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Abstract Plasma HDL-cholesterol and apolipoprotein A-I
(apoA-I) levels are strongly inversely associated with cardio-
vascular disease. However, the structure and protein compo-
sition of HDL particles is complex, as native and synthetic
discoidal and spherical HDL particles can have from two to
five apoA-I molecules per particle. To fully understand
structure-function relationships of HDL, a method is re-
quired that is capable of directly determining the number
of apolipoprotein molecules in heterogeneous HDL parti-
cles. Chemical cross-linking followed by SDS polyacrylamide
gradient gel electrophoresis has been previously used to de-
termine apolipoprotein stoichiometry in HDL particles.
However, this method yields ambiguous results due to effects
of cross-linking on protein conformation and, subsequently,
its migration pattern on the gel. Here, we describe a
new method based on cross-linking chemistry followed by
MALDI mass spectrometry that determines the absolute
mass of the cross-linked complex, thereby correctly deter-
mining the number of apolipoprotein molecules in a given
HDL particle. Using well-defined, homogeneous, reconsti-
tuted apoA-I-containing HDL, apoA-IV-containing HDL,
as well as apoA-I/apoA-II-containing HDL, we have vali-
dated this method. The method has the capability to de-
termine the molecular ratio and molecular composition
of apolipoprotein molecules in complex reconstituted HDL
particles.—Massey, J. B., H. J. Pownall, S. Macha, J. Morris,
M. R. Tubb, and R. A. G. D. Silva. Mass spectrometric deter-
mination of apolipoproteinmolecular stoichiometry in recon-
stituted high density lipoprotein particles. J. Lipid Res. 2009.
50: 1229–1236.
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Epidemiological studies have demonstrated that HDL-
cholesterol and apolipoprotein (apo) A-I levels inversely
correlate with the risk of cardiovascular disease (1, 2). Cur-
rently, there is a great deal of research interest focused on
developing therapeutic methods to increase HDL-cholesterol
and plasma apoA-I levels and to enhance the beneficial func-
tional properties of HDL (3, 4). HDL complexes are hetero-
geneous in density, shape, size, surface charge, type of
apolipoproteins present, as well as number of apolipoprotein
molecules present per particle (5–7). HDL consists of?50%
protein by mass where apoA-I and apoA-II comprise 70
and 20% of the protein mass, respectively. Similar density
HDL can also be separated into particles that contain only
apoA-I and particles that contain both apoA-I and apoA-II
(5, 6). Mature plasma spherical HDL particles may contain
up to two to fivemolecules of apoA-I (6). Structural studies on
similar diameter reconstituted discoidal (2 apoA-I/particle)
and spherical (3 apoA-I/particle) HDL particles have indi-
cated that apoA-I adopts a common organizational motif,
i.e., “double belt” model, irrespective of particle shape,
size, and the number of apoA-I molecules in the particle
(8). In this model, two apoA-I molecules are arranged in
an antiparallel fashion forming a double belt that is stabi-
lized by salt bridge interactions (9, 10). The interaction of
lipid-free apoA-I with ABCA1-expressing cells generates dis-
coidal nascent HDL with two to four molecules of apoA-I/
particle (11–13). Additionally, studies on reconstituted HDL
(rHDL) demonstrate direct relationships between HDL
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size/apoA-I content and LCAT activation and cellular
cholesterol transfer (10, 14, 15). Many recent in vitro
studies have developed a foundation for understanding
how apoA-I structure modulates HDL function and meta-
bolism (14, 16, 17). Determination of the stoichiometry of
apoA-I and other apolipoprotein molecules per HDL par-
ticle is an important component of understanding the
structural basis for the metabolic functions of different
HDL species.

