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these lipids in the lipoprotein, when CETP promotes lipid 
transfer between TG-rich and CE-rich lipoproteins, there 
is a net fl ux of TG toward the CE-rich particle with the 
converse holding true for the fl ux of CE ( 3, 4 ). Lipid trans-
fer inhibitor protein (LTIP), also known as apolipopro-
tein F ( 5 ), modulates CETP function by preferentially 
blocking CETP activity on LDL ( 6 ). LTIP does not bind to 
CETP, but rather inhibits its activity by preventing CETP 
from binding to the lipoprotein surface ( 7 ). By selectively 
blocking lipid transfer to/from LDL, LTIP enhances the 
net fl ux of CE from HDL to VLDL. Because VLDL has a 
relatively short plasma lifetime, this fl ux is proposed to fa-
cilitate the clearance of HDL-derived CE, thus promoting 
reverse cholesterol transport. Recent studies of LTIP over-
expression in mice with a human-like lipoprotein profi le 
and transgenic for human CETP are consistent with this 
role for LTIP in cholesterol metabolism ( 8 ). 

 We previously reported that plasma LTIP exists in two 
forms, one active and the other inactive ( 9 ). Active LTIP is 
bound to LDL, whereas LTIP bound in a 470 kDa lipopro-
tein complex is inactive. In normolipidemic plasma, up to 
25% of LTIP is associated with LDL, but this percentage is 
markedly higher in hypercholesterolemic subjects ( 9 ). 
This altered distribution is not due simply to the presence 
of elevated LDL in these subjects because the addition of 
normolipidemic LDL to plasma has little effect on LTIP 
status. However, the fraction of LTIP associated with LDL 
can be increased by incubating plasma at 37°C ( 9 ). Col-
lectively, these fi ndings suggest that lipoprotein composi-
tion is an important determinant of LTIP distribution. 

 In the present study, we examined mechanisms that 
control the association of LTIP with LDL and therefore 
regulate its activation status. We observed that both CETP 
and LCAT activities can promote the activation of LTIP. 

       Abstract   Lipid transfer inhibitor protein (LTIP) exists in 
both active and inactive forms. Incubation (37°C) of plasma 
causes LTIP to transfer from a 470 kDa inactive complex to 
LDL where it is active. Here, we investigate the mechanisms 
underlying this movement. Inhibiting LCAT or cholesteryl 
ester transfer protein (CETP) reduced incubation-induced 
LTIP translocation by 40–50%. Blocking both LCAT and 
CETP completely prevented LTIP movement. Under appro-
priate conditions, either factor alone could drive maximum 
LTIP transfer to LDL. These data suggest that chemical 
modifi cation of LDL, the 470 kDa complex, or both facili-
tate LTIP movement. To test this, LDL and the 470 kDa 
fraction were separately premodifi ed by CETP and/or 
LCAT activity. Modifi cation of the 470 kDa fraction had no 
effect on subsequent LTIP movement to native LDL. Pre-
modifi cation of LDL, however, induced spontaneous LTIP 
movement from the native 470 kDa particle to LDL. This 
transfer depended on the extent of LDL modifi cation and 
correlated negatively with changes in the LDL phospholipid 
+ cholesterol-to-cholesteryl ester + triglyceride ratio    .   We 
conclude that LTIP translocation is dependent on LDL lipid 
composition, not on its release from the inactive complex. 
Compositional changes that reduce the surface-to-core lipid 
ratio of LDL promote LTIP binding and activation.  —Mor-
ton, R. E., and D. J. Greene.  Conversion of lipid transfer 
inhibitor protein (apolipoprotein F) to its active form 
depends on LDL composition.  J. Lipid Res . 2011.  52:  
2262–2271.   
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 Cholesteryl ester transfer protein (CETP) mediates the 
exchange of cholesteryl ester (CE) and triglyceride (TG) 
between lipoproteins ( 1, 2 ). Because the selection of CE 
or TG as substrate is defi ned by the relative abundance of 
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described above. In some experiments, CETP was inhibited by 
preincubating samples with TP2 monoclonal antibody, as indi-
cated in the fi gure legends, prior to initiating the LTIP move-
ment phase of the experiment. Preincubation with TP2 overnight 
at 4°C or for 1 h at 37°C inhibited CETP to a similar extent. CETP 
activity was typically inhibited 70–85%. LCAT activity was quanti-
tatively inhibited with 1 mM paraoxon or 2.8 mM DTNB. LTIP 
mass in eluted FPLC fractions was determined in triplicate by im-
munoassay ( 16 ). All FPLC fractions for a given sample were as-
sayed on a single microtiter plate along with a standard curve. 
LTIP mass data were plotted versus fraction number. Area under 
the curve values were determined for LTIP associated with the 
LDL and 470 kDa complex peaks. LTIP was routinely observed in 
only these two fractions. Data are presented as the mass or the 
percentage of LTIP recovered in the LDL peak. The latter was 
calculated from the mass values using the equation: LDL LTIP / 
(LDL LTIP + 470 kDa LTIP) × 100. For the experiments reported, 
LTIP recovery after FPLC was 101.8 ± 10.5% of that for 4°C 
controls. 

 Lipoprotein characterization 
 Protein was quantifi ed by a modifi cation of the Lowry et al. 

method ( 17 ) with BSA as standard. Total cholesterol and triglyc-
eride were determined by enzymatic kits from ThermoFisher Sci-
entifi c (Middletown, VA), and free cholesterol (FC) was measured 
by an enzymatic kit from Wako Chemical (Richmond, VA). CE 
was calculated from the difference between total and FC mea-
surements. Phospholipid (PL) was quantifi ed by the method of 
Bartlett ( 18 ). 

