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 CETP is capable of proatherogenic activities during re-
modeling through both triglyceride and cholesteryl ester 
(CE) pathways. CETP mediates transfer of triglycerides 
from VLDL-1 to HDL and/or LDL in exchange for CE, 
resulting in larger, relatively triglyceride-enriched HDL 
and LDL species ( 3, 4 ). Hepatic lipase remodels these 
larger lipoprotein species into  i ) smaller and denser HDL 
remnants destined for removal from the circulation by the 
hepatic holo receptor and/or by renal clearance ( 5 ) and 
 ii ) smaller, denser LDL destined for the subendothelial 
space of arteries to initiate plaque formation, as these LDL 
species react weakly with LDL receptors, thus prolonging 
their half-lives ( 6–8 ). These pathological endpoints are 
observed clinically as circulating  i ) high normal to moder-
ately elevated triglyceride levels,  ii ) low total HDL choles-
terol (HDL-C) levels, and  iii ) high levels of small, dense 
LDL. This triad is referred to as the atherogenic lipid pro-
fi le, which is observed in  � 25% of the general population 
in Western countries due to insulin resistance, including 
type 2 diabetes ( 9, 10 ). 

 Further, but related, proatherogenic activity for CETP 
involves its redirection of CE to more atherogenic lipopro-
tein species, rather than to direct CE disposal by the liver 
via SRB-1 or the LDL receptor ( 4, 6 ). The latter two, in 
part, mediate reverse cholesterol transport (RCT), in 
which cholesterol obtained from peripheral tissue is esteri-
fi ed by LCAT. Most CEs derived from LCAT do not return 
to the liver via the HDL SRB-1 pathway but, rather, through 
more atherogenic pathways ( 4, 7 ). CETP mediates the 
transfer of most CE from HDL to VLDL or to other more 
atherogenic intermediate-density lipoproteins and rem-
nants ( 3 ). Apolipoprotein F may inhibit direct transfer of 
some, but not all, of CE from HDL to the potentially more 
atherogenic LDL ( 11 ). Inhibiting the above two proathero-
genic remodeling events could be advantageous. Indeed, 
in vitro studies using human plasma indicate an anti-

      Abstract   Cholesteryl ester transfer protein (CETP) is im-
portant clinically and is the current target for new drug de-
velopment. Its structure and mechanism of action has not 
been well understood. We have combined current new struc-
tural and functional methods to compare with relevant prior 
data. These analyses have led us to propose several steps in 
CETP’s function at the molecular level, in the context of its 
interactions with lipoproteins, e.g., sensing, penetration, 
docking, selectivity, ternary complex formation, lipid trans-
fer, and HDL dissociation.   These new molecular insights 
improve our understanding of CETP’s mechanisms of 
action.  —Charles, M. A., and J. P. Kane.  New molecular in-
sights into CETP structure and function: a review.  J. Lipid 
Res.  2012.  53:  1451–1458.   
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  Recent innovative X-ray crystallographic, electron mi-
croscopic (EM), and bioinformatics observations signifi cantly 
improve our understanding of the physical relationships of 
cholesteryl ester transfer protein’s (CETP) interactions 
with lipoproteins and lipid transfer processes ( 1, 2 ). Two 
major observations derived using these novel methods are 
 i ) CETP connects with or forms bridges between two lipo-
proteins, e.g., HDL and LDL, with resultant neutral lipid 
transfer, and  ii ) CETP appears to contain a hydrophobic 
tunnel along its entire long axis capable of neutral lipid 
transfer. Using this new paradigm, prior data regarding 
CETP and lipoprotein interactions can be reevaluated 
from current perspectives. Here, we focus on molecular 
details of CETP that appear relevant to its interactions 
with lipoproteins, including sensing, penetration, dock-
ing, selectivity, ternary complex formation, lipid transfer, 
and HDL dissociation. 

 First, a summary of the biological and clinical impor-
tance of CETP is in order, as it has a central role in lipo-
protein remodeling and as CETP inhibitors are in various 
stages of drug development. 

 Manuscript received 2April 2012 and in revised form 24 May 2012. 
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( 1, 21 ). Linker insertion (two nucleotide insertions) 
scanning mutants’ data of CETP also indicates that four 
regions in the N-terminal extreme end (amino acid posi-
tions 48, 53, 98, and 165) are important for CETP lipid 
transfer function and presumably also for sensing and/
or penetration ( 22 ). Unfortunately, mutations in the 
highly conserved mini helix have not been examined, as 
the mutagenicity data were gathered decades before the 
helix’s discovery. 

atherogenic behavior of antibody-mediated CETP inhibi-
tion ( 12 ). 