To determine the number of apolipoprotein molecules
in reconstituted rHDL particles, a technique based on chem-
ical cross-linking followed by SDS polyacrylamide gradient
gel electrophoresis (SDS-PAGGE) has been heavily used
(18). According to this method, the rHDL is treated with
a homobifunctional cross-linking reagent that is reactive
toward the y-amino groups of Lys residues, which gener-
ates adequate intermolecular protein cross-links to cova-
lently join all apolipoprotein molecules within an rHDL
particle. The apparent molecular weight (Mr) of the
cross-linked apoA-I complex is then estimated by SDS-
PAGGE in comparison to a known set of Mr standards.
The apolipoprotein/particle stoichiometry is determined
by dividing the estimated Mr of the cross-linked complex
by the actual Mr of monomeric apoA-I. However, at low
protein:cross-linker ratio, even for rHDL with two mole-
cules of apoA-I, one sees multiple SDS-PAGGE bands due
to the extent and sequence location of the intermolecular
cross-links (9, 19). At high protein:cross-linker ratio, band
smearing of the cross-linked complex is common, and
hence the migration distance of the band is difficult to
measure. The problem intensifies for rHDL particles with
more than two molecules of apoA-I per particle such that
determination of apolipoprotein stoichiometry per parti-
cle is somewhat speculative (20). For discoidal rHDL, the
apolipoprotein stoichiometry per particle can also be esti-
mated from the average particle diameter assuming a double
belt model for the apolipoprotein and a discoidal-cylindrical
shape for the particle (20). However, this method is model
dependent and is not adaptable to spherical rHDL or native
plasmaHDL due to lack of an edge to constrain the protein.
Here, we propose a new approach to determine apolipopro-
tein: particle stoichiometry usingMALDImass spectrometry
(MS). In this method, rHDL particles are first cross-linked
with a homobifunctional cross-linking reagent as required
for SDS-PAGGE technique. However, instead of estimating
the molecular weight by SDS-PAGGE, the absolute mass of
the covalently cross-linked protein complex is determined
by MALDI-MS. Our results demonstrate that this method
is reliable for determining the molecular stoichiometry in
differently sized rHDL particles reconstituted with a single
apolipoprotein component. Moreover, our data sug-
gest that the technique is capable of distinguishing par-
ticles and their molecular stoichiometries when two particle
types are mixed together. In addition, it is applicable to
rHDL particles that contain two apolipoproteins on the
same particle. Hence, the MALDI-MS technique is valu-
able in protein stoichiometry determination in complex
rHDL particles where other current techniques yield am-
biguous results.

MATERIALS AND METHODS

Materials
apoA-I and apoA-II were isolated and purified from fresh hu-

man plasma as previously described (21). Recombinant apoA-IV
was expressed and purified as stated before (22, 23). Dimyristoyl-
sn-glycero-3-phosphocholine (DMPC) and POPC were from
Avanti Polar Lipids (Birmingham, AL), and cholesterol, sinapic
acid, and BSA were from Sigma-Aldrich Chemical Co. (St. Louis,
MO). The cross-linking reagent, bis(sulfosuccinimidyl)suberate
(BS3), was from Pierce Chemical Co. (Rockford, IL).

Preparation of rHDL
Naming of rHDL particles used in the study was done using

apolipoprotein and lipid used in particle reconstitution as well
as native PAGGE hydrodynamic diameter of the particles (e.g.,
A-I-DMPC-97 represents rHDL reconstituted with apoA-I and
DMPC with a 97Å particle diameter). HDLs used in the study were
reconstituted using either spontaneous solubilization of multi-
lamellar vesicles or by Biobead-cholate removal method (9, 20,
24). See supplementary data for detailed information on different
types of particle preparations. The hydrodynamic diameters
of rHDL particles were determined on 8–25% native Phast gels
or 4–15% Bio-Rad gels ran under native conditions using high
molecular weight protein standards (GE Heathcare, Amersham;
Cat. No. 17-0445-01).

Cross-linking of rHDL particles
Cross-linking of the particles was carried out as essentially de-

scribed before (9). See supplementary data for details on the
cross-linking procedure. Throughout the manuscript, cross-linking
ratios are indicated with apolipoprotein followed by the cross-linker.
Upon completion of the cross-linking reaction, protein samples
were dialyzed against 10 mM ammonium bicarbonate and were
lyophilized. A delipidation was carried out with two washes of
chloroform:methanol at 2:1 (v/v) ratio (for 300 mg protein: 6 ml
of organic solution was used) followed by a pure methanol wash.
The delipidated samples were resolubilized in 10 mM ammonium
bicarbonate buffer, and 50 mg aliquots were lyophilized based
on a Marcwell-Lowry protein assay. The aliquots were stored at
220°C to be used in MALDI-MS analysis.

MALDI-MS measurements
The lyophilized samples were reconstituted in water to a pro-

tein concentration of 1 mg/ml, and 1 ml of this solution was com-
bined with 2 ml of matrix for spotting on the MALDI plate. The
matrix, sinapic acid, was prepared as a saturated solution of 50%
acetonitirle and 1% TFA in water. The instrument used, a Bruker
Daltonics Reflex-IV MALDI-TOF mass spectrometer (Billerica,
MA), was optimized and calibrated using a standard BSA solu-
tion. Unmodified A-I-POPC-97 and lipid-free apoA-I were used
as controls.