 RESULTS 

 Dependence of LTIP movement on LCAT and CETP 
activities 

 We previously reported that LTIP moves from the inac-
tive 470 kDa complex to LDL during incubation of plasma 
in vitro ( 9 ). Further, this movement was partially pre-
vented when LCAT activity was inhibited with paraoxon, a 
serine esterase inhibitor. These results suggested that lipid 
modifi cation of lipoproteins promotes LTIP movement. 
To investigate this further, we incubated plasma with in-
hibitors of LCAT, CETP, or a combination of the two. Rep-
resentative FPLC data from such an experiment are shown 
in   Fig. 1  .  These data were analyzed to determine the mass 
of LTIP in the LDL and 470 kDa fractions and to calculate 
the percentage of plasma LTIP coeluting with LDL after 
incubation (  Table 1   ) .  As previously seen, 1 mM paraoxon 
inhibited 40–50% of the LTIP movement that occurred 
when plasma was incubated at 37°C for 24 h. To confi rm 
that the effect of paraoxon was specifi cally due to its inhi-
bition of LCAT, we took advantage of the unique suscepti-
bility of this enzyme to both serine and thiol reactive agents 
( 19 ). Quantitative suppression of LCAT activity by DTNB 
(2.8 mM) resulted in the same inhibition of incubation-
induced LTIP movement as seen with paraoxon (data not 
shown). Inhibiting plasma CETP activity with a blocking 
antibody also prevented a portion of the incubation-in-
duced LTIP movement ( Fig. 1  and  Table 1 ). The extent of 
this inhibition varied among samples, but typically block-
ing CETP reduced incubation-induced LTIP movement 
by about half. Most importantly, simultaneous inhibition 

The movement of LTIP from the inactive complex to the 
LDL-associated active form is driven by changes in LDL 
composition. 

 METHODS 

 Materials 
 [1 � , 2 � (n)- 3 H]cholesteryl oleate was purchased from Perkin-

Elmer (Boston, MA). Mouse monoclonal antibody to human 
CETP (TP2) was purchased from the Ottawa Heart Institute (Ot-
tawa, Ontario, Canada). Paraoxon (diethyl  p -nitrophenyl phos-
phate), DTNB, and all buffers, salts and detergents were 
purchased from Sigma (St. Louis, MO). Paraoxon stock solutions 
(100 mM) were prepared in 50% methanol, 25 mM Tris-HCl, pH 
6.0, and stored at  � 80°C. Stock solutions of DTNB (14 mM) were 
freshly prepared in 0.2 M phosphate buffer, pH 7.1 ( 10 ). For 
LTIP quantifi cation, ELISA plates (Nunc Maxisorp) were pur-
chased from Nalge Nunc International, (Rochester, NY) and 
goat anti-rabbit IgG (horseradish peroxidase conjugate) was ob-
tained from Calbiochem (San Diego, CA). 

 Human plasma and lipoproteins 
 Blood was drawn from volunteers following written informed 

consent. The Institutional Review Board of the Cleveland Clinic 
approved the study protocol. Whole blood was collected in EDTA-
containing tubes and plasma was isolated by centrifugation. 
Freshly isolated human plasma was also obtained from the Cleve-
land Clinic Blood Bank. VLDL, LDL, HDL, HDL 3 , and the d > 
1.21 g/ml (lipoprotein-free) fraction were prepared by sequen-
tial ultracentrifugation ( 11 ). Samples were extensively dialyzed 
against 0.9% NaCl, 0.02% EDTA, 0.02% NaN 3 , pH 7.4. LDL was 
radiolabeled with [ 3 H]CE by a dispersion transfer method ( 12 ). 

 CETP and LTIP were partially purifi ed from frozen plasma as 
previously described ( 13 ). CETP and LTIP activities were mea-
sured by their ability to stimulate CE transfer from [ 3 H]CE-LDL 
to HDL, or to inhibit CETP-mediated CE transfer from [ 3 H]CE-
LDL to HDL, respectively, as previously published ( 12, 14, 15 ). 

 Gel fi ltration 
 Plasma and other plasma-derived samples were fractionated by 

fast protein liquid chromatography (FPLC) on tandem Superose 
6 HR 10/30 columns (GE Healthcare, Piscataway, NJ) at room 
temperature ( 9 ). Samples ( �  0.5 ml) were applied to columns 
equilibrated in 0.9% NaCl, 0.02% EDTA, 0.02% NaN 3 , pH 7.4, 
and eluted at a rate of 0.3 ml/min. Beginning 50 min after sam-
ple injection, 1 ml fractions were collected. Fractions were ana-
lyzed for cholesterol content by enzymatic assay (ThermoFisher 
Scientifi c, Middletown, VA). LTIP content was determined by im-
munoassay utilizing rabbit anti-human LTIP as previously de-
scribed ( 16 ). 

 The inactive fraction of LTIP, referred to as the 470 kDa LTIP 
complex, was isolated from HDL 3  ( 9 ). HDL 3  was purifi ed by se-
quential ultracentrifugation as the 1.125–1.21 g/ml density frac-
tion. HDL 3  (0.5 ml,  � 2 mg cholesterol) was then applied to the 
FPLC columns described above and the distribution of LTIP and 
cholesterol in the eluate determined. The LTIP 470 kDa complex is 
partially separated from the bulk HDL 3  peak by this method ( 9 ). 
The three fractions with highest LTIP content, which contained 
approximately 30% of the HDL 3  cholesterol, were pooled. 