 Transfer of CE from HDL directly to LDL by CETP 
could also be antiatherogenic if the LDL is cleared by the 
liver LDL receptor. This role of RCT is especially impor-
tant if the original source of cholesterol is from plaque 
( 4 ). As this process is potentially antiatherogenic, inhibi-
tion could be disadvantageous. 

 An additional concern is that excessive CETP inhibition 
increases HDL-C to supra physiological levels (>70 mg/dl), 
which appear to result in paradoxically high rates of 
cardiovascular disease (CVD), as shown in several epide-
miological studies ( 13, 14 ) and in one CETP inhibitor in-
terventional trial ( 15 ) but not in another (dal-OUTCOMES). 
The dal-OUTCOMES trial was terminated for lack of effi -
cacy, and the details of this study were not available at the 
time of this review. Regarding the former study, increased 
CVD was attributed to hypertension, and an unusual num-
ber of patients had fatal sepsis; HDL is known to be crucial 
for innate immunity, e.g., lipopolysaccharide sequestra-
tion ( 16 ). High levels of circulating HDL-C may also be 
associated with dysfunctional HDL species in some studies 
( 17 ). Finally, as CETP activity decreases in the general 
population, increased rates of CVD are observed ( 18 ). 
From the entire pro- and antiatherogenic concepts of 
CETP inhibition and clinical intervention trial results, no 
clear conclusions are apparent. 

 Most recently, the focus has been on the potential for 
positive outcomes of CETP inhibition ( 17, 19, 20 ). Be-
cause CETP inhibitors appear to have confl icting bio-
chemical activities with respect to CVD and because 
two recent large, international clinical trials have failed 
to show effi cacy, an improved understanding of CETP’s 
molecular interactions could be benefi cial to more 
defi nitive descriptions of CETP function and drug 
design. 

 SENSING AND PENETRATION 

 Before CETP can engage in lipid transfer, it must fi rst 
recognize or sense the surfaces of potential donor or re-
cipient lipoproteins, and then penetrate into their sur-
face and/or core. We believe sensing is an important 
facet of CETP function and may be susceptible to new 
drug design. With respect to sensing and penetration, su-
perimposing the X-ray crystal structure CETP on the EM-
generated three-dimensional CETP image reveals exposed 
and fl exible loops protruding beyond the  � 130 Å long, 
density-rich protein structure at the extreme ends of the 
N and C termini (  Fig. 1A  ) ( 2 ).  These loops are fl exible 
according to molecular dynamics simulation studies ( 2 ). 
The N-terminal domain of CETP also has other interest-
ing molecular features vis a vis sensing and penetration: 
 i ) it has all 47 amino acids that are 100% conserved 
among 26 CETP orthologs;  ii ) a 100% conserved hydro-
phobic tryptophan 105 is present in the mini helix at the 
end of one loop; and  iii ) the region adjacent to the mini 
helix is highly enriched with hydrophobic amino acids 