Determination of the number of apolipoprotein molecules
per rHDL particle

In the SDS-PAGGE technique, the Mr of the most intense gel
band of the 1:100 cross-linked rHDL was determined in compari-
son to a migration distance of a set of low molecular weight pro-
tein markers (GE Healthcare, Amersham; Cat. No. 17-0446-01).
The cross-linked oligomeric Mr was then divided by the theoreti-
cal Mr of the apolipoprotein used in the particle reconstitution,
which resulted in the protein molecular stoichiometry in the par-
ticle (Table 1). The bands correspond to the cross-linked mono-
meric protein under 1:100 apolipoprotein: BS3 cross-linking
conditions were not sometimes apparent on gels. Contrary, in
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the MALDI-MS technique, the most intense, oligomeric cross-
linked Mr peak in the mass spectrum of 1:100 cross-linked rHDL
was divided by the mass of the internally cross-linked monomeric
protein (see Table 2) to determine the protein stoichiometry of
the particle. In the circumference estimation method, the pro-
tein stoichiometry per particle was estimated by mathematically
fitting protein molecules to the circumference of rHDL particles
using the following formula:

n 5
2�(d210)

1:5rh

where d is the hydrodynamic diameter estimated by native
PAGGE, r is the number of residues in the protein, and h is the
helicity for the lipid-bound protein (20). For apoA-I, r 5 243 and
h 5 0.8 (20). For expressed apoA-IV cleaved with Tobacco etch

virus protease, r 5 377. The helicity used for apoA-IV, 0.6 was
the circular dichroism spectroscopic value reported for apoA-IV
micelle complexes (25).

RESULTS

Generation and characterization of rHDL particles
We generated homogeneous discoidal rHDL particles

containing either apoA-I or apoA-IV and apoA-I/apoA-II
(20, 26, 27). Previously characterized, benchmark A-I-
POPC-97 particles were cross-linked and analyzed side-by-
side with the SDS-PAGGE and MALDI-MS techniques to
determine molecular composition and to confirm the valid-
ity of the MALDI-MSmethod. We used the homobifunctional

TABLE 2. MALDI-MS peaks of cross-linked rHDL particles

Peak Locationa

rHDL Protein:BS3
1

(Monomer)
2

(Dimer)
3

(Trimer)
4

(Tetramer) (Additional Peaks)

A-I-unmodified 1:0 28.02 (100) –(2) – – –
AI-POPC-97 1:0 27.79 (100) –(9) – – –

1:10 28.59 (100) 57.48 (36) –(7) – –
1:100 29.70 (19) 59.49* (100) – –(5) –

A-I-POPC-144 1:100 30.00 (9) 59.87 (44) 89.95 (17) 119.25* (100) –
AI-DMPC-95 1:10 28.67 (100) 57.71 (72) –(10) –(8) –

1:100 29.45 (23) 59.05* (100) –(5) 118.78 (14) –
AI-DMPC-126b 1:10 28.68 (100) 57.59 (50) 86.51 (54) –(8) –

1:100 29.48 (14) 59.01 (14) 88.52* (100) – 44.25 (15) (trimer/2)
AI-DMPC-170 1:10 27.87 (100) 55.92 (13) – – –

1:100 29.49 (5) 59.09 (42) – 118.14* (100) –
A-IV-DMPC-152 1:0 43.28 (100) 86.65 (2) – – –

1:100 46.00 (34) 91.77* (100) – –(10) –

a Peak locations were manually picked from the MALDI-MS spectra. Peak intensities are presented as percent-
age heights (within parentheses in italics), with respect to the most intense peak in the spectrum. The locations of
the “weak” peaks with intensities ,10% of the most prominent Mr peak are not listed for simplicity, while their
intensity contributions are listed. When there is no detectable peak in the expected location in the MALDI-MS it is
denoted as “–.” The highest and most intense Mr used in the determination of number of apolipoprotein molecules
per rHDL particle (Table 1) is indicated by an asterisk, while the number is given in bold. The monomer peak in the
1:100 cross-linked spectrum is listed in bold irrespective of its intensity, as it was used in stoichiometry determination.

b The additional MALDI-MS peak present in AI-DMPC-126 (indicated by an asterisk in Fig. 2) in addition to the
“expected peaks” is listed under the column labeled as Additional Peaks. This peak is the doubly charged ion of the
cross-linked trimer, the most intense peak in the spectrum.

