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Abstract Recent studies indicate that certain lipid-poor forms
of apolipoprotein (apo)A-I may be particularly important in
promoting cholesterol release from overburdened cells in the
periphery. However, a detailed understanding of the physiolog-
ical relevance of these species has been hampered by the diffi-
culty in measuring them. As part of a search for a rapid assay
for these forms of apoA-I, we have observed that the protease
enteropeptidase can specifically cleave human lipid-free apoA-I
but not its lipid-bound form. Enteropeptidase cleaved lipid-free
apoA-I at a single site at amino acid 188, resulting in an N-ter-
minal fragment of 22 kDa. However, apoA-I was not susceptible
to enteropeptidase when present in reconstituted high-density
lipoprotein (rHDL) particles as small as 6 nm in diameter or in
human HDL
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 particles, even at extremely high enzyme-to-protein
ratios and extended reaction times. We capitalized on this
observation to develop an assay for the measurement of lipid-
poor apoA-I in in vitro systems. Densitometry was used to
generate a standard curve from sodium dodecyl sulfate polyacryl-
amide gels to determine theamounts of the N-terminal proteolytic
fragment in unknown samples treated with enteropeptidase.
This system could accurately quantify apoA-I that had been dis-
placed from rHDL particles and human HDL
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 with purified
apoA-II. On the basis of the results, a system of nomenclature
is proposed for “lipid-free,” “lipid-poor,” and “lipid bound”
apoA-I.  The reported method distinguishes forms of apoA-I
by a conformational parameter without previous separation of
the species. This simple and inexpensive method will be useful
for understanding the characteristics of plasma HDL that are
favorable for the dissociation of apoA-I.

 

—Safi, W., J. N. Maio-
rano, and W. S. Davidson.
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It is well established that plasma levels of high-density li-
poprotein (HDL) are inversely correlated with the risk of
cardiovascular diseases. HDL is thought to accomplish
this by removing excess cholesterol from cells in the pe-
riphery and returning it to the liver or steroidogenic tis-
sues for catabolism. Although human HDL is generally
thought of as an amalgam of lipid-containing particles of
varying size and composition, a small fraction of so-called

 

“lipid-poor” forms of apoA-I are detectable in plasma and
interstitial fluid (1–3). These subspecies adopt a distinct
conformation from the bulk of plasma apoA-I (4, 5) and
have been shown to be particularly effective at promoting
cholesterol efflux (6). This is despite the fact that esti-
mated levels in normal fasting plasma range from only
2–10% of total plasma apoA-I (6–9).

Recent work has demonstrated that lipid-poor forms of
apoA-I likely promote cholesterol efflux through interac-
tions with an ATP-binding cassette protein (ABC-AI) on
the cell surface (10). This unidirectional and energy-
dependent pathway appears to be a key step for the lipida-
tion of apoA-I during the first step of reverse cholesterol
transport and is important for the maintenance of plasma
HDL levels in general (11–13). This discovery has focused
significant attention on the role of lipid-poor forms of
apoA-I. Numerous studies have previously characterized
these particles by physically separating them from the
bulk of plasma HDL and subjecting them to composi-
tional and structural analyses. These include various pre-
parative gel electrophoresis techniques (2, 6, 14, 15), size
exclusion chromatography (16), and isotachophoresis
methods (17). In addition, several analytical techniques
have been developed for quantitating levels of these spe-
cies in human plasma or lymph. The most utilized
method has been two-dimensional electrophoresis (one
dimension in charge, the other in size) (2, 6, 14, 15), but
several one-dimensional agarose electrophoresis methods
(4, 8) and analytical isotachophoresis methods (18) have
also been used. Unfortunately, many of these separation/
detection methods have proven too laborious and/or

 

Abbreviations:  a.a., amino acid residue; apoA-I, apolipoprotein A-I;
apoA-II, apolipoprotein A-II; CVD, cardiovascular disease; FC, unester-
ified (free) cholesterol; HDL, high-density lipoprotein; His-tagged
apoA-I, apoA-I containing a 6 amino acid histidine tag sequence;
rHDL, reconstituted HDL; PAGGE, polyacrylamide gradient gel elec-
trophoresis; PL, phospholipid; POPC, 1-palmitoyl, 2-oleoyl phosphati-
dylcholine; STB, standard Tris buffer.
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prone to artifacts inherent to the separation to be useful
for convenient analysis of lipid-poor apoA-I in a clinical
setting (2).