  Fig.   1.  CETP’s molecular and functional mechanisms ( 2 ). (A) 
Sensing. Three-dimensional EM molecular envelope of CETP 
shown in gray, and the X-ray crystal structure of CETP overlay is 
shown in magenta. Arrows indicate free loops extending out of the 
electron-dense region of CETP, with one lower loop showing the 
mini helix. (B) Penetration and docking. Cross-section of three-
dimensional EM molecular envelope of CETP penetrating into the 
CE core (gray) of spherical rHDL (turquoise), with overlay of X-ray 
crystal structure of CETP (magenta) and arrows indicating the po-
sitions of each phospholipid pore; lower arrow also indicates the 
region of  � -helix X. (C) Ternary complex formation. EM image 
(top) and diagram (bottom) of ternary complex showing CETP 
bridging the smaller spherical rHDL particle and the larger spheri-
cal LDL particle. (D) Lipid exchange. Illustration of CETP’s inter-
actions with lipoproteins in the ternary complex and resulting lipid 
transfer, in which small magenta circles represent CE moving from 
the smaller HDL particle to the larger LDL particle. We propose 
the following sequence of events:  i ) CETP’s binding to lipoproteins 
may create forces resulting in the twisting of the two distal domains 
of CETP.  ii ) Twisting is the key to opening the tunnel for lipid ex-
change between lipoproteins.  iii ) Neutral lipid, e.g., CE, would mi-
grate through the hydrophobic tunnel structure.  iv ) Flow and 
direction of lipid transfer would be established by the following 
dominant thermodynamic forces: differential CE concentrations, 
changes in hydrophobicity within CETP’s central cavity favoring 
CE transfer from the N-terminal to C-terminal domain, and en-
tropic energy created by the chemical potential of CE in HDL, by 
reason of its more ordered packing, forces CE to the less ordered 
(molten liquid) CE-rich (LDL) or triglyceride-rich (VLDL) lipo-
proteins. (E) HDL dissociation. Illustration showing the dissocia-
tion of HDL into free CETP (gray), and dissociation of relatively 
CE-free HDL resulting in the formation of pre � -1 HDL (black lines 
and small lipid structure), which is subsequently converted (ar-
rows) into maturing  � -HDL species.   
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thick, it appears that CETP penetrates the HDL surface 
and core, whereas for LDL and VLDL, only the surface ap-
pears penetrated. Shallow CETP penetration into liposomes 
is also observed (G. Ren and M. A. Charles, unpublished 
observations), and it is known that CETP can transfer lip-
ids using liposomes ( 27, 28 ). Thus apoA-1, apoB, or other 
proteins are apparently not essential, and the hydropho-
bic nature of the N- and C-terminal ends of CETP may 
permit penetration into the hydrophobic environment of 
the lipoprotein surface and/or core. EM studies show vir-
tually no ternary complexes of CETP bridging two HDLs, 
LDLs, or VLDLs ( 2 ), implying CETP domain specifi city for 
HDL (N-terminal) versus LDL and VLDL (C-terminal). 
Antibody studies appear to confi rm these observations ( 2 ). 
Substantial differences are observed between the N- and 
C-terminal domains’ extreme ends; e.g.,  i ) the N-terminal 
domain has a tapered confi guration and is highly hydro-
phobic,  ii ) the C-terminal domain has a more globular 
confi guration and is less hydrophobic ( 1, 2 ),  iii ) a con-
served mini helix amino acid is present in the N-terminal 
domain ( Fig. 1A ), which could be involved in permitting 
deeper penetration into lipoproteins, in addition to or ex-
clusive of its putative sensing function, and  iv ) the am-
phipathic  � -helix X at the carboxyl-terminal end of the 
C-terminal domain that folds back into the region of the 
N-terminal domain is probably also involved in lipoprotein 
sensing and attachment, analogous to apolipoproteins. 

 DOCKING 

 The  � -helix X of CETP is located about 50–60 Å in from 
the N-terminal domain end, which is similar to the length 
of CETP that penetrates HDL ( Fig. 1B , arrow) ( 1, 2 ). This 
amphipathic helix is not conserved in various CETP or-
thologs ( 21 ), which is typical; what’s important is the pres-
ence of similar hydrophilic and/or hydrophobic amino 
acids in the correct positions of the helix to ensure am-
phipathigenicity. Importantly the amino acid structure of 
this section of CETP was correctly deduced to be an am-
phipathic helix and a signifi cant functional component of 
CETP long before the X-ray crystallographic fi ndings 
showed its existence ( 29, 30 ). Thus, the  � -helix X has not 
escaped mutant analysis. A deletion mutant,  � 470–475, 
eliminates most of the distal end of the helix. Kinetic analy-
ses of CE transfer from HDL to LDL indicate that the mu-
tant’s  K m   for CE transfer is similar to wild-type CETP; 
however, the wild-type  V max   is more than three times greater 
than the mutant’s ( 29 ). Similar studies of longer deletion 
mutants at the C-terminal end of CETP show similar bind-
ing and transfer results ( 30 ). These data are consistent 
with the concept that mutant CETP can penetrate HDL to 
some extent, permitting half-maximal lipid transfer occur-
ring normally; however, to achieve maximal lipid transfer, 
the mutant is defective, which leads us to suggest that  � -
helix X may perform a docking function permitting more 
sustained CE transfer. This putative docking function of 
CETP seems restricted to HDL, as LDL, VLDL, or lipo-
some CETP penetration is only 20–25 Å, not nearly close 