TABLE 1. Determination of molecular composition of rHDL particles using different approaches

Number of Apolipoprotein Molecules per rHDL (n)b

Particlea
Starting Composition

Protein/FC/PC
Circumference

Estimation Cross-Linkingc MALDI-MS

AI-POPC-97d 1:00:78 1.9 1.9 (1–54) 2.0
2.5 (2–69)

AI-POPC-144e 1:09:156 2.9 4.0 (112) 4.0
AI-DMPC-95 1:00:210 1.8 2.5 (69) 2.0
AI-DMPC-126 1:11:210 2.5 3.3 (94) 3.0
AI-DMPC-170 1:47:420 3.5 5.1 (143) 4.0
AIV-DMPC-152 1:00:325 2.6 2.5 (113) 2.0

a See Materials and Methods for naming of the particles. The apoA-I/apoA-II mixed particles for which most of
the above applications are not adaptable are not listed (see supplementary data for details).

b Refer to Materials and Methods for details on determination of number of molecules per particles using each
method.

c The numbers in the parentheses correspond to the most prominent Mr band of cross-linked particles on SDS-
PAGGE, which was used in stoichiometry determination by the SDS-PAGGE method.

d Two high Mr bands in SDS-PAGGE resulting from 1:10 and a:100 cross-linking of A-I-POPC-97 are presented
as 1 and 2 (see Fig. 1A). For all the other rHDL particles, only the highest Mr of the cross-linked complex is given.

e The hydrodynamic diameters reported are for purified unmodified rHDL particles except for A-I-POPC-144,
the diameter is for 1:100 cross-linked particles.

Apolipoprotein molecular stoichiometry in HDL 1231
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cross-linker BS3, which has the capability of simultaneously re-
acting with two Lys residues and covalently joining them to-
gether, provided that the residues are within 11.4 Å, the
spacer arm length of BS3 (9). Furthermore, we have pre-
viously carried out pilot cross-linking experiments up to
5 mg/ml apoA-I rHDL to show that there are no observable
interparticle cross-links that could lead to artifactual value
for the protein stoichiometry (26, 27).

Mass spectrometry
MALDI-MS features one of the highest dynamic ranges

for Mr detection of all MS techniques. It can detect Mr

from ?1 kDa to over ?200 kDa. This range is sufficient to
detect the oligomeric protein masses that result upon cross-
linking even the largest native HDL particles. We took pre-
cautions to prevent falsely detecting noncovalent mass
assemblies and aggregates of apolipoprotein molecules that
could be misinterpreted as a single cross-linked oligomeric
entity. This was done by optimizing the laser power during
spectral acquisitions on commercially available BSA (theo-
retical Mr 66.0 kDa) and unmodified lipid-free apoA-I
(theoretical Mr 28.1 kDa) until there were no significant
peaks corresponding to dimer aggregates (i.e., two non-
covalently bound molecules carrying a single charge,
2MH1). Based on several MALDI-MS spectra collected on
apoA-I and BSA, we observed that the peak height ratio of
2MH1/MH1 stayed,10% (Table 2). However, despite the
use of sinapic acid as the MALDI matrix, which is known to
generate primarily singly charged ions (MH1), we observed
low-intensity MALDI-MS peaks originated from doubly
charged ions (MH21). Based on .15 independent mea-
surements, theMALDI-MSMH21/MH1 peak intensity ratio
varied from 5–15%.

Confirmation of the number of apoA-I molecules
in A-I-POPC-97 particles

Native PAGGE of A-I-POPC-97 particles indicated a
homogeneous particle population of ?97 Å diameter
(Fig. 1A). SDS-PAGGE of 1:10 and 1:100 cross-linked par-
ticles indicated a band ?28 kDa and closely spaced two
high Mr bands at ?54 and?69 kDa (Fig. 1B, lane 4).
The band at ?28 kDa corresponds to internally cross-
linked monomeric apoA-I that did not participate in inter-
molecular cross-link formation. Based on the SDS-PAGGE
technique, 54 and 69 kDa gel bands indicate the presence
of 1.9 and 2.5 apoA-I per AI-POPC-97 particle (Table 1),
highlighting the ambiguity of using this methodology
(14, 19). The MALDI-MS method indicated exactly 2.0
apoA-I molecules per A-I-POPC-97 particle (Table 1). Un-
like SDS-PAGGE, the MALDI-MS spectrum of 1:10 and
1:100 cross-linked A-I-POPC-97 shows two major peaks lo-
cated at 28.59 and 57.48 kDa, which correspond to mono-
meric and dimeric apoA-I (Fig. 1C) (Tables 1, 2). Under
1:10 cross-linking conditions, the dimer band is weaker
in intensity compared with that of the monomer, indicat-
ing that the cross-linker ratio is not sufficient to intermo-
lecularly link all apoA-I molecules within a particle, as seen
on SDS-PAGGE (Fig. 1B, C). At the 1:100 cross-linking ratio,
the monomer band almost disappeared, indicating near to-