While searching for new methodologies that distinguish
lipid-poor forms of apoA-I without the need for separa-
tion, we observed that the protease enteropeptidase could
cleave lipid-free apoA-I but does not cleave any form that
is bound to lipids. In the present article, we capitalized on
this observation to develop a novel assay for measuring
levels of lipid-free apoA-I in the presence of lipid-bound
apoA-I. The assay is simple, inexpensive, and distinguishes
between apoA-I species by a 

 

conformational

 

 parameter
rather than a 

 

physicochemical

 

 one. Although the current
method is limited to in vitro studies, the principles under-
lying the method may allow the development of an assay
suitable for more complex samples such as human plasma
or lymph.

EXPERIMENTAL PROCEDURES

 

Materials

 

1-Palmitoyl, 2-oleoyl phosphatidylcholine (POPC) was pur-
chased from Avanti Polar Lipids (Birmingham, AL). The atomic
phosphorus standard and free cholesterol were obtained from
Sigma (St. Louis, MO). The recombinant form of the bovine en-
teropeptidase (EC 3.4.21.9) catalytic domain (light chain) was
obtained from Novagen (Madison, WI). Enteropeptidase puri-
fied from porcine intestine was purchased from Sigma (Cat. no.
E 0885). All other reagents were analytical grade.

 

Methods

 

Purification of apolipoproteins.

 

Purified human plasma apoA-I
and human apoA-II were generous gifts from Dr. Sissel Lund-
Katz and Dr. Michael Phillips at the Children’s Hospital of Phila-
delphia (19). The preparations of apoA-I have been demon-
strated to contain 

 

�

 

90% of the methionine-reduced form of
apoA-I (Sissel Lund-Katz, personal communication). Human
HDL
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 (1.21 

 

�

 

 density 

 

�

 

 1.125 g/ml) samples were isolated by
well-established ultracentrifugation methods (19). Recombinant
human proapoA-I containing the 6 amino acid residue (a.a.) pro
segment was overexpressed in 

 

Escherichia coli

 

 using the pET 32
expression system (Novagen) as described previously (20). The
exact sequence from the N-terminus was as follows: N-Ala-His-
Phe-Trp-Gln-Gln-Asp-etc. After harvesting, the cells were resus-
pended in 10 mM tris(hydroxymethyl)aminomethane (Tris)
buffer (pH 8.0) containing 0.15 M NaCl and 1 mM EDTA (stan-
dard Tris buffer, STB). The cells were lysed by probe sonication,
and the soluble cell contents were applied to a His-bind column
(Novagen) and eluted according to the manufacturer’s instruc-
tions. The His-tagged proteins were dialyzed into 10 mM ammo-
nium bicarbonate buffer (pH 8.0) and lyophilized until used. All
apolipoproteins in this study were solubilized in 6 M guanidine
HCl for 2 h and then dialyzed into STB to minimize aggregation
of the protein. The site-directed mutagenesis was accomplished
using the Quick-Change mutagenesis kit (Stratagene). The se-
quence of each construct was verified by DNA sequencing. Pro-
teins prepared by this method were 

 

�

 

95% pure as visualized by
sodium dodecyl sulfate (SDS) electrophoresis stained with Coo-
massie blue, and the yields were about 5 mg protein per 100 ml
of original culture.

 

Preparation and characterization of the lipid-containing par ticles.

 

Discoidal rHDL particles with diameters of 78 and 96 Å were pre-

pared via the sodium cholate dialysis technique (20) using POPC
and plasma or recombinant apoA-I. The particles were isolated
by gel filtration chromatography on a Superdex 200 gel filtration
column (Amersham) to remove any unreacted protein and ve-
sicular structures. The phosphorus assay of Sokolof and Rothblat
(21) and the Markwell modification of the Lowry protein assay
(22) determined the final lipid and protein concentrations after
column purification. Particle hydrodynamic diameters were
measured by gradient native polyacrylamide electrophoresis
(23). The lipid-poor particle with a diameter of 60 Å was gener-
ated as reported by Sparks et al. (24) by cosonication of POPC,
free cholesterol (FC), and human apoA-I. Briefly, the amounts
of starting lipids for a PL/FC/apoA-I molar ratio of 5:10:1 were
dried under nitrogen in glass test tubes. STB (800 ml) was
added, and the mixture was sonicated for 1 min at 158C. After a
30-min incubation at 378C, the mixture was sonicated again for
5 min. apoA-I (2 mg) was then added and sonicated again for
four periods of 1 min, punctuated by cooling on ice. The result-
ing particles were filtered through a 0.22-mm syringe filter. A Su-
perdex 200 gel filtration column was used to separate the parti-
cles from the unreacted lipid. We also attempted to reconstitute
complexes with starting ratios of 5:10:1 and 10:15:1 PL/FC/
apoA-I (mol/mol), but, unlike Sparks et al. (24), we were unable
to recover complexes that were distinguishable from lipid free
apoA-I by nondenaturing gel electrophoresis.