 With respect to sensing, the exposed loops could con-
tain important sensing elements, similar to exchangeable 
lipoproteins.  Locusta migratoria’s  apolipophorin III (apo 
Lp-III), an insect exchangeable lipoprotein, is composed 
of several  � -helices when lipid free, some of which are 
connected by exposed loops that are structurally similar to 
those observed in CETP ( 23 ). Mutagenicity studies of apo 
Lp-III indicate that loop positions, leucine 32, 34, and 95, 
are essential for sensing lipoprotein ( 24 ). Experiments us-
ing radiolabeled apo Lp-III binding to phospholipase 
C-treated human LDL, which has some phosphate groups 
removed from the surface phospholipids, show that, 
whereas wild-type, unlabeled apo Lp-III competitively dis-
places most radiolabeled exchangeable lipoprotein, mu-
tant proteins L32R, L34R, and L95R are associated with 
substantially less displacement of labeled apo Lp-III bind-
ing to LDL. The triple mutant has almost no activity in 
displacing labeled apo Lp-III. These data suggest that spe-
cifi c leucine loop positions are important for sensing sur-
face defects on LDL, which lack surface-charged groups, 
thus exposing the more hydrophobic diacylglycerol; how-
ever, these studies did not distinguish potential differences 
between other adjacent hydrophobic amino acids. Further 
insect studies of a loop mini helix may be analogous to 
CETP’s conserved loop mini helix ( 25 ). In moth ( Mand-
uca sexta ) apo Lp-III, in which a 5 amino acid mini helix 
exists in a loop bridging  � -helices, nonhydrophobic amino 
acid mutants of valine 97 of the helix show decreased dis-
placement of labeled apo Lp-III compared with wild-type 
apo Lp-III. Even a charged amino acid at position 96, if 
modifi ed to an uncharged amino acid, has no effect in dis-
placing labeled apo Lp-III. Thus, a single amino acid posi-
tion of a loop or a loop mini helix can be important to 
sense surface defects in modifi ed LDL. Finally, bilayer 
membrane model systems indicate that just one diacylglyc-
erol molecule present in a phospholipid membrane sur-
face can be detected by apo Lp-III, indicating the sensitivity 
of the recognition function in this exchangeable lipo-
protein ( 26 ). In summary,  i ) insect apo Lp-III structure 
(interhelical loops and a mini helix) is remarkably similar 
to CETP structure (inter strand loops and a mini helix); 
 ii ) insect apo Lp-III loops and the mini helix have exqui-
site sensitivity for LDL binding, i.e., just one amino acid 
appears critical for function; and  iii ) CETP has an unusual 
100% conserved amino acid at a crucial and analogous po-
sition to that described for the mini helix of the insect apo-
lipoprotein, implying that this location of the molecule is 
especially important. These structural similarities between 
exchangeable lipoproteins and CETP suggest analogous 
functions could exist in CETP’s loops and its mini helix to 
sense surface defects in lipoprotein surfaces. These highly 
conserved areas of CETP could be targets for new drug 
design. 

 With respect to penetration, EM studies of binary com-
plexes show the N-terminal domain of CETP penetrating 
 � 50 Å into both spherical reconstituted HDL (rHDL) and 
native human HDL ( Fig. 1B ) ( 2 ). The C-terminal end ap-
pears to penetrate into LDL  � 25 Å and into VLDL  � 20 Å. 
As the lipoprotein phospholipid surface layer is 18–27 Å 
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to have functional polarity. Thus the N-terminal domain 
clearly penetrates HDL as shown by EM three-dimensional 
reconstructions, but it is not clear whether that domain 
also penetrates LDL or VLDL, as no three-dimensional re-
constructions have been performed ( 2 ). Also, the absence 
of ternary complexes observed after CETP incubations 
with individual lipoprotein subsets, i.e., either HDL, LDL, 
or VLDL, indirectly argues for CETP functional polarity. 
For example, after incubations with CETP and HDL, the 
C-terminal domain does not appear to interact with HDL, 
forming a HDL-CETP-HDL ternary complex. C-terminal 
domain-specifi c antibody EM data rarely show antibody 
binding to CETP during LDL-CETP interactions, whereas 
after HDL-CETP incubations, antibody is readily observed 
binding the free end of the C-terminal domain ( 2 ). These 
data suggest that the N-terminal domain may not  preferen-
tially  penetrate LDL. Further, and in line with the prior 
direct visual observations ( 2 ), the percentage of LDL-
CETP binary complexes observed in the absence of anti-
body is 38%, whereas with antibody, only 15% of these 
binary complexes are observed, again indicating that the 
C-terminal antibody for CETP interferes with LDL bind-
ing ( 2 ). These antibody data indicate that the C-terminal 
domain preferentially binds to LDL, whereas the N-termi-
nal domain preferentially interacts with HDL. Although 
none of the above clearly excludes the possibility of the 
N-terminal domain interacting with LDL, the evidence 
quite strongly favors functional polarity. A caveat with the 
LDL antibody data is that antibody experiments are per-
formed at 4°C, a temperature at which LDL has a much 
different external shape and internal structure than at 
room temperature or 37°C ( 34, 35 ). At low temperatures, 
LDL’s core CEs develop a defi nitively ordered, stacking 
structure as close as 25–30 Å from the surface ( 35 ). This 
stacking might play a role in the low-temperature antibody 
experiments described above related to CETP’s functional 
polarity. Thus, some ambiguity remains regarding CETP’s 
potential selectivity for LDL, because at 4°C the N-terminal 
domain may not penetrate as effectively as the C-terminal 
domain. Similar VLDL studies have not been performed. 
Although ternary complexes between similar lipoproteins 
(e.g., LDL) are not regularly observed using EM, it is well 
established that lipid exchange can occur between two 
LDL species or between two HDL species ( 36 ). Thus, iso-
topic lipid exchange assays may be more sensitive than vi-
sual observation using electron micrographs, and/or there 
may be other mechanisms of CETP-mediated lipid trans-
fer. In summary, it appears that the physicochemical struc-
ture of the two CETP domains, in part, determines HDL 
versus LDL or VLDL selectivity. Further, the EM data may 
more strongly refl ect preferential, rather than absolute, 
selectivity. New mutagenicity and/or domain peptide chi-
meric/hybrid studies should delineate the CETP determi-
nants responsible for polarity and selectivity. 