tal cross-linking of apoA-Is within the particles (Fig. 1B,
lane 5). Another important observation seen by the MALDI-
MS is the shifting of the peaks to higher masses with higher
cross-linker ratios (Table 2) (and to a lesser extent, Fig. 1C).
ApoA-I mass shifted from 28.59 kDa (1:10 cross-linking) to
29.70 kDa (1:100 cross-linking), reflecting an increase in the
number of internal cross-linker additions to mono-
meric apoA-I. Based on the mass additions by the BS3

cross-linker (138.1Da), on average, there are approximately
six cross-links in the 1:10 internally cross-linked monomeric
apoA-I [(28.59–27.79) kDa/0.14 kDa ≈ 5], whereas there
are ?14 cross-links in the 1:100 cross-linked monomer
[(29.70–27.79) kDa/0.14 kDa≈ 14]. The PAGGE technique
is not sensitive enough to visualize these small mass shifts
(Figs. 1B, 2B). The circumference estimation analysis car-
ried out based on native PAGGE estimated that there are
1.9 apoA-Is per A-I-POPC-97 particle (Table 1). It is possible
that the shoulder band appearing at ?70 kDa in the 1:100
cross-linked MALDI-MS spectrum (Fig. 1C) may be due to
the apoA-II present in the solution as a contaminant, cross-
linking to apoA-I particles (see supplementary Fig. I). This

Fig. 1. Determination of the number of apoA-I molecules in an A-I-
POPC-97 particle. A: 8–25% native PAGGE of A-I-POPC-97 particles
(lane 1) and highmolecular weight markers (lane 2). B: 8–25% SDS-
PAGGE of unmodified rHDL (lane 3), rHDL cross-linked at a 1:10
and 1:100molar ratios of apoA-I: BS3 (lanes 4, 5, respectively). Cross-
linking was carried out at 1mg/ml apoA-I concentration. Lowmolec-
ular weight standards are shown on lane 6. Gels were stained with
Coomassie blue. C: MALDI mass spectra of A-I-POPC-97 rHDL
cross-linked at 1:0, 1:10, and 1:100 ratios of apoA-I: BS3. The protein-
to-cross-linker ratios are indicated on each subpanel along with the
expected positions of monomeric (1), dimeric (2), trimeric (3), and
tetrameric (4) forms of cross-linked apoA-I. The mass accuracies of
the peak positions are listed in Table 2.

1232 Journal of Lipid Research Volume 50, 2009
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does not occur in any of the spectra of equal or larger diam-
eter DMPC particles (see below).

Determination of apoA-I molecular stoichiometry in
different diameter rHDL complexes

We generated homogeneous apoA-I-DMPC rHDL with
measured diameters 95, 126, and 170 Å as analyzed by na-
tive PAGGE (Fig. 2A). The highest Mr band of the cross-
linked particles moved to higher masses by SDS-PAGGE
with increasing particle size, clearly indicating the increase
in apoA-Imolecules per particle with the increase in particle
diameter (Fig. 2B). All particles under 1:10 cross-linking
conditions exhibit a fraction of monomeric apoA-I that
did not participate in intermolecular cross-linker formation
as indicated by the band at ?28 kDa (Fig. 2, lanes 6, 8, and
11). At the 1:100 ratio, the band corresponding to mono-
meric apoA-I became quite faint or nondetectable due to
its incorporation in intermolecular cross-links as was seen
for A-I-POPC-97 above (Fig. 2B, lanes 7, 9, and 12).

