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Abstract New isoforms of apolipoprotein (apo)C-lI and
apoC-l11 have been detected in delipidated fractions from
very low density lipoprotein (VLDL) using matrix-assisted
laser desorption (MALDI) and electrospray ionization (ESI)
mass spectrometry (MS). The cleavage sites of truncated
apoC-l1l isoforms have also been identified. The VLDL
fractions were isolated by fixed-angle single-spin ultracen-
trifugation using a self-generating sucrose density gradient
and delipidated using a newly developed C18 solid phase
extraction protocol. Fifteen apoC isoforms and apoE were
identified in the MALDI spectra and the existence of the
more abundant species was verified by ESI-MS. The relative
intensities of the apoCs are closely correlated in three nor-
molipidemic subjects. A fourth subject with type V hyperlip-
idemia exhibited an elevated apoC-Ill level and a sup-
pressed level of the newly discovered truncated apoC-I
isoform. ApoC-11 was found to be particularly sensitive to in
vitro oxidation. The dynamic range and specificity of the
MALDI assay shows that the complete apoC isoform profile
and apoE phenotype can be obtained in a single measure-
ment from the delipidated VLDL fraction.—Bondarenko,
P. V., S. L. Cockrill, L. K. Watkins, 1. D. Cruzado, and R. D.
Macfarlane. Mass spectral study of polymorphism of the
apolipoproteins of very low density lipoprotein. J. Lipid Res.
1999. 40: 543-555.
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The C apolipoproteins constitute 60% of the protein
fraction of human very low density lipoproteins (VLDL).
The C apolipoproteins play a key role in lipoprotein me-
tabolism. ApoC-1l and apoC-III regulate triglyceride me-
tabolism through activation and inhibition of several tria-
cylglycerol lipases, respectively (1-3). ApoC-I modulates
the interaction of apoE with VLDL (4) and inhibits phos-
pholipase activity (5). ApoE is a minor component of
VLDL and high density lipoprotein (HDL) apo fractions
and acts as a ligand for the low density lipoprotein (LDL)
receptor and for the special apoE chylomicron receptor.
ApOE binds to the receptors and mediates catabolism of li-
poprotein particles in the liver (6, 7). The quantitative

and structural polymorphism of the apolipoproteins pro-
vide insight into the link between structural modifications
and influence on function. Polymorphism can originate
from mutations in the apolipoprotein genes (6, 8-10),
proteolysis at the co- and post-translational levels and after
maturation (11), glycosylation and deglycosylation (12).
The amino acid sequences of the mature apolipoproteins,
calculated molecular mass (MM) values, and post-transla-
tional glycosylation of apoC-l11 are included in this paper
for reference and are summarized in Fig. 1 (13-18).

ApoC polymorphism related to genetic variations and
disorders at the translational level of gene expression is a
relatively rare phenomenon. Table 1 represents a list of
the reported genetic mutations of the major serum apo-
lipoproteins from the VLDL fraction, relative charge of
genetic variants with respect to the normal isoform, MM
value shift associated with each mutation, and influence
of the mutation on lipoprotein metabolism.

The human gene for apoE is polymorphic, producing
three major isoforms: apoE2, apoE3, and apoE4 (19-21).
These mature isoforms have different amino acid residues
at positions 112 and 158 and different MM values: apoE2
(Cys112, Cysise, MM = 34183.6 Da), apoE3 (Cys112, Argiss,
MM = 34236.7 Da), and apoE4 (Argiio, Argiss, MM =
34289.8 Da). In addition to the most common isoforms,
de Knijff et al.(22) have recently reviewed 30 rare apoE
variants, 21 of which were found to be associated with dif-
ferent forms of dyslipidemia.

Several isoforms of C apolipoproteins and apoE are
generally present in human blood as a result of glycosyla-
tion and deglycosylation (12, 23) and proteolytic activity
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Fig. 1. Amino acid sequences and sugar chains of the major human serum apolipoproteins from VLDL fraction. One letter amino acid
code: A, Ala; R, Arg; N, Asn; D, Asp; C, Cys; E, Glu; Q, GIn; G, Gly; H, His; I, lle; L, Leu; K, Lys; M, Met; F, Phe; P, Pro; S, Ser; T, Thr; W, Trp;

Y, Tyr; V, Val.

at the post-translational levels (11) leading to the final ma-
ture products (Table 2). Proteolysis of the mature C apo-
lipoproteins can be initiated by the action of circulating
enzymes in the blood leading to truncated forms which
can serve as markers for a pathology associated with ele-
vated enzyme levels. This idea has been proposed to explain
the appearance of a truncated form of apoC-I11 in individ-
uals with elevated carboxypeptidase A due to pancreatic
diseases (24).

Originally, only a single form of apoC-11 containing 79
amino acids was identified in human plasma (15). Later, it
was suggested (11, 25) and subsequently established ex-
perimentally (26), that this species is actually proapoC-11.
ProapoC-Il undergoes proteolytic cleavage of its amino-
terminal hexa-peptide (underlined in Figure 1) to gener-
ate the mature form of apoC-ll which represents less than
5% of the plasma isoforms of apoC-l1l (26). It was sug-
gested (11, 26) that the membrane-bound proteolytic en-
zyme responsible for this cleavage is the same one that
cleaves proapoA-I to mature apoA-I, because residues 5, 6,
and 7 are identical in both proapoC-Il and proapoA-I.

ApoC-l11 occurs in human plasma in three isoforms de-
pending on the number of post-translational sialyl groups
added (27-29). The sugar moiety of apoC-IlI consists of 1
molecule of galactose, 1 molecule of N-acetyl-galactosamine,
and 0, 1, or 2 molecules of sialic acid for apoC-1l1y, apoC-I11,,
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and apoC-lll,, respectively. It was later determined (30,
31), that apoC-1ll, is missing not just sialic acid but the en-
tire sugar moiety. An elevated apoC-l11,/apoC-Ill; ratio
has been found in plasma of the uremic patients (32) and
hypertriglyceridemic patients with secondary anemia (33).
An apoC-lll; isoform (over-sialylation) characterized by
the addition of 3 molecules of sialic acid is also associated
with hypertriglyceridemia (30). Several additional apoC-
11l isoforms have been identified using high resolution
isoelectric focusing in immobilized pH gradients and have
been positively correlated with an elevated serum triglycer-
ide concentration (24). They appear to be in vivo hydrolysis
products of carboxypeptidase A activity, which splits off
the last four neutral amino acids from the C-terminus of
the apoC-llI.