 Exploring selectivity from a lipoprotein-centric view-
point reveals signifi cant differences in lipoprotein struc-
ture when comparing HDL to LDL or VLDL at 37°C, e.g., 
large areas of surface phospholipids unencumbered by 
proteins and thus available for CETP penetration. Despite 

enough for  � -helix X’s interaction with the lipoprotein 
surface. 

 Rationale supporting the docking function of  � -helix X 
are  i ) it is highly fl exible ( 2 ),  ii ) it is located out of the 
electron-dense envelope of CETP ( Fig. 1B ) ( 2 ),  iii ) its am-
phipathic nature permits it to attach or dock to the lipo-
protein surface, similar to exchangeable lipoproteins ( 23 ), 
 iv ) the deletion mutant is shown to bind and/or penetrate 
into HDL, an early phase, but not to achieve maximal 
transfer, a later phase ( 29 ), and  v ) more polar point muta-
tions of  � -helix X’s hydrophobic amino acids also block 
long-term lipid transfer ( 31 ). Finally, this docking func-
tion may have a major role in lipoprotein selectivity. 

 LIPOPROTEIN SELECTIVITY 

 If CETP senses, penetrates, and docks with lipoproteins 
primarily based on hydrophobic and amphipathic proper-
ties, then one would expect similar interactions or a lack of 
specifi city between CETP’s selectivity for various lipoproteins. 
As noted above, penetration lengths of CETP into HDL ver-
sus LDL or VLDL are quite different, suggesting additional 
selective determinants at the CETP or lipoprotein level. 

 First, let’s explore the lipoprotein selectivity question 
from a CETP-centric viewpoint, realizing it is diffi cult to 
distinguish the latter from lipoprotein determinants. A se-
ries of insightful CETP lipoprotein-binding studies, some 
performed 25–30 years ago, assist in interpreting CETP’s 
lipoprotein selectivity in the context of new crystal struc-
ture and EM observations. 

 Studies of purifi ed CETP and individual lipoproteins in-
cubated for 4-6 h at room temperature and separated us-
ing Sephadex G 200 columns indicate that CETP exchange 
activity is retained in the column, whereas LDL or VLDL 
elute in the void volume ( 32 ). Incubations with HDL com-
bined with CETP show the two coeluting in the void vol-
ume, indicating that CETP binds to HDL. When CETP was 
incubated with either LDL or VLDL, CETP exchange ac-
tivity did not appear in the void volume but, rather, was 
retained as if no lipoprotein incubation occurred, indicat-
ing that CETP does not bind to these two lipoproteins un-
der these conditions. Thus during these long incubation 
times, fundamental differences in CETP’s interaction with 
LDL and VLDL occur when compared with HDL. During 
longer incubation times, CETP’s binding to lipoproteins is 
potentially ambiguous. Thus similar studies using non-
steady-state, short-term (minutes) assays with Sepharose 
covalently and separately bound to each of the lipopro-
teins were performed ( 33 ). These studies indicate that 
HDL-Sepharose columns bind 100% of CETP’s transfer 
activity in excess of 90 min, whereas LDL-Sepharose col-
umns release 50% of CETP by 45 min, and with VLDL-
Sepharose columns, 50% of CETP elutes by 15 min. These 
binding studies are congruous with the penetration depth 
( � 50 Å) and potential docking of CETP with HDL and 
reduced penetration (20–25 Å) into LDL and VLDL. 

 CETP’s N and C termini have genetic conservation and 
structural polarity, as described above. CETP also appears 
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 iii ) lipoprotein structure may be involved, and  iv ) modula-
tory proteins have an unclear status. 

 TERNARY COMPLEX FORMATION AND LIPID 
EXCHANGE 

 Substantial lipid exchange biochemical information is 
in the literature ( 9, 11, 28, 29, 36, 43 ), but here we primar-
ily focus on recent X-ray crystal and EM structural studies. 
It is important to indicate at this point that lipid transfer 
via CETP is usually a heteroexchange mechanism (e.g., CE 
exchanging with triglyceride), rather than a net fl ow of 
either lipid between lipoproteins ( 11 ). 