A-I-DMPC-95 exhibited a similar gel migration pattern
to A-I-POPC-97 on SDS-PAGGE when cross-linked with
1:10 and 1:100 (Fig. 2, lanes 6, 7; Fig. 1, lanes 4, 5). This
implies that the overall particle morphology is similar
when reconstituted with either lipid. The splitting of
the cross-linked dimer band seen on SDS-PAGGE is an
artifact of the method, as the MALDI-MS spectrum has a
single peak originating from the dimer (Fig. 2C) (Table 2).
Moreover, while the SDS-PAGGE method determined
2.5 apoA-I per A-I-DMPC-95, MALDI-MS determined exact-
ly 2.0 apoA-I molecules per particle (Table 1). The peak
identified in tetramer location (14%) may have a contribu-
tion from the slight contamination from the large parti-
cles, A-I-DMPC-170 in the A-I-DMPC-96 preparation,
since the 2MH1 contribution to the spectrum is ,10%
(see above) (26).

For larger diameter A-I-DMPC-126 particles, the MALDI-
MS indicated 3.0 apoA-Is per particle, while the SDS-PAGGE
technique determined 3.4 (Tables 1, 2). In addition to the

Fig. 2. Characterization of different diameter apoA-I-DMPC rHDL particles. A: 4–15% native PAGGE of A-I-
DMPC rHDLs with diameters 95 Å (lane 2), 126 Å (lane 3), and 170 Å (lane 4). High molecular weight
standards are on lane 1. B: 4–15% SDS-PAGGE of A-I-DMPC-95 (lanes 6, 7), A-I-DMPC-126 (lanes 8, 9),
and A-I-DMPC-170 (lanes 11, 12) cross-linked with 1:10 and 1:100 ratios of A-I: BS3, respectively. Unmodified
A-I-DMPC-95 is shown for comparison (lane 5). Low molecular weight standards are on lanes 10 and 13.
Merging of two different gels is indicated by a solid line, whereas unwanted lane elimination from the same
gel is shown by a dashed line. Both gels were stained with Coomassie blue. C: MALDI-MS of the above par-
ticles cross-linked at a 1:100 ratio of apoA-I: BS3. A representative spectrum of unmodified apoA-I is shown in
top-left panel to indicate minimal noncovalent aggregation of apoA-I under the buffer and the instrument
conditions used, which was reproducibly ,10% of the unmodified apoA-I MS peak height. Labeling of ex-
pected peak positions is as in Fig. 1, while additional intense peaks are shown by an asterisk. The peak mass,
percentage of intensity, and identity of each peak are listed in Table 2.

Apolipoprotein molecular stoichiometry in HDL 1233
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monomer (29.48 kDa), dimer (59.01 kDa), and trimer
(88.52 kDa) peaks of A-I-DMPC-126 in the MALDI-MS spec-
trum, there is an additional peak at 44.25 kDa indicated by
an asterisk (Fig. 2) (Table 2). This peak originates from the
doubly charged ion of the most intense trimer peak in the
spectrum (Table 2; 3MH21 5 88.52/125 44.26 kDa). Fur-
thermore, this peak does not overlap with any other cross-
linked oligomeric mass peaks in the spectrum. Hence the
intensity of the ?44.25 kDa peak (which is ?15% trimer
peak intensity) solely represents the contribution of doubly
charged ions to the MS spectrum. As indicated above,
MH21/MH1 vary from5–15%. In contrast, a doubly charged
ion of amost intensemass peak of a fully cross-linked rHDL,
which contain an even number of apoA-I molecules, over-
laps with one of its cross-linked oligomeric peaks.

Of the largest diameter particles we generated, A-I-
DMPC-170 showed its highest Mr band ?143 kDa on
SDS-PAGGE upon 1:100 cross-linking, implying that there
are?5.1 apoA-Imolecules per particle (Table 1). Under the
same cross-linking conditions, these particles generated the
highest Mr peak at 118.14 kDa in MALDI-MS that deter-
mined exactly 4.0 apoA-I per particle (Tables 1, 2), whereas
the circumference estimation resulted in?3.5 apoA-I mole-
cules. On the other hand, the larger diameter particles gen-
erated with POPC, A-I-POPC-144, were determined to have
2.9 apoA-I molecules per particle by the circumference es-
timation method (Tables 1, 2). However, both MALDI-MS
and the SDS-PAGGE techniques determined apoA-I molec-
ular stoichiometry to be 4.0 in these particles. Both A-I-
DMPC-170 and A-I-POPC-144 MALDI-MS showed intense
dimer peaks (42 and 44%, respectively), while monomer
and trimer peaks were weaker in intensity (Table 2). The in-
tensity of the dimer peak has two contributions: a) from the
cross-linked dimers that did not form tetramers (i.e.,
2MH1), and b) from the12 charge state of the cross-linked
tetramer (i.e., 4MH21). Since the intensity contribution
from b) was estimated to be ?5–15% (see above), it is rea-
sonable to state that .25% of the peak intensity originates
due to a). Interestingly, this data implies that dimer forma-
tion within these particles upon cross-linking is more feasi-
ble than cross-linking all four apoA-Imolecules. Thismay be
attributable to possible formation of double belt units within
these large particles that contain an even number of apoA-I
molecules (20). This intensity pattern was not observed for
A-I-DMPC-126 with three apoA-Is.