The final example of polymorphism relevant to the cur-
rent study is an important experimental concern in poly-
morphism studies in general discerning between in vivo
polymorphism and events that occur after blood collec-
tion (34, 35). Several proteolytic enzymes, particularly car-
boxypeptidase A (36), increase their activity in pooled se-
rum over time promoting extensive degradation. The
apoC-Il and apoC-Ill ‘redox-forms’ identified by HPLC
appear to be due to the oxidation of methionine (37, 38).
Storing plasma at 4°C for 12 days increases the percentage
of oxidized forms of apoC-Il and induces significant alter-
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TABLE 1. Genetic isoforms of major human apolipoproteins from VLDL fraction

Amino Acid Relative

Isoform Code Substitution Charge AMMcalc, Da Reference/Comments
ProapoC-1l, MM = 8,914.9 Da NO 0 0 (15, 26) normal proapoC-Il (Table 1)

C-11 Nijmegen Valg[J stop +2 —6939.7 (71) apoC-ll deficiency, hyperlipidemia

C-1l Padova Tyrs; 0 stop +2 —4845.4 (72, 73) apoC-Il deficiency, hyperlipidemia

C-11 Paris2 Lys;o00 stop +2 —6840.6 (74) apoC-Il deficiency, hyperlipidemia

C-1l Bari Tyrs;0 stop +2 —4845.4 (75) apoC-II deficiency, hyperlipidemia

C-1l Hamburg (76) apoC-Il deficiency, hyperlipidemia

C-1l Paris Met,,[1 Val 0 —32.0 (77) apoC-l1 deficiency, hyperlipidemia

C-1l Toronto TegKFFLC7, +3 —459.4 (78, 79) disfunctional, hyperlipidemia

C-11 St. Michael

P70 SSFCAEGRGV TARPPISGQG ESPLLPyg +1 1608.8 (80) disfunctional, hyperlipidemia

C-l Gluggd Lys +2 -1.0 (66) hyperlipidemia

C-l Lys;o0 Thr -1 -27.0 (81)

C-ll Lysss(J GIn -1 0.0 (63-65) a lower cholesterol level in 8% of Nigerian population
ApoC-111 NO 0 0 (16, 25) normal apoC-I1I (Table 1)

C-1 AspysC Asn +1 -1.0 (82)

C-11 Thr,0 Ala 0 -30.0 (83) mutant apoC-Ill is not glycosylated

C-1 Lyssgd Glu -2 1.0 (84) deficiency, hyperlipidemia

C-111 Yucatan (85) deficiency, low levels of cholesterol and triglycerides
ApoE

E2 CyS110, CySisg -1 —53.1 (19, 20, 86) frequency 10%, increased risk of type 111 hyperlipidemia

E3 CyS110, ArQisg 0 0 (19, 86, 87) Fig. 1, frequency 75%

E4 Argiqp, Argisg +1 53.1 (19, 86, 87) frequency 15%, increased risk of Alzheimer’s disease

Thirty rare apoE
genetic variants

(22)

Isoform code name (if any), amino acid sequence modification, relative charge with respect to normal isoform, calculated molecular mass dif-
ference between genetic variant and normal apo (AMMecalc), references cited, and clinical significance of genetic mutation (if reported) are given.

ation in the apolipoprotein composition (38). Whether
oxidation also occurs in vivo and is of physiological impor-
tance has not been established (37, 38). Because of the
ease of oxidation of methionine, it has the potential for
serving as an in vivo probe for monitoring the oxidation
state of the lipid domains of lipoproteins, a factor linked
to atherogenesis (39, 40).

Until recently, 2-D gel electrophoresis (GE) has been
the most effective screening technique for the human

TABLE 2. Post-translational polymorphism of major human
apolipoproteins from VLDL fraction

Post-translational Relative AMMcalc,
Isoform Code? Isoform Charge pl Da
ApoC-lly proapoC-ll 0 4.82 0
ApoC-Il_y/» mature apoC-Il -Y, —710.8
ApoC-11_; sialo-proapoC-I1 -1 291.3
ApoC-Il_, disialo-proapoC-11 -2 4.50 582.6
ApoC-I1iP asialo-apoC-I11 +2 4.95 —947.9
ApoC-111; sialo-apoC-111 +1 4.80 —291.3
ApoC-1ll, disialo-apoC-II1 0 4.65 0
ApoE mature apoE3 0 6.02 0
ApoE¢ sialo-apoE3 -1 5.89 +291.3

Isoform code, relative charge with respect to the mature isoform
in circulation, pl value, calculated molecular weight difference be-
tween minor isoform and mature apolipoprotein (AMMcalc) are given.
Results from the following publications were used to compile this table:
(12, 26, 43) for apoC-Il, (12, 27-29, 43) for apoC-lll, and (23) for
apoE.

a2 The post-translational isoforms were assigned according to Ander-
son et al. terminology (88).

bThe common subscript coding for apoC-11l was introduced by
Schmitz et al. (43).

¢ The subscript coding was introduced by Zannis et al. (23).