 

Miscellaneous analyses.

 

N-terminal sequencing and matrix-
assisted laser desorption ionization (MALDI)-mass spectroscopy
were performed on purified mature apoA-I and the purified en-
teropeptidase cleavage product by the University of Illinois Bio-
technology Center. The extent of enteropeptidase cleavage was
determined by SDS-PAGE analysis on 12% mini-gels (Bio-Rad),
stained with Coomassie blue. The specifics of the reaction condi-
tions are outlined as appropriate in the figure legends. Densito-
metric quantitation of the band intensity was measured as previ-
ously reported (23). Western blot analyses were carried out using
an ECL kit (Amersham) performed according to the manufac-
turer’s instructions. The primary antibody was a polyclonal anti-
apoA-I (Calbiochem) produced in rabbit.

 

RESULTS

 

Initial observations

 

The observations that formed the foundation of these
studies arose from serendipitous results. During attempts
to simplify the bacterial expression and purification of hu-
man plasma apoA-I, we had modified our previously pub-
lished method (25) to include the attachment of a 13-kDa
histidine tag, followed by an enteropeptidase cleavage
site, on the apoA-I N-terminus. In theory, this should allow
for rapid purification of the product on a nickel affinity
column followed by cleavage of the tag by enteropepti-
dase. However, during our initial expression experiments,
it was apparent that the protease cleaved within the apoA-I
sequence in addition to the His-tag sequence. 

 

Figure 1

 

shows the difference in molecular weight between recom-
binant apoA-I containing the His-tag (lane 2) with mature
apoA-I purified from human plasma (lane 4). When the
lipid-free, His-tagged protein was incubated with en-
teropeptidase, the resulting product was slightly smaller
(about 22 kDa) than mature apoA-I (28 kDa, compare
lanes 1 and 4), indicating that the peptidase cleaved some-
where within the apoA-I sequence. To confirm this, we
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treated mature human plasma apoA-I with enteropepti-
dase under the same conditions and also observed an
identical 22-kDa fragment (compare lanes 3 and 4). These
results were surprising because we had previously searched
the sequence of apoA-I but were unable to locate a locus
that even resembled the known enteropeptidase cleavage
site [-Asp

 

4

 

-Lys

 

↓

 

- (26)]. The observed cleavage could not
be attributed to contaminating proteases within the en-
teropeptidase stock for two reasons. First, both enteropep-
tidase isolated from porcine intestine and highly purified
recombinant bovine enterokinase were equally capable of
the cleavage (data not shown). The chance of having the
same contaminant in two such differently prepared stocks
of enteropeptidase is unlikely. Second, the recombinant
enteropeptidase was incapable of cleaving a fluorescent
casein derivative in an assay that is specifically designed
for detecting contaminating proteases within a sample
(EnzChek; Molecular Probes, Eugene, OR).

We hypothesized that a specific region within lipid-free
apoA-I could adopt a conformation that appeared to the
enteropeptidase as a usable recognition site, despite con-
taining little sequence homology to the known site. In-
deed, this phenomenon has been documented previously
for enteropeptidase cleavage of cholecystokinin (27),
lysozyme (28), and even other proteases used for apoA-I
fusion protein constructs (29). To test this, we determined
the ability of enteropeptidase to cleave lipid-bound apoA-I
present in reconstituted HDL (rHDL) particles. We rea-
soned that the conformation of the enteropeptidase rec-
ognition site might change in response to lipid binding
because multiple regions within lipid-free apoA-I are
known to change conformation in rHDL (reviewed in 30).
The His-tagged apoA-I was perfectly capable of forming
rHDL complexes with POPC, as was the human plasma
apoA-I. The particle compositions were found to be simi-

lar, but the His-tagged apoA-I rHDL exhibited a slightly
increased diameter as a result of the extra protein se-
quence contained within the His-tag leader. It is clear
from Fig. 1 that the His-tag was still efficiently cleaved
from apoA-I in rHDL (compare lanes 6 and 5). However,
in contrast to the case of the lipid-free protein, the result-
ing apoA-I fragment from the rHDL/enteropeptidase in-
cubation was of an identical size to full-length human
plasma apoA-I (compare lanes 5 and 4). Enteropeptidase
was also unable to cleave human plasma apoA-I in rHDL
(lanes 7 and 8). These results indicated that there was an
enteropeptidase-sensitive site within the sequence of lipid-
free apoA-I and that lipid binding changed the conforma-
tion such that the recognition site was completely masked.