 LTIP movement assays 
 Plasma or specifi ed plasma components were incubated at 4°C 

or 37°C for the indicated time and then stored on ice for no 
more than 24 h before being separated by gel fi ltration FPLC as 
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 Lipoprotein modifi cation by CETP is dependent on 
both the levels of VLDL and CETP ( 20, 21 ). Supplement-
ing plasma with additional VLDL enhanced the extent of 
LTIP movement that occurred during an 8 h incubation at 
37°C (  Fig. 2A  ).  After 24 h incubation, the addition of 
VLDL has stimulated LTIP movement by 30% above con-
trol (not shown). Increasing the CETP content of plasma 
several-fold also promoted greater LTIP association with 
LDL ( Fig. 2B ). These data show that the activation of 
LTIP, i.e., its movement from an inactive pool to the LDL-
associated pool, is enhanced under conditions where 
CETP activity is elevated. 

 If LCAT and CETP activities promote LTIP association 
with LDL by similar mechanisms, then extended activity of 
one should be able to compensate for loss of the other. In 
native plasma, LTIP movement to LDL increased almost 
linearly for the fi rst 16–24 h and then plateaued (  Fig. 3  ).  
In plasma where only CETP is active, LTIP translocation 
lagged, resulting in  � 50% lower LTIP association with 
LDL at 24 h. However, with continued incubation of 
LCAT-inhibited plasma, LTIP associated with LDL became 
equivalent to that seen in native plasma ( Fig. 3 ). Thus, in 
the absence of LCAT activity, CETP activity alone can drive 
maximum LTIP movement when incubation time is 
extended. 

 A different approach was taken to determine if LCAT 
activity alone could compensate for inactive CETP. This 
approach was needed because we have been unable to es-
tablish conditions where plasma CETP activity is fully in-
hibited by the mouse TP2 blocking antibody. In our 
experience, CETP activity is inhibited by 70–85% by this 
antibody depending on the plasma source. A blocking an-
tibody we previously prepared in rabbit ( 22 ), although 

of both LCAT and CETP activities prevented all LTIP 
movement to LDL ( Fig. 1  and  Table 1 ), showing that these 
two plasma proteins quantitatively account for all LTIP 
translocation. 

  Fig.   1.  Effect of LCAT and CETP inhibition on LTIP movement 
to LDL in plasma. Plasma (750 µl) was preincubated overnight at 
4°C with or without anti-CETP monoclonal antibody (27.5 µg). 
This blocked CETP activity by  � 70%. These treated samples, ± 1 mM 
paraoxon to block LCAT activity, were subsequently incubated at 
37°C for 24 h to induce LTIP movement. Control samples were 
held at 4°C. A 500 µl aliquot of each sample was then fractionated 
by FPLC gel fi ltration (see Methods) and eluted fractions were as-
sayed in triplicate for LTIP by immunoassay. A and B show the LTIP 
elution profi les. The recovery of LTIP in 37°C incubated samples 
was 92–105% of 4°C controls. A also shows the distribution of cho-
lesterol in control plasma. The elution position of lipoproteins was 
not altered by these incubation conditions. Data are representative 
of three similar experiments.   

 TABLE 1. LTIP association with LDL in incubated plasma 

Activity Present LTIP mass (µg)
Plasma LTIP associated 

with LDL (%)

CETP LCAT Temp. LDL 470 kDa
+ + 4°C 5.7 ± 1.1 29.3 ± 2.9 16.3 ± 1.3
+ + 37°C 22.5 ± 1.7 10.2 ± 0.8 68.7 ± 5.2  a  
+ – 37°C 12.9 ± 1.0 19.4 ± 1.5 40.0 ± 3.0  a  
– + 37°C 17.1 ± 1.3 16.7 ± 1.3 50.6 ± 3.8  a  
– – 37°C 4.9 ± 0.4 31.8 ± 2.4 13.3 ± 1.0

After incubation of plasma for 24 h at 4°C or 37°C as described in 
 Fig. 1 , the distribution of LTIP among LDL and 470 kDa fractions 
isolated by FPLC was measured by immunoassay. Negative symbols 
indicate that CETP or LCAT activity was inhibited by blocking antibody 
or paraoxon, respectively. Plus symbols designate that the indicated 
activity was present at endogenous levels. Standard deviations refl ect 
the accuracy of LTIP determinations, which were measured in triplicate. 
Data are representative of 3 similar experiments.

  a     P  < 0.01, compared with native plasma at 37°C.