Bondarenko et al.

apolipoprotein polymorphism (41-43). It has been used
in the identification of almost all genetic and post-transla-
tional apo isoforms presented in Tables 1 and 2. Apolipo-
protein phenotypes and genotypes have been assayed by
this technique. Because of the high resolving power of the
method in the IEF dimension, even minor structural dif-
ferences in apolipoproteins can be detected if they are
‘electrically non-neutral.” However, when one or even several
neutral amino acid residues were cleaved from apoC-ll|
(containing only 79 residues), the normal and truncated
isoforms were difficult to resolve by the 2-D GE technique
(24). This is because the second dimension, SDS gel elec-
trophoresis, lacks the mass measurement accuracy and
resolution needed to identify the truncated isoforms. As a
result of this limitation of the 2-D GE technique, many
cases of electrically neutral amino acid substitutions, oxi-
dation, attachments of electrically neutral sugars and
some other post-translational modifications remain “invis-
ible” to the screening method. The introduction of 252Cf-
plasma desorption mass spectrometry in 1974 (44), its
application to apolipoprotein characterization (31) and
subsequent second generation methodologies (45, 46)
has given us an opportunity to study apolipoprotein poly-
morphism based on accurate MM determination (47).
One of the first mass spectrometric applications was the
study of polymorphism of the apoC family after chromato-
graphic or electrophoretic separation or the tryptic di-
gests of the proteins (30, 31, 37, 48-50).

In this study, both MALDI and ESI-MS were investigated
for their potential for screening for polymorphism in the
apolipoproteins associated with VLDL. A method was de-
veloped for collecting and processing serum and isolation

MALDI and ESI MS of VLDL apolipoproteins 545
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of VLDL apolipoproteins in a form suitable for mass spec-
trometric analysis. Polymorphism profiles determined by
mass spectrometry were then correlated with previous
findings and some initial results were obtained on sub-
ject variability.

MATERIALS AND METHODS

Materials

Chemicals used were: acetic acid (Fisher Scientific, Fair Lawn,
NJ), acetonitrile (ACN; HPLC grade, EM Science, Gibbstown,
NJ), benzamidine (Sigma Chemical Co., St. Louis, MO), a-cyano-
4-hydroxycinnamic acid (Aldrich Chemical Co. Milwaukee, WI),
dimethyl sulfoxide (Burdick and Jackson Laboratories Inc.,
Muskegon, MI), ferulic acid (Aldrich), formic acid (88% solu-
tion, EM Science), ethylenediaminetetraacetic acid (EDTA; J. T.
Baker Inc., Phillipsburg, NJ), methanol (Mallinckrodt, Paris,
KY), sinapinic acid (Aldrich), sodium azide (Aldrich Chemical
Co., Milwaukee, WI), sodium bromide (NaBr; Fisher Scientific),
Sudan Black B (SBB; Sigma), sucrose (Fisher Scientific), trifluo-
roacetic acid (TFA, Pierce Chemical Co., Rockford, IL), phenyl-
methylsulfonyl fluoride (PMSF, Sigma), and deionized water
(HPLC grade, Burdick and Jackson). Protein standards were ob-
tained from Sigma Chemical, St. Louis, MO. The proteins, their
origin, and catalog number are, respectively: carbonic anhydrase
I, human, C-4396; insulin, bovine serum, 1-5500; and myoglobin,
horse heart, M-1882.

Serum/plasma collection

The serum or plasma (12 h fast) from a normolipidemic,
healthy 25-year-old white male (subject 1) was primarily used in
the study. For measuring subject variability, a 26-year-old white fe-
male (subject 2), a 31-year-old Hispanic female (subject 3) and a
60-year-old white female with type V hyperlipidemia (subject 4)
were included. At the time of blood collection, subject 4 pre-
sented a triglyceride level of 1600 mg/dL and a total serum cho-
lesterol level of 360 mg/dL.

Serum samples were collected by a blood draw into an un-
treated 7-mL Vacutainer™ tube (Becton Dickinson Systems,
Franklin Lakes, NJ). Blood was allowed to clot for 45 min at room
temperature followed by 50 g centrifugation for 20 min at 4°C.
The serum was recovered as the supernatant. For the analysis of
plasma samples, blood was collected in tubes containing 12 mg
K,EDTA. A preservative mixture was added to plasma samples ac-
cording to a procedure described previously (34). Each mL vol-
ume of sample was treated with 4 pL of 2.5% (w/v) sodium
azide, 1 pL of 1.0 m benzamidine, and 5 pL of 0.2 m phenylmeth-
ylsulfonyl fluoride.

Isolation of VLDL by single-spin preparative
ultracentrifugation (UC)

Details of the method used for separation of VLDL by ultra-
centrifugation are included in a recently published paper (51). A
200-p.L volume of serum or plasma sample was stained with 7 pL
of SBB in dimethyl sulfoxide (1% w/v) then diluted with deion-
ized water to a volume of 400 pL. A 20% (w/V) sucrose solution
containing sodium azide was used as a density gradient medium.
An 800-pL aliquot of this solution was pipetted into a 11 X 34
mm polycarbonate open-top centrifuge tube (Beckman Instru-
ments, Fullerton, CA) followed by placement of the sample layer
on top of the sucrose solution. The tube was then centrifuged in
a Beckman TL-100 ultracentrifuge equipped with a 30° fixed
angle TLA100.2 rotor at 436,000 g and 20°C for 6 h. After centri-
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fugation, a 200-u.L volume of the VLDL fraction was collected
from the top of the tube by aspiration (d < 1.006 gZ/ml).

The centrifugation was also performed using a NaBr density
gradient. The preparation of the ultracentrifuge medium in-
volved a series of solutions layered in the polycarbonate open-top
tube in the following order: 250 pL of 1.26 g/mL NaBr solution,
200 L of 1.10 g/mL NaBr solution, 207 pL of the stained
plasma, and 600 pL of water. All of the layering solutions con-
tained 0.01% EDTA and 0.01% sodium azide (34). The UC sepa-
ration was carried out as described in the sucrose density gradi-
ent UC procedure with the exception that the samples were
centrifuged for 3.5 h at 10°C.

Purity of VLDL fraction

For both ultracentrifuge procedures used to separate the
VLDL fractions, contamination by serum proteins was investi-
gated. Human serum albumin (HSA) was used as a marker for se-
rum protein contamination because of its high serum level and
affinity for associating with lipoprotein particles. Fractions were
delipidated and then analyzed for HSA by capillary electrophore-
sis (51) and MALDI mass spectrometry. An HSA standard gives a
peak with a characteristic effective electrophoretic mobility in
the CE analysis and a protonated molecular ion in the MALDI
mass spectrum. Neither analysis gave evidence for HSA in the
VLDL fraction. We conclude from these findings that all of
the proteins observed in the delipidated VLDL fraction are an in-
tegral part of the VLDL particle structure.