 

Characterization of the cleavage reaction

 

It is clear from Fig. 1 that enteropeptidase cleaves lipid-
free apoA-I to form a major fragment of about 22 kDa.
This could result from a cleavage site that is about 5–6
kDa into the sequence either from the N-terminus or
from the C-terminus. To distinguish between these, we pu-
rified the enteropeptidase cleavage fragment by gel filtra-
tion chromatography and sequenced the N-terminus by
Edman degradation analysis. 

 

Table 1

 

 shows that the N-ter-
minal sequence of the major enteropeptidase fragment
corresponded exactly to the N-terminal sequence of intact
human plasma apoA-I, indicating that the enteropepti-
dase cleavage site was located in the C-terminal end of the
protein. MALDI mass spectroscopy analysis on the frag-
ment determined that its molecular weight (MW) was
21,912 Da. This corresponds to an N-terminal apoA-I frag-
ment encompassing amino acids 1–188 (theoretical MW
of 21,914 Da). To confirm the calculated cleavage site, a
mutant form of apoA-I was generated in which Arg 188
was mutated to a Glu. Enteropeptidase was unable to
cleave this mutant (data not shown). Table 1 shows the
five amino acids preceding Arg 188 in the apoA-I se-
quence and compares this stretch to the known en-
teropeptidase recognition site in trypsinogen (26). The
sites are quite different in terms of sequence and hydro-
phobicity/charge characteristics, but two general similari-
ties can be pointed out: 

 

1

 

) The cleavage site in both se-
quences occurs after a positively charged residue, and 

 

2

 

)
both sequences have a run of four amino acids preceding
the positively charged residue that are relatively low in
side-chain volume.

 

Fig. 1.

 

Enteropeptidase cleaves lipid-free apoA-I within its se-
quence in addition to cleaving the Histidine tag from apoA-I. The
figure shows a 12% sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) analysis of various apoA-I samples after a
16-h incubation at 37

 

�

 

C with or without enteropeptidase (stained
by Coomassie blue). Samples that are indicated as lipid bound were
present as rHDL particles made with POPC with diameters of 98 Å
(see Table 2). Where indicated by a plus sign, enteropeptidase was
present at 0.13 U per 

 

�

 

g apoA-I. Lanes 1 and 2: Lipid-free recombi-
nant His-tag apoA-I. Lanes 3 and 4: Lipid free human plasma apoA-
I. Lanes 5 and 6: Lipid-bound recombinant His-tag apoA-I. Lanes 7
and 8: Lipid-bound human plasma apoA-I. The molecular weight of
each band is shown on the left. The symbols denote the following:
(*) Molecular weight (MW) of recombinant apoA-I containing the
13 kDa histidine tag sequence; (#) MW of proapoA-I (and mature
apoA-I) in the absence of the histidine tag; (&) MW of the over-
digestion product of the enteropeptidase cleavage.

 

TABLE 1. Analysis of the enteropeptidase cleavage fragment
of lipid-free human plasma apoA-I

N-terminal sequencing
Human plasma apoA-I N-Asp-Glu-Pro-Pro-Thr-Gln . . . 
Major enteropeptidase

cleavage fragment N-Asp-Glu-Pro-Pro-Thr
Mass spectroscopy

Human plasma apoA-I 28,016 Da
Major enteropeptidase

cleavage fragment 21,912 Da
Calculated cleavage site in apoA-I N- . . . -Asn-Gly-Gly-Ala-Arg

 

188

 

 

 

↓

 

Consensus enteropeptidase site (26) N- . . . -Asp-Asp-Asp-Asp-Lys 

 

↓
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To characterize the cleavage reaction, we ran a time
course for the cleavage of lipid-free apoA-I at 0.125 U en-
teropeptidase/

 

�

 

g apoA-I at 37

 

�

 

C. Under these conditions,
the cleavage was fully complete by 60 min (data not
shown). On the basis of these data, we chose to use a con-
sistent incubation time of 90 min for all further studies.
We next varied the amount of enteropeptidase to deter-
mine the optimal enzyme-protein ratio for future assays.

 

Figure 2

 

 shows that an enzyme-protein ratio as low as 0.05
U/

 

�

 

g apoA-I was sufficient for complete cleavage of lipid-
free apoA-I for 90 min at 37

 

�

 

C. In contrast, we observed
no cleavage of lipid-bound apoA-I even with excessively
high amounts of enteropeptidase (lane 6). This was also
the case when the reaction was allowed to proceed for
longer than 24 h at 37

 

�

 

C (data not shown). These results
underscore the sensitivity of lipid-free apoA-I to en-
teropeptidase cleavage and indicate that the observations
made in Fig. 1 were not due simply to using suboptimal
conditions for cleavage of lipid-bound apoA-I. From these
results, we selected the following reaction conditions for
subsequent experiments: 0.13 U enteropeptidase/