  Fig.   2.   Effect of VLDL and CETP on LTIP movement in plasma. 
A: Plasma ± VLDL (600 µg cholesterol/ml plasma) was incubated 
at 37°C for 8 h.  †   P  < 0.05 compared with native plasma incubated 
for the same time. Panel B: Plasma was incubated with or without 
partially purifi ed CETP for 8 h at the indicated temperature. The 
CETP addition increased plasma CETP activity 3-fold. Because par-
tially purifi ed CETP contains low levels of LTIP, the increase in 
LDL-associated LTIP in 4°C samples due to CETP addition has 
been subtracted from the data shown. *  P  < 0.01 compared with 
native plasma at 37°C. Data are representative of at least two similar 
experiments.   
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this effect, we sought to determine a minimal system in 
which LTIP movement occurred. The incubation-induced 
movement of LTIP from the inactive complex to fractions 
coeluting with LDL required that LDL was present during 
the incubation. Whereas removing VLDL did not impair 
LTIP movement ( Fig. 4 ), the removal of LDL completely 
prevented the release of LTIP from the inactive complex 
(  Fig. 5A  ).  Also, LTIP movement did not require the pres-
ence of other components in the bulk HDL fraction. LTIP 

useful in quantitatively suppressing CETP activity, could 
not be used because it interfered with the subsequent de-
tection of LTIP by immunoassay. As an alternative ap-
proach, CETP-mediated lipid remodeling was prevented 
by removing VLDL from plasma. Without this TG-rich li-
poprotein, CE-TG exchange is negligible even though 
CETP itself remains active. Plasma was fractionated at den-
sity 1.019 g/ml and the d > 1.019 g/ml and d < 1.019 g/ml 
fractions were combined to reconstitute plasma, or the d > 
1.019 g/ml fraction was combined with an equivalent 
amount of buffer to yield VLDL-defi cient plasma. Surpris-
ingly, when incubated at 37°C, LTIP movement to LDL in 
reconstituted plasma and in the d > 1.019 g/ml fraction 
were the same (  Fig. 4A  ).  Thus, although supplementing 
plasma with VLDL augments CETP activity and promotes 
LTIP movement ( Fig. 2 ), removing VLDL was without ef-
fect. This was not because the removal of VLDL altered 
LCAT activity because CE formation was not different in 
the presence or absence of VLDL (81 vs. 82 µg cholesterol 
esterifi ed/ml/6 h). 

 To examine the possibility that CETP promotes LTIP 
movement by a mechanism independent of VLDL, the ef-
fects of LCAT and CETP inhibition on LTIP movement in 
VLDL-defi cient plasma (d > 1.019 g/ml fraction) were ex-
amined. Unlike that seen in intact plasma, in the absence 
of VLDL incubation-induced LTIP association with LDL 
was not affected by the addition of a CETP blocking anti-
body, whereas LCAT inhibition completely blocked all 
LTIP movement ( Fig. 4B ). Thus, in the absence of func-
tional CETP (i.e., absence of VLDL), LTIP movement is 
normal and fully dependent on LCAT activity. These data 
show that LCAT is suffi cient to promote normal LTIP 
movement in the absence of functional CETP. 

 LTIP movement in a defi ned system 
 Collectively, the data above show that the lipoprotein 

modifying activities of CETP and LCAT promote LTIP re-
distribution. To investigate the mechanism underlying 

  Fig.   3.  Effect of LCAT inhibition on the time course of LTIP 
movement to LDL in plasma. Plasma without (squares) or with 
(circles) 1 mM paraoxon to inhibit LCAT was incubated for the 
indicated times. Inset: ratio of free cholesterol (FC) to total choles-
terol (TC) in samples incubated at 37°C for the indicted time. *  P  < 
0.01 compared with native plasma. Data are representative of three 
time course experiments.   

  Fig.   4.  Effect of VLDL removal on incubation-induced associa-
tion of LTIP with LDL. Plasma was centrifuged at density 1.019 g/ml 
to generate VLDL (d < 1.019 g/ml) and VLDL-free (d > 1.019 g/ml) 
plasma fractions. A: The d > 1.019 g/ml plasma fraction was 
combined with the d < 1.019 g/ml fraction, to reconstitute plasma, 
or with buffer alone. Samples were incubated at 37°C for the indi-
cated times. B: One milliliter aliquots of the d > 1.019 g/ml fraction 
were incubated ± 45.9 µg anti-CETP for 1 h at 25°C. Subsequently, 
samples received 1 mM paraoxon as indicated and were incubated 
at 4°C or 37°C for 16 h. Negative symbols indicate that CETP or 
LCAT activities were inhibited by blocking antibody or paraoxon, 
respectively. Plus symbols designate that the indicated activities are 
present at endogenous levels. *  P  < 0.01 compared with native 
plasma at 4°C. ns, not signifi cant.   
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had no effect on LTIP movement in the absence of 
VLDL. 

 Infl uence of 470 kDa chemical composition on LTIP 
movement 

 Given that LTIP movement could be reconstituted in an 
assay containing only LDL, the 470 kDa fraction of LTIP, 
and LCAT activity, we investigated whether modifi cation 
of the chemical composition of 470 kDa complex might be 
the mechanism by which LCAT activity promotes LTIP 
movement. Isolated 470 kDa LTIP was incubated for 24 h 
with the d > 1.21 g/ml fraction to induce LCAT modifi ca-
tion of 470 kDa composition. This caused a 50% decrease 
in FC, a 20% decrease in PL content, and a modest in-
crease in CE content compared with control 470 kDa incu-
bated at 4°C. When combined with native LDL and the 
d > 1.21g/ml fraction, the incubation-induced movement 
of LTIP was not different between control versus premodi-
fi ed 470 kDa. Incubation at 37°C for 12 h increased the 
LTIP associated with LDL from 7.8% to 27.9% for native 
470 kDa and from 3.1% to 24.3% for modifi ed 470 kDa. 