Delipidation of VLDL by solid phase extraction (SPE)

An SPE method was developed for fast delipidation of VLDL
and recovery of the apolipoproteins for mass spectrometric anal-
ysis. A 500-pL aliquot of the VLDL fraction pooled from the
VLDL fractions of three centrifuge tubes was acidified with 5%
(v/v) aqueous acetic acid to pH 2.6 and transferred to a tC18
light cartridge (SEP-PAK, #51910, Waters Corp., Milford, MA),
previously conditioned with 5% (v/v) acetic acid in ACN and 5%
(v/v) aqueous acetic acid. The cartridge was washed with 5 mL of
5% aqueous acetic acid solution to remove the density gradient
solute (sucrose or NaBr) and other water-soluble components. A
series of isocratic elutions was carried out with 50-uL volumes of
5% acetic acid in ACN. Each eluant fraction was tested for pro-
tein using the bicinchoninic acid (BCA) method (52). The first
and second fraction contained no protein but the third fraction
tested positive. The protein concentration was found equal to
~0.2 mg/mL. All subsequent fractions tested negative.

Efficiency of the SPE delipidation method

In the development of this method, numerous studies were
carried out to determine the efficiency of the method for the re-
covery of the apolipoproteins free from the lipid component. Us-
ing commercial insulin, apoA-l, apoA-11, apoC-I, 11, 111, apoE and
apoB-100 standards, it was determined that all of these proteins
except for apoB-100 elute in the 3rd 50-pL fraction and that the
recovery of these proteins was between 70 and 90%. LDL frac-
tions were also applied to the SPE cartridge and eluted. The
eluant was then analyzed by CE. If apoB-100 is present in the
sample, it gives a peak with a characteristic mobility in the elec-
tropherogram (51). No peak was detected. The conclusion is
that apoB-100 is not eluted under these conditions. Analysis for
the presence of cholesterol/cholesteryl esters and triglycerides in
the protein fraction was carried out using commercial kits. None
of these lipids was detected in the protein fraction. Continued
elution of the cartridge by twenty 50-uL fractions of acidified
ACN failed to elute the lipid fraction. Some of the VLDL lipids
were eluted from the cartridge when the solvent was changed to
chloroform. The conclusion of these findings is that the apolipo-
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TABLE 3. Calculated and experimental molecular mass values of human serum
apolipoproteins from delipidated VLDL fraction

MMecalc, MM = SD, MM = SD,

Code Identification Da Da MALDI Da ESI Reference
cI apoC-I without N-terminus Thr-Pro- 6432.4 64324 0.3 6432.3 = 0.5 this study
C-l apoC-I 6630.6 6630.6 calibr.  6630.6 calibr.  (13)

C-l apoC-Il 8204.1 82043 0.4 82043 £ 1.0 (26)
C-lloy oxidized apoC-1l, apoC-Il + 16 Da 8220.1 8220.2 + 04 8219.6 £ 1.0 (37)
C-llly’ apoC-llly without C-terminus -Ala 8693.6 8693.2 = 1.0 (30, 31)
C-lllg apoC-lll, 8764.7 8764.8 + 0.7 8763.6 = 2.0 (30, 31)
proC-ll proapoC-I1 89149 89148 +0.4 8914.8 = 0.5 (15, 25)
proC-lloy oxidized proapoC-ll, proapoC-ll + 16 Da 8930.9 8930.8 £ 0.4 8931.0 £ 0.6 (37)
C-ny” apoC-Il1, without C-terminus -Ala-Ala 9279.1 92791 +1.2 this study
C-11y’ apoC-111, without C-terminus -Ala 9350.2  9350.7 = 0.9 9351.7 £ 2.0 this study
C-l11y apoC-Illy 9421.3 94213 calibr.  9421.1 = 0.3 (16, 25)
C-l11,"” apoC-111, without C-terminus -Ala-Ala 9570.4  9569.8 + 0.8 (24)
C-l11y’ apoC-lll, without C-terminus -Ala 96415 96424 +1.0 (24)
C-lll, apoC-1ll, 97126 97125 + 0.7 9712.6 + 0.6 (16, 25)
C-I11y ? 9933.8 £ 0.2 9933.0 £ 2.0 this study
E2+ apoE3, two charges (z = 2) 34236.7 34238 £ 5 (17, 18)

apoE2 34183.6 —
E apoE3 34236.7 34242 + 10 (17, 18)
apoE4 34289.8 —

Amino acid sequences and reported post-translational modifications were used to obtain the calculated MM
values (MMcalc). The experimental MM values were measured using the MALDI-TOF and ESI-TOF techniques.

protein fractions are essentially free from lipids. The standard
methanol-ether delipidation protocol (53, 54) was also used for
comparison. The recovery of the method was found to be not as
high as for the SPE method. The mass spectra of apolipoproteins
recovered by the methanol-ether method indicated that the
level of water-soluble impurities was also higher. The first water
rinsing step in the SPE procedure is particularly efficient in re-
moving these impurities.

Mass spectrometry

The mass spectrometric measurements were performed using
an ESI time-of-flight (TOF) instrument constructed in our labo-
ratory (55) and a commercial MALDI-TOF (Moyager Elite XL,
PerSeptive Biosystems, Framingham, MA). The apolipoprotein
mixture eluted from the cartridge was injected directly into the
ESI instrument. The MALDI analysis was performed following a
published protocol (56). The matrices, including sinapinic acid,
ferulic acid, and a-cyano-4-hydroxycinnamic acid were dissolved
in methanol to a concentration of 20 mg/mL for each acid. Sina-
pinic acid was the most frequently used matrix because it pro-
duced fewer adduct and multiply charged molecular ions. Peak
broadening due to the desorption/ionization process was lower
than for the other two matrixes used to ascertain influences of
the sample preparation method on the mass spectra. First, a ma-
trix layer was prepared by applying 1 pL of the matrix solution to
the surface of a smooth stainless steel sample plate and allowing
it to dry. A finely divided crystalline layer was formed within a few
seconds. A 1-uL aliquot of the apo fraction eluted from the tC18
cartridge was diluted with 7 wL of H,O and 2 pL of matrix solu-
tion giving a solution with a composition of 20 mm matrix and an
estimated total apolipoprotein concentration (C apolipoproteins
and apoE) of 2 um. An aliquot (~0.5 pL) of the matrix-sample
solution was placed on the surface of the crystalline matrix depo-
sition and dried in air at room temperature. A 2-uL droplet of
deionized water was placed on top of the sample spot for 5 sec-
onds to dissolve water-soluble impurities on the surface. The
droplet was then shaken off and the sample spot was allowed to
dry again at room temperature. The stainless steel sample plate
was then inserted into the MALDI instrument. The plate was de-
signed to accommodate several samples at one time. Serum bo-

