the decreased stability in the MTTP
domain in the less common variant relate to decreased
apoB affinity? Indeed, the three more sensitive proteolysis
cleavage sites observed for the MTTPN-Thr128 protein
map to the same face of the MTTP domain where the
polymorphism is located. Thus, it is highly suggestive that
the polymorphic variant leads to the partial unfolding of
this region, opening it up for additional proteolytic cleav-
age and simultaneously decreasing protein stability. Also,
if this surface is involved in protein interactions, the
higher entropy obtained by the destabilization would act
unfavorably in the interaction with target proteins.

Together, these results indicate that the Thr128 allele
confers a decreased stability of the domain as well as a
decreased ability of MTTP to bind to apoB. It can be
hypothesized that this could be a contributing factor to the
phenotype previously seen in the West of Scotland Coro-
nary Prevention Study cohort (10). MTTP is expressed in
the heart; its function there is not completely understood,
but it has been hypothesized that MTTP would facilitate
the export of excess triglycerides from the heart muscle
(2, 3). The absence of functional MTTP in the heart leads
to increased cardiac triglyceride stores in mice, which in
turn is associated with heart failure and sudden cardiac
death (33); additionally, Unger and Orci (34) have pro-
posed that overloading the myocardium with triglycerides
causes lipotoxic heart disease. If the Thr128 variant of the
MTTP is less stable and binds less effectively to apoB than
the Ile128 variant, it could be speculated that the export of
the excess triglycerides from the heart muscle is impaired,
and this in turn could render the myocardium more
susceptible to ischemic damage.
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