 To further rule out a contribution of 470 kDa lipid com-
position to LTIP movement, premodifi cation conditions 
were altered to increase the extent of 470 kDa modifi ca-
tion. The d > 1.063 g/ml fraction of plasma, which con-
tains CETP and LCAT, was incubated for 24 h at 4°C or 
37°C to induce lipoprotein modifi cation. This incubation 
resulted in marked changes in the lipid composition of 
HDL and the 470 kDa subfraction. Compared with 4°C 
control, the premodifi cation incubation increased the 
CE+TG / protein ratio (0.17 ± 0.01 vs. 0.23 ± 0.01,  P  <0.02), 
and decreased the FC+PL/protein (0.40 ± 0.02 vs. 0.30 ± 
0.01,  P  < 0.02), and FC+PL/CE+TG ratios (2.34 ± 0.07 vs. 
1.32 ± 0.03,  P  <0.02) of the 470 kDa fraction containing 
inactive LTIP. Native and premodifi ed d > 1.063 g/ml frac-
tions were then recombined with native d < 1.063 g/ml 
plasma fraction and incubated to induce LTIP movement 
to LDL. No signifi cant difference was observed in the 
movement of LTIP to LDL from native versus chemically 
premodifi ed 470 kDa (27.7% vs. 30.1% at 8 h, respectively, 
and 45.3% vs. 41.1%, respectively, at 16 h). Collectively, 
these studies indicate that changes in 470 kDa lipid com-
position do not appear to regulate the release of LTIP 
from the inactive complex. 

 Infl uence of LDL chemical composition on LTIP 
movement 

 The alternative possibility, that modifi cation of LDL 
renders it a better binding site for LTIP, was investigated. 
LDL was modifi ed by incubating the d < 1.063 g/ml 
plasma fraction with the d >1.21 g/ml fraction under 
conditions where the activities of LCAT and CETP were 
individually manipulated. In this approach, the 470 kDa 
fraction was omitted, thus preventing LTIP movement 
during the modifi cation process. LDL from such reac-
tions was modifi ed in surface and core lipids depending 
on which modifying factors were active  (   Table 2  ).  To 
measure LTIP movement, LDL isolated from these modi-
fi cation reactions was incubated for a short time with 

movement could be reconstituted in a mixture of LDL, 
the 470 kDa inactive LTIP fraction, and the d > 1.21 g/ml 
fraction of plasma ( Fig. 5B ). No LTIP movement occurred 
when the LCAT-containing d > 1.21 g/ml fraction was 
omitted or when LCAT activity in this fraction was inhib-
ited (data not shown). Likewise, purifi ed CETP could not 
substitute for the d > 1.21 g/ml fraction (data not shown), 
consistent with the data above showing that CETP activity 

  Fig.   5.  Reconstitution of LTIP movement activity. A: Plasma was 
sequentially fractioned by ultracentrifugation to generate VLDL 
(d < 1.019 g/ml) and VLDL-free plasma (d > 1.019 g/ml), or 
VLDL+LDL (d < 1.063 g/ml) and HDL + protein (d > 1.063 g/ml) 
fractions. Dialyzed samples were recombined as indicated at equiv-
alent original plasma volumes. Samples were incubated at 4°C or 
37°C for 24 h.  †   P  < 0.05, *  P  < 0.01 compared with native plasma at 
37°C. ns, not signifi cant. B: LDL (220 µg cholesterol), the d > 1.21 
g/ml lipoprotein-free fraction of plasma (0.25 ml) and the 470 kDa 
fraction of LTIP (200 µg protein) were combined and incubated at 
4°C or 37°C for 24 h. *  P  < 0.01 compared with the corresponding 
4°C sample. ns, not signifi cant. Data are representative of two-three 
similar experiments.   
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cubation-induced translocation of LTIP in whole plasma 
was also correlated with this change in LDL lipid composi-
tion. CETP and LCAT activities caused similar changes in 
the LDL surface to core lipid ratio, and this change was 
additive when both factors were active (  Table 3  ).  As shown 
in  Fig. 6C , in these incubated plasmas, the same strong 
correlation was observed between the LTIP content of 
LDL and LDL FC+PL/CE+TG composition. 

 To evaluate the in vivo relevance of these in vitro fi nd-
ings, we sought to determine whether the same correla-
tion might be observed in native plasmas isolated from 
different individuals. To ensure a range of LDL composi-
tions, we obtained plasma from both normolipidemic 
individuals and those with borderline high levels of cho-
lesterol and/or triglyceride. Lipid parameters for this 
group were: cholesterol, 126–233 mg/dl (LDL cholesterol, 
68–150 mg/dl; HDL cholesterol, 45–69 mg/dl); and trig-
lyceride, 33–179 mg/dl. The percentage of plasma LTIP 
associated with LDL ranged from 5 to 22%. In these native 
plasma samples, LDL levels varied more than 2-fold. Be-
cause the association of LTIP with LDL depends on both 
LDL composition and LDL concentration ( Fig. 6 A,  B), 
LDL LTIP values were normalized by dividing the percent 
of LTIP on LDL by the LDL pool size. Following this ad-
justment, we again observed a statistically signifi cant cor-
relation between the ratio of FC+PL/CE+TG in LDL and 
the LTIP content of that LDL ( Fig. 6D ). 