vine insulin (MM = 5,733.6) and horse heart myoglobin (MM =
16,951.5) were used as external MM standards for ESI and
MALDI. The MM values of apoC-l (6630.6) and apoC-lll;
(9421.3) measured for all subjects were found to be accurate to
within * 0.1 Da of the literature value. Subsequently, these two
apolipoproteins were used as an internal mass calibration for the
remainder of the study. The standard deviations of the mass mea-
surements for the proteins studied are given in Table 3.

RESULTS

Choice of protocol in sample purification
for mass analysis

The first measurements carried out followed a widely
used and established methodology: NaBr density gradient
UC of plasma from subject 1 with added preservative fol-
lowed by delipidation by solvent extraction, precipitation
of the VLDL apolipoproteins, and re-dissolution in 5%
aqueous acetic acid. The protein fraction was then ana-
lyzed by MALDI and ESI MS. The MALDI mass spectrum
contained peaks identified as the protonated molecules of
the C apolipoproteins as well as ions containing a variable
number of Na* ions because of the high residual NaBr in
the sample. The ESI spectrum contained no ions that
could be attributed to the apolipoproteins presumably
due to interferences from the high salt content in the
sample.

An aliquot of the same sample was also purified using
the tC18-SPE scheme and analyzed by MALDI and ESI.
The MALDI mass spectrum showed only protonated spe-
cies as the major species with no evidence for Na* adduct
ion formation. The ESI spectrum, in the absence of salt
contamination, contained a family of ions in the region
m/z 700-1600 which were identified as multiply proto-
nated molecules of the C apolipoproteins.
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Next, results were obtained using the second protocol
for recovering the apolipoproteins from VLDL where se-
rum instead of plasma was used with no added inhibitors;
NaBr was replaced by sucrose in forming the density gra-
dient for UC separation, and the removal of water soluble
impurities and delipidation were carried out in a single
operation using the tC18- SPE cartridge. The MALDI and
ESI spectra of the apolipoprotein fractions were found to be
nearly identical to what was obtained using the (plasma +
inhibitors)/NaBr-UC/ tC18-SPE procedure. There was no
evidence for enzymatically induced degradation and the
use of sucrose as the gradient solute did not alter the iso-
form distribution of the C apolipoproteins. The serum/
sucrose-UC/tC18- SPE method was adopted for the re-
mainder of the study for recovering the apolipoproteins
from the VLDL fraction.

MALDI analysis

Figure 2 shows a MALDI mass spectrum between m/z
6000 and 11,000 of the apolipoproteins derived from
VLDL using sinapinic acid as the MALDI matrix. The spec-
trum is complex with 15 components identified in the re-
gion m/z 6400-11,000 that are linked to the family of C
apolipoproteins based on their MM values. Peaks of
weaker intensity were observed at higher MM with masses
corresponding to apoE. A more definitive mass spectrum
was obtained by processing a larger volume of the VLDL
fraction (~1 mL) and removing the lower MM apolipo-
proteins by ultrafiltration because the presence of these
higher abundance species appeared to be adversely influ-
encing the ionization probability for the higher MM apo-
lipoproteins. The ultrafiltration was carried out using
30,000 MM cut-off micro-concentrators equipped with hy-
drophilic membranes (volume 0.5 mL, model Microcon-
30, Amicon, Inc., Beverly, MA). The low MM components
from the delipidated VLDL fraction penetrated the mem-
brane under a centrifugal force created by a Microcent
compact centrifuge (Fisher Scientific Company, Pittsburgh,
PA) spinning at 14,000 rpm for 10 min. Then, apoE and
other high-MM species were recovered by placing the micro-

concentrator upside down in a new vial and spinning for 5
min. The mass spectrometric detection efficiency for the
apoE protonated molecules was also increased by using an
ion transmission gate and detecting only the ions with m/z >
15,000. This mass spectrum is shown in Fig. 3. Two peaks
were observed at m/z 34,243 = 10 and m/z 17,120 = 5
which are in agreement with the expected values for proto-
nated (E) and doubly protonated (E2*) apoE3 (MM =
34,236.7 Da). The doubly charged protonated molecules
have a better accuracy and precision because they produce
a higher intensity signal and were interpolated between
the calibrants, horse heart myoglobin (MM + = 16,951.5
Da) and human carbonic anhydrase | (MM 28,781.1 Da),
used for external calibration. ApoB-100 is not eluted from
the tC18-SPE cartridge under the conditions for eluting
the other VLDL apolipoproteins because of its high affin-
ity for the stationary phase. Consequently, it was not
present in the samples studied by MALDI and ESI. CE anal-
ysis of these fractions also confirmed that no apoB-100 was
present based on the known effective electrophoretic mo-
bility of this species (57).