 

�

 

g
apoA-I incubated for 90 min at 37

 

�

 

C in STB.
The lipid-bound form of apoA-I studied in Fig. 1 and 2

was a discoidal rHDL particle that is 

 

�

 

98 Å in diameter

and contained 2 molecules of apoA-I (see 

 

Table 2

 

). To de-
termine the lower limit of lipid content as well as the parti-
cle shape characteristics that were required to mask the
enteropeptidase cleavage site, other lipid-containing com-
plexes were tested, which varied in size and conforma-
tional characteristics. The first was a smaller rHDL, about
78 Å in diameter, which also contained two molecules of
apoA-I per complex. The second was a much smaller com-
plex formed by sonication techniques originally reported
by Sparks et al. (24). This is one of the first techniques
that has proven capable of generating stable rHDL parti-
cles that contain less than 

 

�

 

30 molecules of phospholipid
per molecule of apoA-I. These complexes exhibited di-
ameters of about 60 Å with 

 

�

 

-helical contents that are
comparable to lipid-free apoA-I but that express signifi-
cantly different monoclonal antibody epitope patterns. In
our hands, the final molar composition of these particles
was 7:1:1 (PC/FC/apoA-I), whereas Sparks et al. reported
9:4:1. Nevertheless, the particles eluted in a distinct peak
on the gel filtration column and exhibited a band on na-
tive PAGE that was clearly distinguished from that of lipid-
free apoA-I (data not shown). The third particle was
spherical human HDL
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 isolated by density ultracentrifuga-
tion in the range 1.125–1.21 g/ml. Table 2 shows that
none of these lipid-containing particles was significantly
cleaved by enteropeptidase, despite large differences in
apoA-I conformation and lipid composition. Therefore,
the lower limit of lipidation required to mask the en-
teropeptidase recognition site is somewhere below 7–8
molecules of lipid per molecule of apoA-I.

 

An assay for lipid-free apoA-I

 

To determine if the specificity of enteropeptidase for
lipid-free apoA-I could be used in an assay to distinguish
between lipid-free and lipid-bound apoA-I, we used a
simple densitometric method for quantitating the en-
teropeptidase cleavage of intact apoA-I. The approach was
to generate a set of standards containing known amounts
of both fully intact apoA-I and the proteolytic fragment.
These were run on SDS-PAGE gels along with unknown

Fig. 2. Concentration dependence of enteropeptidase cleavage
of lipid-free apoA-I. Lipid-free apoA-I (4 �g) was incubated for 90
min at 37�C with the indicated amount of enteropeptidase (in units
of activity per �g apoA-I) in a volume of 10-�l STB. The samples
were run on a 12% sodium dodectl sulfate (SDS) gel stained with
Coomassie blue. Lane 1: Lipid-free plasma apoA-I incubated with-
out enteropeptidase. Lanes 2–5: Lipid-free plasma apoA-I. Lanes
6–10: Lipid-bound plasma apoA-I in the form of 98 Å rHDL parti-
cles (see Table 2).

 

TABLE 2. Summary of previously published physical characteristics of various apoA-I–containing particles and their susceptibility
to enteropeptidase cleavage compared with pure, lipid-free apoA-I

 

Particle Morphology
Composition

PC/FC/apoA-I
Hydrodynamic 

Diameter

 

�

 

-helix Reference Enteropeptidase Sensitivity

 

a

 

mol/mol/mol Å % %

 

Lipid-free apoA-I nd

 

b

 

0:0:1 70 49–55 (24, 25) 100
Large disc Discoidal 170:0:2 98 70–75 (20, 25) Not detectable
Small disc Discoidal 114:0:2 79 63–67 (20, 25) Not detectable
Human HDL

 

3

 

c

 

Spherical 51:13:3

 

�

 

78 — (47) 0–4, varying between preps

 

c

 

Lp1A-I complex

 

d

 

nd 9:4:1 60 52 (24) Not detectable

 

a

 

Enteropeptidase cleavage results are presented as the percentage of initial intact apoA-I that had been converted to the cleavage fragment
under the standard assay conditions listed in the text.

 

b

 

nd Signifies that the particle morphology is not determinable by electron microscopy.

 

c

 

HDL

 

3

 

, having been isolated from human plasma, obviously has numerous additional lipid and protein components from those listed in this
table [see (47) for more information]. Some HDL

 

3

 

 preparations exhibited slight levels of enteropeptidase sensitive apoA-I. We believe that this re-
sulted from a small amount of lipid-free protein shed from the particles during storage.