 DISCUSSION 

 Most apolipoproteins are exchangeable and their asso-
ciation with specifi c lipoproteins is determined by the 
chemical and physical properties of these particles. For ex-
ample, lipoprotein size is a strong determinate of apolipo-
proteins A-I, A-II, C-II, and C-III association. Apolipoprotein 
A-I binds preferentially to small particles (i.e., high surface 
curvature), whereas apolipoproteins A-II, C-II, and C-III 
prefer larger particles ( 25 ). Also, apolipoprotein A-I binds 
better to monolayers composed of surface lipids isolated 
from HDL than from LDL. The more condensed packing 
of these lipids from LDL prevents apolipoprotein A-I bind-
ing, providing a structural basis for the absence of this pro-
tein on LDL ( 26 ). Apolipoprotein A-IV binding is also 
highly dependent on the molecular packing of lipoprotein 
phospholipids, decreasing as lateral packing increases with 
no binding occurring above a surface pressure of 28–29 

native 470 kDa LTIP complex plus d > 1.21 g/ml plasma 
fraction in the presence of both paraoxon and TP2 anti-
body. Thus, during the subsequent LTIP movement 
phase of this experiment, both LCAT and CETP were in-
active. Under these conditions, very little LTIP was asso-
ciated with native LDL after incubation with the 470 kDa 
complex (  Fig. 6A  ).  However, modifi ed LDLs bound 
much higher levels of LTIP. The extent of LTIP associa-
tion with LDL was dependent on both the amount of 
LDL incubated with the 470 kDa fraction and the extent 
of LDL modifi cation. Like that seen in incubations of 
whole plasma, LTIP association with LDL was highest 
when both LCAT and CETP were active during the pre-
modifi cation process and reduced when LCAT was inhib-
ited ( Fig. 6A ). In similar studies, we observed that the 
association of LTIP with premodifi ed LDL was not de-
pendent on assay temperature. The percentage of sample 
LTIP coeluting with premodifi ed LDL was the same when 
it and the native 470 kDa complex were coincubated at 
4°C or 37°C [30.8% ± 2.3 vs. 32.4% ± 2.5, respectively, 
compared with native LDL (13.4% ± 1.0)]. This indicates 
that the temperature dependence of LTIP movement 
seen in previous experiments is because 37°C promotes 
lipoprotein remodeling by CETP and LCAT, not because 
it is required for the actual movement of LTIP. 

 LCAT modifi cation of LDL primarily affects surface 
lipids (PC and FC) levels whereas CETP induces CE-TG 
heteroexchange causing LDL to become TG enriched 
( Table 2 ). Because the exchange of CE for TG is equimo-
lar ( 23, 24 ) and TG is a larger molecule, this process ex-
pands the lipoprotein core. However, both modifi cations 
promote LTIP association with LDL. To identify com-
mon compositional changes induced by CETP and LCAT, 
we assessed the relationship between changes in LDL 
lipid composition induced by the premodifi cation pro-
cess and the extent of subsequent LTIP association with 
LDL. LTIP association with modifi ed LDL did not cor-
relate with the relative amount of any individual lipid com-
ponent (lipid/protein ratio), the ratio of TG/CE, FC/
PL, PL+FC/protein or the CE+TG/protein ratio of LDL. 
LTIP association with LTIP did correlate well with the 
ratio of LDL surface lipids to core lipids (i.e., PL/CE+TG, 
FC/CE+TG, and FC+PL/CE+TG). Among multiple ex-
periments, the FC+PL/CE+TG ratio was consistently the 
best predictor of LTIP association with LDL ( Fig. 6B ). 

 To determine if this association held true in a more 
physiologic environment, we investigated whether the in-

 TABLE 2. Modifi cation of LDL composition   

Condition Active factor FC CE TG PL

µg/µg protein

4°C None 0.43 ± 0.01 1.08 ± 0.07 0.21 ± 0.01 1.12 ± 0.02
37°C + paraoxon CETP 0.43 ± 0.01 0.99 ± 0.03 0.62 ± 0.02   a  1.19 ± 0.01   b  
37°C CETP, LCAT 0.32 ± 0.01   a  0.96 ± 0.02 0.56 ± 0.01   a  0.93 ± 0.02   a,c  

The d < 1.063 g/ml and d > 1.21 g/ml fractions of plasma were coincubated for 22 h at 4°C or 37°C in the presence or absence of 1 mM 
paraoxon to inhibit LCAT activity. LDL was subsequently isolated by sequential ultracentrifugation, dialyzed, and chemically characterized. Values 
are the mean ± SD of duplicate determinations. Based on protein, LDL recovery was 92–109%. Results are representative of three similar experiments. 
  a  P  < 0.01 or   b  P  < 0.05 versus 4°C control,   c  P  < 0.05 versus 37°C + paraoxon value. FC, free cholesterol; PL, phospholipids; CE, cholesteryl ester; TG, 
triglyceride.
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sion of lipid transfer events involving LDL ( 6, 7, 24 ), is 
consistent with our fi nding that in normolipidemic plasma 
active LTIP resides exclusively on LDL ( 9 ). However, a sec-
ond, several-fold larger pool of LTIP resides on a unique 470 
kDa particle that is isolated in the HDL 3  fraction. This 
LTIP is inactive ( 9 ). Given the importance of lipoprotein 
structural properties in determining the binding of many 
other apolipoproteins, it seems likely that similar mecha-
nisms control the distribution of LTIP between these two 
metabolically distinct pools. 

 We report here that both LCAT and CETP activities 
drive the movement of LTIP from the inactive 470 kDa 

mN/m ( 27 ). HDL surface pressure may oscillate about a 
narrow range that spans the exclusion pressure of apolipo-
protein A-IV as a result of LCAT and CETP activities ( 27 ). It 
is proposed that LCAT activity promotes the unbound to 
bound transition of apolipoprotein A-IV by creating “gaps” 
in the packing of phospholipid head groups ( 28 ). 