Application of the MALDI technique to complex
rHDL particles

We tested the applicability of MALDI-MSmethod to iden-
tify rHDL particles in a mixture. For this purpose, we gener-
ated A-IV-DMPC-152 particles (Fig. 3A, lane 2). MALDI-MS
determined exactly 2.0 apo A-IV molecules per particle (Ta-
ble 1). When A-IV-DMPC-152 was mixed with A-I-DMPC-95
in a 1:1molar ratio, themixture does not generate rHDLpar-
ticles of additional diameters (Fig. 3A, lane 3). Upon cross-
linking, the gel bands corresponding to A-I-DMPC-95 and
A-IV-DMPC-152 stayed the same in the mixed particle system
(Fig. 3B). TheMALDI-MS of cross-linked individual particles
and the particle mixture indicated that this technique is

capable of determining the presence of A-I-DMPC-95 and
A-IV-DMPC-152 in the mixture (Fig. 3C). Our attempts of
generating rHDL particles with both apoA-I and apoA-IV
on the same rHDL particle were unsuccessful, perhaps cor-
roborating with the plasma HDL data, which indicates
apoA-IV resides on separate HDL particles on its own (28).
Hence, to confirm that the MALDI-MS technique has the
ability to identify two different apolipoproteins on the same
rHDL particle, we generated mixed apoA-I/apoA-II rHDL
(see supplementary Materials and Methods). These parti-
cles have similar particle diameters to A-I-POPC-97 based
on PAGGE and electron microscopy (data not shown).

Fig. 3. Application of MALDI-MS technique to a particle mixture
of apoA-IV-rHDL and apoA-I-rHDL. A: 8–25% native PAGGE of A-I-
DMPC-95 (lane 1), A-IV-DMPC-152 (lane 2), and a mixture of A-I-
DMPC-95 and A-IV-DMPC-152 at a 1:1 molar ratio (lane 3) along
with high molecular weight standards (lane 4). B: SDS-PAGGE of
A-I-DMPC-95 (lane 5), A-IV-DMPC-152 (lane 6), and the mixed par-
ticle solution in ,ane 3 cross-linked at a 1:100 ratio of protein or
average protein: BS3 (lane 7). Low molecular weight standards are
shown on lane 8. Gels were processed as in Fig. 2. C:MALDI-MS spec-
tra of the same particles and the particle mixture in B. Expected po-
sitions of cross-linked apoA-I and apoA-IVmonomer, dimer, etc., are
indicated as in Figs. 1 and 2, except that the apoA-IV peak positions
are indicated as 1ʼ, 2ʼ, 3ʼ for easy identification of the peaks in the
mixed particle solution.
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Upon cross-linking, the SDS-PAGGE indicates that the par-
ticles resulted in an additional gel band at ?85 kDa in ad-
dition to the band at ?69 kDa (see supplementary Fig. IB,
lane 4, and compare this with Fig. 1B, lane 5). MALDI-MS of
unmodified A-I/A-II-POPC-97 shows Mr peaks correspond-
ing to unmodified apoA-I and apoA-II (see supplementary
Fig. IC). As seen on SDS-PAGGE (see supplementary Fig. IB,
lane 4) and MALDI-MS (see supplementary Fig. IC, bottom
panel), all apoA-II incorporated into rHDL particles, and a
new MALDI-MS peak that was not present in A-I-POPC-97
MALDI-MS originated at 73.56 kDa, indicating that there
are indeed rHDL particles that contain two molecules of
apoA-I and one molecules of dimeric apoA-II (theoretical
mass 73.5 kDa). Upon using the approach b) on particle
preparation (see supplementary Materials and Methods),
the intensity of the peak at 73.56 kDa increased, indicating
the presence of more apoA-I/apoA-II mixed particles com-
pared with that of using approach a) (see supplementary
Fig. ID). The data onmixed particles clearly indicate the ap-
plicability of the MALDI-MS technique on complex rHDL
particles. The SDS-PAGGE method can be applied on such
particles just for the estimation of the number of protein
molecules that adds up to result in?85 kDa. The circumfer-
ence estimation method simply does not hold for stoichi-
ometry determination of such mixed particles (Materials
and Methods).