 

d

 

In our hands, the Lp1A-I complex differed slightly from that reported by Sparks et al. (24) in that it had a composition of 7 

 

�

 

 2:1:1 (mole
PC–mole FC–mole apoA-I).
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samples that had previously been treated with enteropep-
tidase. Laser densitometry was then used to compare the
intensity of the unknown sample with a standard curve
generated from the standards run on the same gel. 

 

Figure
3

 

 shows a typical standard curve run with the set of stan-
dards. It is clear that the band intensity of both the intact
protein and the proteolytic fragment respond linearly
with protein concentration and with a similar slope when
visualized by Coomassie staining. We have also verified a
similar response if the proteins are visualized by Western
blot analysis using a polyclonal antibody to apoA-I.

We next tested the ability of the assay to detect lipid-
poor apoA-I that had been liberated from human HDL

 

3

 

and from a reconstituted HDL disc (98 Å in diameter).
Each lipoprotein was incubated with increasing amounts
of purified human apoA-II for 16 h at room temperature.
It is well known that apoA-II has a higher lipid affinity
than apoA-I and can displace it from the surface of lipo-
proteins (31, 32) under these conditions. After the incu-
bation with apoA-II, the sample was treated with en-
teropeptidase under the standard assay conditions, and
the relative proportions of intact apoA-I and proteolytic
fragment were quantitated by the densitometric analysis.

 

Figure 4 

 

confirms the result in the previous experiments
showing that lipid-bound apoA-I was completely insensi-
tive to enteropeptidase in both types of lipoproteins in the
absence of apoA-II. However, as apoA-II was added, a frac-
tion of the apoA-I originally associated with both lipopro-
teins became sensitive to enteropeptidase cleavage. This
sensitive component increased with increasing amounts of
apoA-II competitor to a point where essentially all of the
apoA-I was enteropeptidase sensitive. This occurred at a
much lower apoA-II concentration for the HDL

 

3

 

 sample

Fig. 3. Densitometric scans of SDS gel standards generated from
intact apoA-I and the purified enteropeptidase cleavage fragment.
A set of five standard solutions was prepared by combining intact
apoA-I and the purified (by gel filtration) fragment in various ra-
tios. Each protein was quantitated by Lowry assay prior to mixing.
For example, standard 1 contained 4.0 �g per lane of intact apoA-I
and 0.1 �g per lane of the purified cleavage fragment; standard 2
contained 2.0 �g per lane of intact apoA-I and 0.5 �g per lane of
the purified cleavage fragment, and so on. Both standards ranged
from 4 �g per lane to 0.1 �g per lane across all five standards. The
insert shows the Coomassie blue stained gel that was scanned to get
the data shown in the graph.

Fig. 4. The susceptibility of lipid-bound apoA-I to enteropepti-
dase cleavage after displacement by apoA-II.rHDL (98 Å) (A) and
human HDL3 (B) were incubated with human apoA-II at the indi-
cated ratio at 25�C for 16 h. Then the samples were treated with
0.13 U of enteropeptidase per �g of original apoA-I content for 90
min at 37�C. Each sample was analyzed by SDS – PAGE, and the
amount of intact apoA-I versus fragment was quantitated by
densitometric analysis using a standard curve generated from the
panel of five standards run on the same gel. Solid circles represent
intact apoA-I at each concentration of apoA-II, whereas the open
circles represent the appearance of the enteropeptidase cleavage
fragment.

 

than for the rHDL sample. The mole ratio of apoA-II to
apoA-I at which half of the originally present apoA-I had
become enteropeptidase sensitive was 7.2 for the rHDL
particle and 3.8 for human total HDL. The simplest expla-
nation for these data is that apoA-II displaced apoA-I from
the surface of both types of particles, allowing it to be de-
tected by the enteropeptidase sensitivity assay. However, it
was also possible that the addition of apoA-II to the com-
plexes simply caused a conformational change within
apoA-I, allowing it to be detected by enteropeptidase even
if still bound to the particle surface. Indeed, conforma-
tional effects on apoA-I in response to apoA-II addition
have been reported by Durbin et al. (33). To rule out this
possibility, we checked whether apoA-I had in fact been
displaced from the surface of the lipoprotein. We per-
formed an apoA-II competition experiment on human
HDL

 

3

 

 particle as shown in Fig. 4 under conditions in
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which all of the apoA-I was found to be enteropeptidase
sensitive after the incubation. Instead of performing an
enteropeptidase assay, the sample was analyzed by gel fil-
tration chromatography on the Superdex gel filtration
column. 