 The binding of CETP to lipoproteins is the initial and 
indispensable step in the lipid transfer process ( 29, 30 ). 
LTIP (apolipoprotein F) suppresses CETP by binding to 
lipoproteins and preventing or disrupting the interaction 
of CETP with its lipoprotein substrate ( 6, 31 ). This LTIP 
mechanism, combined with LTIP’s preferential suppres-

  Fig.   6.  Infl uence of LDL composition on LTIP association with LDL. A: The d < 1.063 g/ml (VLDL+LDL) 
fraction of plasma was recombined with a plasma equivalent volume of d > 1.21 g/ml (lipoprotein-free frac-
tion) of plasma ± 1 mM paraoxon and incubated at 4°C or 37°C for 22 h. Under these conditions, LDL was 
either unmodifi ed (4°C), modifi ed by CETP (37°C + paraoxon) or modifi ed by CETP and LCAT activities 
(37°C, no paraoxon). LDL was isolated from these mixtures by ultracentrifugation. Native or modifi ed LDL 
(160 (1×) or 320 (2×) µg protein) was then combined with native 470 kDa LTIP fraction (200 µg protein) and 
500 µl of lipoprotein-free plasma (d > 1.21 fraction). All samples received anti-CETP (21 µg) and 1 mM 
paraoxon so that CETP and LCAT were inactive during this phase of the experiment. Samples were incubated 
at 37°C for 6 h.  †   P  < 0.05, *  P  < 0.01 compared with unmodifi ed LDL or as indicated. B: The percent LTIP on 
LDL measured in A is plotted versus the ratio of free cholesterol (FC) + phospholipid (PL) divided by choles-
teryl ester (CE) + triglyceride (TG) in LDL. The reverse  x  axis places native LDL on the left side of the graph. 
Correlation coeffi cients for both regression lines are  �  0.98. C: The percent LTIP on LDL after incubation of 
whole plasma as described in  Table 3  is plotted versus the FC + PL-to-CE + TG ratio of the LDL isolated from 
those incubations. Correlation coeffi cient for the regression line is 0.99,  P  = 0.02. Data are representative of 
three similar experiments. D: The percent LTIP on LDL in normolipidemic subjects and those with border-
line high cholesterol or TG is plotted versus LDL composition. Values on the  y  axis have been normalized by 
dividing the %LTIP on LDL by the LDL cholesterol (LDLc) content of each sample. Correlation coeffi cient 
for the regression line is 0.87,  P  = 0.025. Of the seven plasma samples analyzed, six are plotted here. The re-
maining sample, perhaps due to its very low HDL and LTIP content, did not fi t this correlation.   
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narrow range. Our data suggest that once 470 kDa LTIP 
is added to these modifi ed LDL, LTIP can displace some 
of these acquired apoproteins, resulting in LTIP move-
ment to LDL. This mechanism is consistent with our 
seemingly confl icting observations that LTIP movement 
to LDL is reduced when CETP activity is inhibited by an-
tibody ( Figs. 1 and 4B ), but the removal of VLDL has no 
effect on LTIP movement ( Fig. 4A ) even though VLDL is 
required for CETP activity. These data could be explained 
if VLDL serves as both a positive regulator of LTIP move-
ment by supporting CETP-mediated LDL remodeling 
and also a negative regulator of LTIP movement by pro-
viding a reservoir of exchangeable apolipoproteins that 
compete with LTIP binding to the modifi ed LDL surface. 
We conclude that CETP and LCAT promote LTIP bind-
ing to LDL by creating a lipid surface that can accept this 
apolipoprotein. The failure of LTIP to bind to VLDL 
even though it has lower surface lipid packing than na-
tive LDL ( 35, 36 ) suggests that additional factors such as 
surface curvature (i.e., lipoprotein particle size) contrib-
ute to the binding surface preference of LTIP. In this 
way, LTIP binding is regulated by mechanisms similar to 
those controlling binding of A-I, A-II, C-II, C-III, and A-IV 
( 25, 27, 28 ). 

 LTIP, LCAT ( 37 ), and phospholipid transfer protein 
( 38 ) share a common regulatory mechanism: sequestra-
tion in an inactive complex. LCAT and phospholipid 
transfer protein appear to enter plasma in high activity 
states and then are transferred to inactive complexes. At 
least for LCAT, sequestration in the inactive complex 
may be a mechanism for receptor-mediated removal from 
plasma. Whether these proteins are ever released from 
their inactive complexes is not known. In contrast, LTIP 
can be readily induced to translocate from the inactive to 
the active pool by LCAT or CETP. Enhanced LCAT mod-
ifi cation of LDL causes LDL to acquire LTIP and there-
fore, participate less in CETP-mediated transfers. This 
exclusion of LDL from CETP reactions promotes the re-
moval of HDL cholesteryl ester (the LCAT product) be-
cause of enhanced CETP-mediated CE fl ux from HDL to 
VLDL ( 7, 24 ) combined with the rapid clearance of 
VLDL and its remnants from plasma. Thus, depletion of 
LDL surface lipids by LCAT signals the need to process 
HDL-derived CE for removal. 