The three major C apolipoprotein classes, apoC-I,
apoC-11, and apoC-Ill including previously characterized
proapo, glycosylated, and truncated forms were identified
in the MALDI mass spectrum by correlation with their cal-
culated molecular mass values (see Table 3). The trun-
cated isoforms are labeled as apoC-X' or apoC-X'" in Ta-
ble 3 and Fig. 2 and the previously identified glycosylated
apoC isoforms are labeled as apoC-llly ;5. In addition, a
new isoform was observed: a truncated form of apoC-I la-
beled apoC-I’. An additional peak with an intensity com-
parable to the apoC-lll, peak was observed with MM 9933
Da which, based on additional evidence, has been as-
signed to a new isoform of apoC-Ill. This peak is labeled
C-Ill,. Table 3 lists the measured MM values for the trun-
cated isoforms with the missing components of the se-
quences identified in the second column. In addition to
the major apolipoproteins and their truncated isoforms,
the two isoforms of apoC-ll have satellite peaks 16 Da
higher than the MM of the parent species. These peaks

~ 6000

é pro C-11
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‘%’ 4000{ ©I grﬁ
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Fig. 2. Positive ion MALDI mass spectrum of
human serum apolipoproteins from the delipi-
dated VLDL fraction of subject 1. The molecu-
lar mass values of apolipoproteins from this
spectrum, averaged for three independent mea-
surements, are given in Table 3.
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Fig. 3. Positive ion MALDI mass spectrum of
human serum apolipoproteins from the delipi-
dated VLDL fraction of subject 1: high-mass
region.
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are due to oxidation of one of the two methionine resi-
dues in apoC-Il (37) and are included in the table as pos-
sible in vivo isoforms labeled proapoC-ll,, and apoC-ll,.
The peak labelled C-111, was found in the serum of all sub-
jects in both the VLDL and HDL delipidated fractions
with essentially the same intensity relative to apoC-111; and
apoC-Ill,.

Several other low intensity peaks are present in the
mass spectrum shown in Fig. 2 that are not consistently
observed in the spectra of delipidated VLDL samples from
other donors. The origin of these components is un-
known. Some appear to be correlated to sample age while
others appear to be donor dependent, possibly serum pro-
teins sequestered by VLDL.

ESI analysis

Figure 4 shows the positive ion ESI mass spectrum of an
aliquot of the same sample used to obtain the MALDI
spectrum shown in Figs. 2 and 3. Multiply protonated mol-
ecules of the apolipoproteins with overlapping bell-
shaped distributions of intensities dominate the ESI mass
spectrum. The ESI molecular masses presented in Table 3
were determined using the averaging algorithm described
earlier (58, 59). Briefly, after the charge states were as-
signed to the peaks in the mass spectrum (Fig. 4), the MM
value of each compound was calculated using the follow-
ing procedure. The mass-to-charge ratio (m/z) of a peak
was multiplied by its charge state (z) to give the mass of
multiply protonated molecules (m). The mass of all at-

2.50

1.50 -

Counts/Channel x103

0.50 -

Subject 1

1000

1250 1500

Mass (m/z)

Fig. 4. Positive ion ESI mass spectrum of multiply protonated molecules of the C apolipoproteins from the
VLDL fraction of subject 1. The m/z values of the multiply protonated molecules from this spectrum were
used to calculate the molecular weight values of individual compounds. One letter code for C apolipopro-
teins: ¢’, apoC-I’; ¢, apoC-I; d’, apoC-lI; f, apoC-llly; d, proapoC-II; h, apoC-lily; j, apoC-lll,; v, apoC-lll.
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TABLE 4. Numbers of the individual basic amino acid residues
(see Fig. 1), total number of the basic amino acid residues along
with an N-terminal amino group, MM value, pl values of the apos,
and the experimentally observed maximum charge of the
species in the ESI mass spectrum from Fig. 4

Total

Arg Lys His number Maximum
Apo R) K H) 1 pl MM, Da Charge
ApoC-I 2 9 0 12 6.5 6,630.6 11
ApoC-Il 1 6 0 8 5.0 8,914.9 8
ApoC-111 2 6 0 9 4.8-5.1 ~9,500 9

The (M + 11H)+ molecular ion of apoC-1 is not shown in Fig. 4.

tached protons (1.0079 X z) was subtracted from m to give
the MM value of the compound, m — 1.0079 X z = MM.
These MM values calculated from each peak of the com-
pound were averaged to produce the average MM value of
the compound.

A feature of the ESI method was found to be particu-
larly useful in this study. Earlier studies by others have
shown that for a large number of proteins prepared in
acidic solutions, an approximately linear correlation is ob-
served between the maximum number of attached pro-
tons in the ESI spectrum and the number of basic amino
acid residues (arginine, lysine, histidine) (60, 61). This
correlation was tested for the C apolipoproteins. Table 4
lists the following information related to each apoC spe-
cies: numbers of the individual basic amino acid residues
in the C apolipoproteins, total number of the basic amino
acid residues including the N-terminal amino group, pl
value, MM value, and the maximum number of protons
added to apolipoprotein molecules. The total number of
the basic amino acid residues is consistent with the maxi-
mum charge state. Hence, in addition to molecular mass,
an electrospray mass spectrum provides additional infor-
mation on amino acid composition of the unknown com-
pounds. For example, the charge distribution of molecu-
lar ions of the truncated isoform of apoC-l1 which is
identified as apoC-1’ in Table 3, is similar to the distribu-

tion of apoC-I which means that they have the same num-
ber of basic residues.

Correlation and summary of the MALDI and
ESI mass-spectral interpretation

All of the isoforms observed by ESI were also observed
by MALDI. Several isoforms observed by MALDI, all low
intensity peaks, were not detected in the ESI analysis be-
cause of interferences from the high density of multiply
charged ions of the more prominent species in the molec-
ular ion manifold (Fig. 4). The same 17 apoC isoforms
(within =1 Da), were observed in the serum of the four
subjects participating in the study but there were differ-
ences in relative intensity. The normal concentrations of
apoC-l, apoC-ll, and apoC-lIl in VLDL have been re-
ported as 0.1, 0.9, and 2.4 mg/dL, respectively (62). The
molar concentrations, more relevant to mass spectral
peak intensities, were calculated as 0.2, 1.0, and 2.5 pm, re-
spectively. The relative intensities of the peaks in the ESI
and MALDI mass spectra (Fig. 2 and Fig. 5) for these
apolipoproteins reflect these concentrations except for
apoC-l. In both spectra, the relative intensity of apoC-I
protonated species is higher than its known relative molar
concentrations in VLDL. The precision of the relative mo-
lecular ion intensity measurements was found to be better
from the ESI results. Consequently, the study of subject-to-
subject variation in relative molecular ion intensities was
obtained from ESI data.