 

Figure 5

 

 shows the elution profile of the total
protein as well as the particle phospholipid. The peak on
the phospholipid profile corresponded to the typical elu-
tion position of control HDL

 

3

 

. The protein profile, on the
other hand, showed two peaks. The first corresponded to
the phospholipid peak, and the second exhibited a longer
column retention time, indicating that the protein in this
peak was no longer associated with the HDL phospho-
lipid. The Western blot analysis on the inset shows the dis-
tribution of human apoA-I in the fractions. It is clear that
the second protein peak was composed mostly of apoA-I
that had been displaced from the HDL phospholipid.
This peak appeared to be extremely phospholipid poor
because no phospholipid was detectable by our assay
within these fractions. SDS-PAGE analysis demonstrated
that the HDL peak contained predominantly apoA-II and
only trace amounts of apoA-I. This was in contrast to the
untreated control HDL sample that contained predomi-
nantly apoA-I and apoA-II with trace levels of other apoli-
poproteins. This experiment confirmed that apoA-II dis-
placed apoA-I from the lipoprotein, indicating it was the
lipid-free form of the protein that was recognized by en-
teropeptidase in the experiments shown in Fig. 4.

The experiments described above were performed in
clean in vitro systems. To determine if the enteropepti-
dase assay would be useful for detecting lipid-free forms of
apoA-I in plasma, we performed several experiments to
measure the activity of enteropeptidase in human plasma.
Freshly isolated plasma was doped with His-tag recombi-
nant apoA-I to a concentration of 1 mg/ml. An aliquot of
doped plasma was then treated with various concentra-
tions of enteropeptidase under the standard conditions of

the assay. Even at high ratios of enteropeptidase to apoA-I,
we were unable to detect significant levels of enteropepti-
dase cleavage of the His-tag from apoA-I by Western analy-
sis (data not shown). This lack of cleavage was not due to
absorption of the apoA-I to lipoproteins in the plasma be-
cause lipid binding does not impede the cleavage of the
His-tag from apoA-I (see Fig. 1). The most likely explana-
tion is that the proteolytic activity of the enzyme is com-
promised in plasma. This result is perhaps not unex-
pected given the high levels of proteolysis inhibitors in
plasma and demonstrates that the current form of the assay
is restricted to well-defined in vitro systems.

DISCUSSION

Taken together, these experiments indicate that en-
teropeptidase can recognize a particular conformation of
the sequence near a.a. 188 within lipid-free apoA-I but is
completely incapable of recognizing the same sequence
in forms of apoA-I that contain even 7–8 molecules of
lipid per molecule of apoA-I. This observation led us to
develop a simple in vitro assay for measuring the genera-
tion of lipid-free apoA-I from lipid-containing particles.
The assay is inexpensive, easy to perform, and requires
equipment found in most laboratories.

 

The benefits of the enteropeptidase assay
versus existing approaches

 

As summarized above, several preparative and analytical
methods have been developed for distinguishing between
lipid-bound and lipid-poor apoA-I. Each of these strate-
gies has various advantages and disadvantages, but all rely
on some physicochemical parameter (difference in charge
or size, etc.) as a basis for physically separating the lipid-
poor species from the bulk of plasma lipoproteins. Thus,
these highly unstable species must first endure a separa-
tion procedure before they are quantitated. As a conse-
quence, many of these methods are technically compli-
cated and/or prone to artifacts inherent to the
separation. We suggest that the assays that will prove most
useful in the future will depend on a 

 

conformational

 

method of distinction without the need to separate the
particles before the analysis. The obvious candidate for
this would be a conformationally specific antibody capa-
ble of differentiating between the species in an in situ im-
munoassay. Several laboratories have reported mono-
clonal antibodies that have various degrees of preference
for lipid-free or lipid-bound forms of apoA-I (5, 36–38),
but we are unaware of any such antibodies that are abso-
lutely specific for one form of apoA-I and completely lack
the ability to recognize the other.

In the absence of an antibody, the specificity of pro-
teases offers an attractive alternative for the conforma-
tional differentiation of various forms of apoA-I. Several
limited proteolysis studies have been used to probe the ex-
posed sites in lipid-free apoA-I versus lipid-bound apoA-I
(39–42), with the most complete study performed by Rob-
erts et al. (43). Whereas these proteases have provided a