 X-ray crystallographic studies reveal several important 
physical attributes of CETP, including its central cavity ac-
commodating two CE molecules ( 1 ). There are two pores 
on the surface of CETP that communicate with the central 
cavity; these pores are  � 25 Å apart and aligned longitudi-
nally, and each is occupied by a phospholipid molecule. 
The N- and C-terminal domains’ phospholipid pores are 
located  � 60 and  � 45 Å from each end, respectively. Be-
cause the central cavity communicates with the outside 
aqueous environment via these pores, it was speculated 
that these pores gate the central cavity for neutral lipid 
exchange ( 1 ). This formulation was consistent with the 
CETP shuttle hypothesis described over three decades ago 
( 46 ). Thus, free CETP interacts with a lipoprotein along 
the former’s length, permitting both phospholipid pores 
to be adjacent to the lipoprotein surface. Two neutral lipid 
molecules could enter CETP, and then CETP would dis-
sociate from the donor lipoprotein. Once again free in the 
circulation, CETP would fi nd an acceptor lipoprotein, at-
tach to it near these two phospholipid pores, and exchange 
these neutral lipids ( 1 ). As no direct evidence showing 
CETP attaching along its length to lipoproteins or lipo-
somes has been observed ( 2 ) and as circulating free CETP 
levels are diffi cult to measure because of its low concentra-
tion ( 33, 41 ), the CETP shuttle hypothesis appears to re-
quire more direct proof. 

 More recent EM and X-ray crystallographic studies com-
bined with molecular dynamics simulation provide sub-
stantial direct (ternary complex formation) and indirect 
evidence for the tunnel hypothesis ( Fig. 1C, D  and  Table 1 ), 
 which was also predicted nearly three decades ago ( 47 ). 
We speculate that new, additional pores permitting lipid 
transfer exchange may exist at the extreme ends of the N- 
and C-terminal domains of CETP. Another putative func-
tion of the highly conserved mini helix amino acid at the 
extreme end of the N-terminal domain could be pore for-
mation; a similar but less conserved mini helix also exists 
at the C-terminal end. 

 CETP three-dimensional EM imaging ( Fig. 1B ) indi-
cates that the N-terminal domain penetrates ( � 50 Å) 
through HDL’s surface ( � 17–28 Å) into its CE-rich core 
( 2 ). The N-terminal phospholipid pore ( � 60 Å from the 
end) is thus adjacent to the HDL surface, permitting the 
possibility of surface lipid transfer as well. We propose that 
this pore could be important for surface phospholipid 
transfer when the size of HDL is decreasing (CE effl ux) or 

the size differences between HDL and LDL, the phospho-
lipid surface dimensions free of apolipoproteins appear 
similar ( 33 ). Further increased lipoprotein surface curva-
ture (e.g., for HDL) could affect selectivity, as phospholip-
id-charged head groups might be further apart, permitting 
sensing elements of CETP to penetrate into the lipopro-
tein’s hydrophobic surface. Although some data are con-
sistent with this notion ( 37 ), other results are not ( 38, 39 ). 
Thus, lipoprotein structure could, in part, be involved in 
CETP’s selectivity for lipoproteins. 

 Lipid exchange, and thus selectivity, can be altered by a 
variety of lipoprotein chemical and physical factors, such 
as lipoprotein surface charge ( 33, 36, 40, 41 ). Increasing 
the negative charge of lipoproteins can be achieved by 
acetylation to reduce the positive charge of lysine residues 
or by the addition of negatively charged free fatty acids to 
the surface of lipoproteins. When acetylated LDL is the 
donor for an LDL acceptor, there is a small ( � 20%) in-
crease in CETP activity over a broad range of increasingly 
negatively charged lipoprotein ( 36 ). By contrast, addition 
of oleate to the donor LDL species results in an initial in-
crease ( � 60%) of CETP exchange activity followed by a 
marked reduction in activity at higher levels of negatively 
charged lipoprotein ( 36 ). Similar experiments using lau-
ric or palmitic acid show similar results ( 41 ). Thus, it ap-
pears that different methods used to increase the negative 
charge of lipoproteins can result in different effects on 
CETP function. Complementary binding studies have also 
been performed after increasing the negative charge of li-
poproteins. Progressive acetylation or oleate concentra-
tion both result in increased binding of CETP using LDL 
( 36 ). These studies clearly indicate that perturbations of 
the lipoprotein surface negative charge can dissociate 
CETP binding from lipid transfer. One implication of 
these studies emphasizes the importance of combining 
methods of CETP binding with appropriate lipid exchange 
function to insure relevance, as was done in the newer EM 
studies ( 2 ). 