Presentation of the ESI data as a
deconvoluted mass spectrum

The complexity of the ESI spectrum due to the overlap-
ping charge distributions of the C apolipoproteins can be
reduced to a simpler histogram format where the peak in-
tensities (heights) of the family of multiply charged ions
for each component are summed. Figure 5 shows the re-
sulting deconvoluted (58) ESI mass spectrum. The rela-
tive intensity of apoC-l in the mass spectrum is the highest
of the three C apolipoproteins even though its molar con-

1.0 e [ Subject 1
> 0.8 1
g ]
= 0.6 Fig. 5. The deconvoluted ESI mass spec-
; T4 or 1o trum of the C apolipoproteins from the VLDL
2 ] M P fraction of subject 1. The height of each line
g . (651 in the histogram represents the relative inten-
§ 04 ] C-Imn, sity of a particular apoC isoform in the ESI
& ] mass spectrum.
0.2
] G C-1IT
X i i, |‘| C-III,
00—l T . s
C C d f d h ] v
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550 Journal of Lipid Research Volume 40, 1999

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

centration in serum is the lowest, by an order of magni-
tude. The enhanced ion intensity can be attributed to two
features of the ESI-TOF technique. First, the electrospray
ionization efficiency of apoC-l is higher than other apo-
lipoproteins. ApoC-I more readily accommodates protons,
because it has a larger number of basic amino acid resi-
dues per mass unit than other apolipoproteins (see Table
4). This effect leads to the higher yield of molecular ions
with lower m/z values in the mass spectrum (Fig. 4), and
to the broader range of the charge states (from 5+ to
11+). Second, detection efficiency in the TOF mass spec-
trometry increases with decreasing m/z values. The same
considerations can be used to explain an elevated inten-
sity of the protonated apoC-l1 molecules in the MALDI
mass spectrum. The histogram format of the presentation
of the ESI data was adopted for comparing apoC profiles
of different donors. Because of variability in the overall in-
tensities of the mass spectra from run to run, an internal
intensity standard was selected using the intensity of the
apoC-1 line in the histogram as a normalization intensity
with an assigned value of 1 as shown in Fig. 5. ApoC-I was
selected because it has the highest and least variable ion in-
tensity and the fewest number of isoforms. The identification
of these isoforms is included in the Discussion section.

ESI study of the C apolipoprotein intensity profile;
subject variability

A compiled histogram representation of the data for all
donors is shown in Fig. 6 with the apoC-I intensity serving
as an internal standard normalized to unity for each donor.
Relative intensities of apoC-I’, apoC-I, apoC-llly, apoC-lily,
and apoC-l1l, showed a spread of ~20% between the three
normolipidemic donors. The hyperlipidemic donor (sub-
ject 4) exhibited an approximately 3-fold enhancement in
apoC-lll; and apoC-lll, levels and a 3-fold decrease in
apoC-1’ level relative to the normolipidemic subjects.

Truncated isoforms

In the overview of the results obtained from the mass
spectrometry studies, as described above, evidence for the
presence of truncated isoforms for each of the C apolipo-

proteins was clearly indicated in the MALDI mass spectra.
The minor truncated isoforms of apoC-I11 were not clearly
detected in the ESI mass spectra because of low peak in-
tensities (and concentrations) of these isoforms. The
identification of the missing residues was made by com-
paring measured MM values with the amino acid se-
quence. On the basis of the calculated and experimental
mass differences (A, Da), the truncated isoforms were
identified as follows:

apoC-1" apoC-I, missing Thr-Pro at the N-terminus,
Acalc = —1982, AMALDI = _1983 * 03,
apoC-IlI: proapoC-Il, missing Thr-GIn-GIn-Pro-GIn-GIn at
the N-terminus,
Acalc = _7108, AMALDI = —-7105 =+ 04,
AESI = —-7114 = 10,
apoC-llly’: apoC-111,, missing Ala at the C-terminus,
Acalc = _711, AMALD| = _716 + 10,
apoC-Il1;'": apoC-Ill4, missing Ala-Ala at the
C-terminus,
Acalc = —1422, AMALDI = —142.4 + 12,

apoC-ll1;": apoC-1114, missing Ala at the C-terminus,
Acaic = —71.1; Ayarpr = —70.6 = 0.9;
apoC-Ill,'": apoC-Ill,, missing Ala-Ala at the
C-terminus,
Acalc = _1422, AMALDI = —142.7 = 08,
apoC-l1l,": apoC-lll,, missing Ala at the C-terminus,
Aca|c = —-71.1; AMALDI = —-70.1 £1.0;

Most of these truncated isoforms have been previously
identified. The truncated apoC-I isoform, apoC-I’, lacking a
Thr-Pro at the N-terminus has not previously been reported.

DISCUSSION

Genetic polymorphism

The high mass accuracy and resolving power of mass
spectrometric methods used in this study translates to a

[ ] Subject 1
EE Subject2
Subject 3
B Subject 4

Fig. 6. The deconvoluted ESI mass spec-
C-II, trum of the C apolipoproteins from the VLDL
fraction of the four subjects studied.
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sensitivity of a single amino acid substitution if the mass
shift is greater than =1 Da. Among the known genetic
variants, only the apoC-Il variant, apoC-ll (128.17 Da,
Lysss [0128.13 Da, Glngs) (63-65) falls within this uncer-
tainty window. This substitution has been identified by iso-
electric focusing gel electrophoresis (64) based on a de-
tectable pl difference. The apoC-Il variant, apoC-I1l (129.12
Da, Glugg1128.17 Da, Lysgg) (66), if present, can be de-
tected at the 60% confidence level (CL) based on the
known accuracy and precision of the MM measurement.
All other known variants of the C apolipoproteins can be
identified at the greater than 99.9% CL on the basis of
measured MM shifts.