 In a similar way, acquisition of LTIP by LDL may regu-
late LDL synthesis. LDL is a product of VLDL catabolism. 
In humans, the conversion of VLDL to LDL primarily 

complex to LDL. On average, each activity contributes 
equally to the LTIP movement that occurs when plasma 
is incubated in vitro. Although these two activities have 
an additive effect on LTIP movement, under appropriate 
conditions, either activity alone is capable of facilitating 
maximum LTIP redistribution. LTIP movement could be 
reconstituted in a simple system containing only LDL, 
partially purifi ed 470 kDa complex, and LCAT. Collec-
tively, these fi ndings strongly suggest that changes in the 
chemical composition of LDL, the 470 kDa complex, or 
both, are responsible for LTIP movement. When these 
two lipoprotein fractions were independently modifi ed 
prior to the LTIP movement assay, only the extent of 
LDL compositional change correlated with LTIP move-
ment. Altered 470 kDa composition had no effect. These 
data indicate that the generation of a suitable binding 
surface on LDL, not LTIP release from the inactive com-
plex, is the major driving force controlling the activation 
status of LTIP. 

 The observation that both LCAT and CETP activity 
could modify LDL to induce LTIP association is interest-
ing given that these two activities affect different regions 
in LDL. The consequence of LCAT activity, which occurs 
in large part on HDL ( 32 ), is to deplete LDL of the sur-
face lipids, PL and FC. These lipids transfer to HDL to 
replenish those consumed by the LCAT reaction. Con-
versely, CETP promotes CE for TG exchange resulting in 
LDL that contain higher levels of TG and lower CE. Be-
cause this transfer is largely an equimolar exchange reac-
tion, and a molecule of TG occupies 47% more volume 
than a molecule of CE ( 33 ), this results in an increase in 
the volume of the LDL core. Thus, LCAT and CETP ac-
tivities both promote a decrease in the ratio of LDL sur-
face lipid to LDL core lipid, one by depleting the surface 
and the other by expanding the core. We observed that 
the extent of LTIP movement to LDL is highly correlated 
with this lipid ratio in LDL. 

 A decrease in the surface to core lipid ratio (FC+PL/
CE+TG) would be expected to result in a less densely 
packed surface lipid domain with altered capacity to ac-
commodate apolipoproteins. Indeed, under very similar 
conditions to those used here, Deckelbaum et al. ( 34 ) 
showed that modifi ed LDL gain apolipoproteins C, A-I, 
and E, which were derived from VLDL. These fi ndings 
suggest that as reduced lipid packing occurs on the LDL 
surface during lipid remodeling, these “gaps” are fi lled 
by apolipoproteins, thus maintaining lipid packing in a 

 TABLE 3. Composition of LDL isolated from incubated whole plasma 

Active factor FC CE TG PL FC+PL/protein CE+TG/protein FC+PL/CE+TG

µg/µg protein
None 0.29 ± 0.01 0.72 ± 0.02 0.15 ± 0.01 0.84 ± 0.01 1.13 ± 0.03 0.87 ± 0.02 1.29 ± 0.04
CETP 0.30 ± 0.01 0.65 ± 0.01 0.41 ± 0.01   a  0.82 ± 0.03 1.12 ± 0.03 1.06 ± 0.02   a  1.06 ± 0.03   b  
LCAT 0.19 ± 0.01   a  0.74 ± 0.02 0.16 ± 0.01 0.74 ± 0.02   b  0.93 ± 0.02   b  0.91 ± 0.02 1.03 ± 0.02   b  
CETP, LCAT 0.20 ± 0.01   a  0.71 ± 0.01 0.37 ± 0.01   a  0.70 ± 0.01   a  0.90 ± 0.02   a  1.07 ± 0.02   a  0.84 ± 0.02   a  

Plasma was incubated (37°C) for 16 h in the presence or absence of 1 mM paraoxon to inhibit LCAT and/or TP2 (46 µg/ml plasma) to inhibit 
CETP activity. LDL was isolated by sequential ultracentrifugation and chemically characterized as described in the Methods. Based on protein, LDL 
recovery was 98–111%. Values are the mean ± SD of duplicate determinations. Results are representative of 3 similar experiments.   a  P  < 0.01 or   b  P  < 0.05 
versus control (CETP and LCAT inactive). FC, free cholesterol; CE, cholesteryl ester; TG, triglyceride; PL, phospholipid.
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involves the hydrolysis of TG. The resulting CE-rich rem-
nants continue to be reduced in size by the combined 
action of CETP-mediated CE-TG exchange followed by li-
polysis of the acquired TG ( 7 ). We show that LTIP does 
not bind to VLDL, binds modestly to LDL, but has en-
hanced binding affi nity toward modifi ed LDL that are 
chemically analogous to LDL precursors ( 34 ). We suggest 
that the acquisition of LTIP by VLDL remnants as they 
near LDL in size may be an important mechanism for reg-
ulating LDL size. This hypothesis is consistent with the ob-
servations of Berneis and Krauss ( 39 ) that the formation 
of small dense LDL is enhanced when the levels of TG-rich 
remnants are high and HDL levels are low. It follows, if 
HDL concentrations are low, then the removal of excess 
surface lipid generated during TG-rich lipoprotein catabo-
lism would be impaired. This excess surface would keep 
the ratio of surface lipid to core lipid of remnants high 
and prevent LTIP from binding as they near LDL in size. 
The failure to suppress CETP permits the continued ex-
change of CE out of, and TG into, these remnants. When 
this TG is hydrolyzed by lipase the remnants continue to 
decrease in size, resulting in abnormally small LDL. We 
conclude that modulation of LTIP (apolipoprotein F) 
binding to LDL and its precursors by lipoprotein surface 
properties may play an important role in regulating lipo-
protein metabolism.  
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