 Perhaps the most important physiological determinant 
of CETP’s selectivity for lipoproteins is circulating molar 
ratios of CETP and lipoproteins. Plasma levels of VLDL 
( � 0.1 µM), LDL ( � 2 µM), HDL ( � 13 µM), and CETP 
( � 60 nM) suggest that levels of each lipoprotein and 
CETP would appear to provide a kinetic argument for 
CETP’s predominant association with HDL and its lower 
association with LDL and VLDL ( 32, 33, 40–42 ). 

 Modulatory elements may also affect selectivity, but 
these roles are unclear. Despite apoF’s lipid transfer inhi-
bition, substantial lipid transfer occurs with VLDL to LDL; 
the latter are present in native whole plasma presumably 
containing apoF and CETP ( 43 ). ApoC-1 has inhibitory in 
vitro and in vivo roles with CETP’s interactions with HDL 
( 44, 45 ). Modulatory elements require a substantial amount 
of additional in vivo studies to determine their physiologi-
cal roles. 

 Thus CETP’s molecular selectivity for lipoproteins ap-
pear multifactorial:  i ) CETP structure appears most criti-
cal,  ii ) circulating molar concentrations of CETP and 
lipoproteins favor CETP’s  physiological  preference for HDL, 
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 In the absence of direct evidence for VLDL-mediated 
triglyceride enrichment of LDL in experiments excluding 
the presence of HDL, it appears that the more straightfor-
ward CETP ternary complex with LDL and VLDL mediat-
ing heteroexchange requires continued investigation. 
Although short-term isotopic studies of CETP-mediated 
lipid exchange show VLDL donor to LDL acceptor lipid 
exchange, in the absence of HDL ( 50 ), the qualitative 
lipid changes are different from the mass transfer, noniso-
topic lipid studies described above ( 3 ). Thus, CE exchange 
to LDL from VLDL exceeds triglyceride exchange ( 50 ). 
Further, when VLDL is examined for mass transfer after 
incubations with LDL, VLDL CE content increases  � 80% 
and triglyceride content decreases  � 20% ( 3 ), whereas us-
ing the isotopic method, lipid exchange from LDL to 
VLDL shows triglyceride exchange exceeding CE ( 50 ). 
These differences could indicate that isotopic methods 
are more sensitive and might refl ect other potential mech-
anisms of lipid exchange, e.g., lipoprotein surface ex-
change, compared with mass transfer studies that may be 
more related to lipoprotein core exchange. Also note that 
isotopic transfer methods clearly show that lipid exchange 
exists between LDL donors and LDL acceptors, as well as 
between HDL donor and acceptor molecules, and that 
even liposome acceptor/donor exchange is mediated by 
CETP ( 28, 36 ). On the other hand, EM evidence suggests 
that ternary complexes consisting only of HDL and CETP 
or only of LDL and CETP are very rarely observed ( 2 ), 
whereas liposome/CETP ternary complexes are frequently 
observed (G. Ren and M. A. Charles, unpublished observa-
tions). Thus, there may be more than one mechanism of 
lipid exchange mediated by CETP. Because of the sensitiv-
ity of isotope methods, the circulating concentrations of 
lipoproteins described in the prior section, and the prefer-
ential binding of CETP to HDL compared with LDL and 
VLDL, we speculate that HDL may participate in these 

increasing (triglyceride infl ux), thus potentially stabilizing 
the increasing or decreasing curvature of the HDL surface. 
The C-terminal domain phospholipid pore appears too far 
removed ( � 45 Å) from the LDL surface to participate in 
lipid transfer because the CETP C-terminal domain only 
penetrates LDL and VLDL by 20–25 Å. Thus, we propose 
a new model for lipid transfer ( Fig. 1D ). 

 As described earlier, VLDL’s relationship with HDL and 
LDL is important, and combining recent EM studies with 
previous observations is revealing. Experiments coincubat-
ing LDL and VLDL isolated from normal subjects and 
CETP (the latter present in lipoprotein-defi cient plasma) 
for 18 h indicate that LDL CE content decreases  � 50%, 
whereas LDL triglyceride increases 5-fold ( 3 ). VLDL analy-
ses after the same incubation show reciprocal increases 
in CE content and decreasing triglyceride mass. Similar 
results have been observed with other triglyceride-rich 
lipoproteins serving as triglyceride donors to LDL ( 3 ). In-
terestingly, these experiments were evaluated by gel 
electrophoresis, which indicated the presence of apoA-1 
in the incubation medium. From separate studies, it is 
known that spherical HDL can be generated during 18 h 
incubations containing lipoprotein-defi cient plasma, i.e., 
LCAT, apoA-1, and LDL ( 48 ). One would presume that 
VLDL exchange of triglyceride to LDL should occur di-
rectly by the CETP ternary complex (  Fig. 2A  );  however, 
these two lipoproteins were not examined by EM for CETP 
ternary complex formation ( 2 ). Usually experiments show-
ing triglyceride exchange from VLDL to LDL are either 
conducted in the presence of added HDL ( 9, 11, 43 ), or 
“native” ( 12 ) or “natural” ( 48, 49 ) plasma containing HDL, 
and/or they are of long incubation times permitting the 
formation of HDL from apoA-1 present on VLDL ( 3, 11, 
12, 43, 48, 49 ). 