DISCUSSION

Previously, studies focused on structural details on the
molecular fold of lipid free apolipoproteins, and molecular
registries of lipid bound apolipoproteins have been carried
out using mass spectrometric methods (8, 9, 19, 29–31). In
this study, we demonstrated the feasibility of using cross-
linking chemistry and MALDI-MS measurements to deter-
mine the apolipoprotein molecular stoichiometry in rHDL
particles. Previous SDS-PAGGE techniques used to deter-
mine the apolipoprotein molecular stoichiometry of rHDL
particles is empirical due to its relative nature of migration
distance calculations, with respect to the migration dis-
tances of a set of molecular weight standards. In the SDS-
PAGGE method, the accuracy of the molecular weight
measurements is compromised because the cross-linked
proteins migrate differently based on the extent and loca-
tion of the cross-linker, and with extensive cross-linking,
the gel bands become broad, making determination of
the exact band location difficult (9, 19). Due to these rea-
sons, broad multiple gel bands resulted for HDL particles
containing multiple apolipoprotein molecules. On the
other hand, the circumference estimationmethod is based
on several predetermined parameters as helicity, which
can vary from study to study. For example, for AIV-DMPC
particles, the reported helicity values vary from 52–54% to
62% (25, 32).

When compared with SDS-PAGGE, MALDI-MS is a
superior method to determine the molecular weight of
oligomeric cross-linked HDL proteins. The method can
accurately determine not only the Mr of the cross-linked

protein oligomers, but also Mr shift of internally cross-
linked monomeric protein, which was used in stochiometry
determination in this method (Materials and Methods).
MALDI-MS peaks have Gaussian or near-Gaussian shapes
so that the peak maxima can be accurately determined with
the uncertainly in hundredths decimal place when mea-
sured in kDa. The full width at half height of an average
MALDI peak is ?2 kDa or less, such that the Mr of two
abundant proteins more than a few kDa apart can be de-
termined. Thus, as we have shown, it is experimentally fea-
sible to detect differences in HDL particles that contain
only apoA-I (Mr 28.1 kDa) versus those that have apoA-II
(Mr 17.4 kDa) in addition to apoA-I. Moreover, other HDL
proteins have a broad Mr range that is distinguishable by
MALDI-MS (apoA-IV, 44.5 kDa; apoC1, 6.6 kDa; apoC2 and
apo3, 8.8 kDa). In addition, BS3 cross-linker does not dis-
sociate under laser ionization process in MALDI-MS that
could diminish the ability of data interpretations.

One potential complication inherent to the MALDI-MS
method is the possibility of generating noncovalent ag-
gregates under certain conditions and a small amount
of multicharge species that contribute to the spectrum.
However, our current experiments have shown that care-
ful selection of matrix and optimization of the laser power
using known standards as BSA mostly eliminate the aggre-
gation issue (see Results). However, one should be aware
of the small amount of multiply charged ions, especially
doubly charged ions, that contribute to the MS spectrum
(see Results).

In general, a protein stoichiometry determined for syn-
thetic discoidal rHDL using SDS-PAGGE, MALDI-MS, and
circumference estimations are in general agreement. How-
ever, in MALDI-MS, the number of apoA-I molecules per
particle are determined to be exactly 2.0, 3.0, and 4.0 for
different sized apoA-I only rHDL. This increased accuracy
in stoichiometry mainly is due to the accuracy in determin-
ing the mass of cross-linked proteins by the MS method.
Moreover, our data have clearly indicated that the tech-
nique is applicable to rHDL particle mixtures. In addition,
the technique is adaptable to determine the number of
protein molecules in mixed rHDL particles under which
SDS-PAGE and circumference estimation methods are not
applicable. Hence, the cross-linking chemistry combined
with MALDI-MS is a robust method to determine the mo-
lecular protein composition of complex rHDL particles.

The authors would like to thank Cali Smith for excellent ad-
ministrative assistance.
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