Fig. 5. Verification of displaced apoA-I from HDL3 by gel filtra-
tion chromatography. Human HDL3 that had been incubated with
apoA-II at a 16:1 (mole apoA-II–mole apoA-I) ratio under the same
conditions as in Fig. 4 was analyzed on a Superdex 200 gel filtration
column. The filled circles indicate phospholipid content in each
fraction and the open circles show the total protein content mea-
sured by Lowry. The insert shows a Western blot for each fraction
using a polyclonal antibody for human apoA-I.
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wealth of information on the structure of apoA-I, they do
not lend themselves well to an assay designed to distin-
guish lipid-free and lipid-bound apoA-I. Chymotrypsin
(42, 43), V8 protease (41, 43), trypsin (39–42), elastase
(41, 42), and subtillisin (42) all rapidly digest lipid-free
apoA-I into a complex set of peptide products. However,
they also are capable of digesting lipid-bound apoA-I into
a separate complex set of peptides, albeit at a significantly
slower rate. Enteropeptidase, on the other hand, rapidly
cleaves lipid-free apoA-I at only a single, easily visualized
site. In addition, it cannot cleave lipid-bound or even
lipid-poor forms of apoA-I at high levels of enzyme and/or
extended incubation times. These unique cleavage character-
istics of enteropeptidase for apoA-I make it ideal for an assay.

 

Implications for the assay of lipid-free apoA-I

 

At this point, we have not yet successfully adapted the
enteropeptidase assay for detecting lipid-free apoA-I in
complex samples such as plasma or lymph. However, if en-
teropeptidase itself cannot be used, it is conceivable that
an antibody can be generated to the exposed region
around residue 188 in lipid-free apoA-I. If such an anti-
body were sufficiently specific for lipid-free apoA-I (and/or
certain lipid-poor forms), it would allow for a convenient
enzyme-linked immunoassay capable of analyzing plasma
samples. Such an in vivo assay would be useful for answer-
ing such important questions as whether or not truly lipid-
free apoA-I can occur in plasma and if so, whether plasma
levels of these species track in a meaningful way with the
propensity of a given individual for cardiovascular disease.
Therefore, ways to translate the underlying principle of
conformational detection to such an in vivo assay are un-
der active investigation in our laboratory.

Although limited to well-defined in vitro systems, the
enteropeptidase sensitivity assay reported here will be ex-
tremely useful for basic studies designed to determine the
mechanisms behind the generation of lipid-free apoA-I
from lipoproteins. There is strong evidence that lipid-free
and/or lipid-poor apoA-I may be interconverted between
various lipid-bound states through the action of LCAT
and CETP (34, 44, 45) and that the lipid composition of
intact lipoproteins may modulate the generation of these
species (46). This assay lends itself well to experiments in
which the lipid content of various particles can be manip-
ulated and the effects on apoA-I liberation measured. As
an example, Fig. 4 and 5 show that the assay is capable of
analyzing the displacement of apoA-I from both reconsti-
tuted and native HDL particles. It is interesting that less
apoA-II is required to fully displace apoA-I from a spheri-
cal HDL

 

3

 

 particle than from a discoidal rHDL complex.
This may indicate that apoA-I is less stable on HDL parti-
cles of different morphology or lipid composition. The in
vitro assay described here will be useful for studying such
processes in defined systems.

In closing, we propose a convention for defining the
terms, “lipid-free,” “lipid-poor,” and “lipid-bound” apoA-I.
In practice, the former two terms are frequently used in-
terchangeably or have been called other names including
“pre-

 

�

 

” and “free apoA-I like,” among others. To date,

there is no widely accepted nomenclature that relates
what these terms actually mean at the molecular level. To
address this problem, we propose that 

 

Lipid-free apoA-I 

 

be
defined as apoA-I that contains 

 

no

 

 measurable associated
lipid and exhibits an 

 

�

 

-helical content indistinguishable
from apoA-I delipidated by organic solvents. Functionally,
we would suggest that lipid-free apoA-I is any form of
apoA-I that is cleavable by enteropeptidase. 

 

Lipid-poor
apoA-I

 

 is defined as any particle that contains only 1
molecule of apoA-I and greater than 1 but less than 30
molecules of lipid (phospholipid/cholesterol etc.) per
molecule of apoA-I. These include the particles studied by
Castro and Fielding (6), Ishida, Albee, and Paigen (34),
and others (15). For the most part, these particles have
been difficult to isolate from plasma in a stable form.

 

Lipid-bound apoA-I 

 

refers to stable particles that can be iso-
lated and studied, including traditional plasma HDL and
reconstituted forms that contain 2 or more molecules of
apoA-I per particle and 

 

�

 

30 molecules of lipid per mole-
cule of apoA-I. Generally, these particles are easily isolated
by density ultracentrifugation. Neither lipid-poor nor
lipid-bound apoA-I is cleavable by enteropeptidase. It
should be noted that the term “pre-

 

�

 

 HDL” refers only to
particle charge characteristics and, in certain instances,
can describe all three types of particles listed above (35).
Because the discovery of the ABC-AI pathway will un-
doubtedly increase interest in these particles, we believe
that this convention will be useful for clarifying and stan-
dardizing the meanings of these terms for future work in
the field.
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