 TABLE 1. Data supporting the tunnel hypothesis for 
CETP-mediated lipid exchange ( 2 ) 

1. EM studies show HDL visually connected or bridged to LDL or 
 VLDL by CETP ( Fig. 1C ).

2. CETP’s ends penetrate the lipoproteins, forming a ternary complex 
 ( Fig. 1C ).

3. X-ray crystallographic analyses show unconnected hydrophobic 
 cavities located in the central axis of both the N- and C-terminal 
 domains and lateral to the 60 Å long central cavity.

4. Molecular dynamics simulation data suggest that only minor 
 twisting (15°) along the long axis of CETP creates 10° of tilt 
 within the  � -barrel strands.

5. Torsional analysis suggests that 10° of tilting causes these cavities to 
 become connected to each other and to the central cavity, 
 forming a long, continuous, hydrophobic tunnel that extends the 
 full length of CETP.

6. The tunnel has appropriate space and hydrophobicity capable of 
 accommodating neutral lipids, e.g., CE and triglyceride.

7. Functional EM studies indicate that after CETP ternary complex 
 formation between HDL and LDL, HDL particles decrease in size 
 in the ternary complex, presumably due to CE transfer to LDL 
 ( Fig. 1D ).

8. EM HDL size analyses of the ternary complexes permit an 
 approximate CE transfer rate constant of 0.58 ± 0.19/ h 
 (r 2  > 0.94) to be calculated.

9. CETP C-terminal domain-specifi c antibody, which inhibits CETP’s 
 association with LDL, inhibits functional CE transfer.

10. CETP is deeply embedded into HDL and apparently has no 
 off-rate after binding to HDL after several hours.

  Fig.   2.  Alternate pathways for triglyceride exchange from VLDL 
to LDL. (A) The most straightforward model illustrating how trig-
lyceride would be exchanged from VLDL to LDL using the VLDL-
CETP-LDL ternary complex depicted by the asterisk. (B) We 
propose that existing data are more compatible with the following 
schema:  i ) VLDL interacts with the more stable HDL-CETP binary 
complex forming a VLDL-CETP-HDL ternary complex, (directly 
observed and depicted by an asterisk on the fi rst line of  Fig. 2B ).  ii ) 
The ternary complex permits triglyceride enrichment of HDL and 
relative CE enrichment of VLDL.  iii ) The triglyceride-enriched 
HDL-CETP binary complex (depicted by a double asterisk) dissoci-
ates from VLDL.  iv ) Acting as a shuttle, the binary complex locates 
and interacts with LDL.  v ) Another ternary complex lipid ex-
change, HDL-CETP-LDL (directly observed and depicted by an 
asterisk on the lower line of  Fig. 2B ), results in triglyceride-enriched 
LDL species.  vi ) The HDL-CETP binary complex dissociates from 
LDL.  vii ) The triglyceride-enriched LDL would have a fate de-
scribed in the text.   
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and places HDL in a kinetic trap, where it remains until a 
mechanism for its escape occurs ( 53 ), e.g., CETP ( 54 ), he-
patic lipase (via CETP), streptococcal opacity factor ( 53 ), 
or physical perturbations ( 52 ). CETP appears to induce 
similar size changes to HDL ( 51 ) as described above for 
thermal and chemical perturbations ( 52–54 ). The physi-
cal characteristics of apoA-1 may have a key role in these 
phenomena ( 54 ). 

 CONCLUSIONS 
 Key steps in CETP function include sensing, penetra-

tion, docking, lipoprotein selectivity, ternary complex for-
mation, lipid transfer, and HDL dissociation ( Fig. 1 ). This 
review is written in the context of illuminating areas of 
CETP structure and function requiring more clarity. Obvi-
ously, future binding, mutagenicity, and cross-linking stud-
ies coupled with evolutionary considerations will further 
refi ne CETP’s multiple biological functions, and it is 
hoped, lead to positive clinical implications.  

 The authors thank Gary Ren for helpful discussions. 
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