The C apolipoproteins MM profiles for the four subjects
participating in the study were measured and compared
with the literature MM values. Within the mass accuracy win-
dow of the measurement, all of the subjects presented with
the same and most frequently encountered genetic forms.

Post-translational modifications

An analysis of the mass spectra shows that apoC-Il oc-
curs as two isoforms: proapoC-I11 and mature apoC-1l. The
mature apoC-I1 constitutes ~10% of the relative intensity of
the VLDL proapoC-1l in both the MALDI (Fig. 2) and ESI
(Fig. 5) mass spectra. This relative abundance is consistent
with the relative plasma concentration of the mature
apoC-Il (5%) previously reported in relation to the total
apoC-Il population as determined by two-dimensional gel
electrophoresis/Zimmunoblot analysis (26). Two minor
isoforms were also observed for both apoC-ll1; and apoC-
111,. Only one of these two isoforms types was detected for
apoC-lll, which has the lowest intensity of the apoC-IlI
variants. Based on the MM values, these minor isoforms
lack one (Ala) and two (Ala—Ala) C-terminal residues. Pre-
vious studies also reported additional isoforms of apoC-I11
based on high resolution 2-D GE measurements and it was
postulated that they may be the result of carboxypeptidase
cleavage within a quartet of neutral residues at the C-
terminus (24). Our findings support this postulate and
specifically identify the cleavage sites as C-terminal amino
acids Ala;g and Ala;g. Both untreated serum and plasma
containing proteolytic inhibitors showed equivalent rela-
tive intensities of these truncated isoforms suggesting that
these deletions probably occur in vivo.

To our knowledge, this study is the first to observe the
truncated apoC-l isoform, apoC-1’, lacking two electrically
neutral amino acid residues Thr-Pro from the N-terminus.
This truncated isoform was observed for all four subjects
and the subject-to-subject variation in intensity of the apoC-
I’ peak relative to the apoC-l peak was essentially the same
for the normolipidemic subjects (1, 2, and 3). ApoC-I’ is a
major component, constituting 30% of the apoC-I popula-
tion based on both the MALDI and ESI data while for the
hyperlipidemic subject (4) it was significantly lower (20%).
The mechanism for processing apoC-I to apoC-l’ may in-
volve the action of dipeptidyl peptidase IV (EC 3.4.14.5) in
sera, a widely distributed proline-cleaving protease specific
for NH,-X-Pro- which is the N-terminal sequence for apoC-I
or to post-proline cleaving enzyme (PPCE) (67, 68).
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Isoforms due to glycosylation and the
new isoform, apoC-lll,

Mass spectrometry has been particularly powerful in
the study of glycoprotein structures through fragmenta-
tion studies and analysis of enzyme degradation products.
In this study, mass spectrometry was used to identify apoC
isoforms due to glycosylation by measurement of the
added MM. All of the known apoC-l1l glycoproteins and
their minor truncated isoforms were identified in the
MALDI and ESI mass spectra.

One low intensity peak in the MALDI spectrum (Fig. 2)
was identified and postulated to be a glycosylation isoform
of apoC-11l not previously observed. It is labeled apoC-Ill,
(MM = 9,933.8 Da). The charge distribution of species
apoC-Ill, (‘v in the ESI mass spectrum of Fig. 4) was
found to be close to that for apoC-ll14, an indication that
the two species have the same number of charged residues
per mass unit and most likely the same protein backbone.
It is possible that this isoform was not previously observed
by IEF analysis because it has the same pl as apoC-ll1; or
apoC-lll,.

Isoforms due to oxidation

Mass spectrometry is particularly sensitive to small dif-
ferences or changes in the composition of the apolipopro-
teins. In order for mass spectrometry to be useful as part
of an apolipoprotein analysis protocol, the relationship
between the species identified in the mass spectrum and
the in vivo species is an important and difficult issue to ad-
dress. To minimize the perturbation, the time for analysis
after blood draw was reduced to a minimum and samples
requiring storage were kept at low temperature. The spe-
cies most sensitive to in vitro oxidation were found to be
proapoC-Il, the most intense ion in the MALDI spectrum,
and its truncated form, apoC-Il, resulting in oxidation of
one of the two methionine residues to an extent where
they become the dominant forms in some samples. The
other C apolipoproteins, under these circumstances, show
some evidence for methionine oxidation but not to the
same extent as proapoC-ll and apoC-ll. The spectrum
shown in Fig. 2 shows the oxidized forms of proapoC-lI
and apoC-ll as satellite peaks with no evidence for oxida-
tion of the other apolipoprotein C species. The level of
oxidized proapoC-ll in the mass spectrum has been
adopted as an internal marker for sample oxidation. The
susceptibility of proapoC-11 and apoC-11 to methionine ox-
idation suggests that the conformation of this protein in
the denatured state exposes these residues to oxidizing
species while the other C apolipoproteins evidently adopt
conformations that protect their methionines.

When samples analyzed by both MALDI and ESI-MS
showed high levels of oxidized proapoC-Il and apoC-Il, an-
other peak also appeared in the mass spectrum with MM of
9131 *+ 2 Da in the MALDI spectrum and 9130 = 1 Da in
the ESI spectrum (not shown in Fig. 4). This MM value is
consistent with an isoform of apoC-Il1; with the terminal
sialic group missing from the sugar side chain, apoC-
Ilg giyc- This species does not appear to be an in vivo form
because it is present in the mass spectra only when the ox-
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idized proapoC-1l and apoC-Il forms are present in high
abundance. Most likely, it is formed by an oxidative pro-
cess resulting in vitro desialylation of apoC-Iil;.

Quantitative polymorphism

Quantitative polymorphism is defined as a subject-to-
subject variation in apolipoprotein concentrations. In this
study, the quantitative polymorphism measurement was
restricted to the relative ion intensity measurement of the
C apolipoproteins in VLDL. The objective of this compo-
nent of the analysis is to develop a base line relative inten-
sity pattern for normolipidemic individuals which is then
compared with a dyslipidemic individual to identify spe-
cies in the pattern that exhibit relative intensities that ap-
pear to be different from the normal distribution.

As shown in Fig. 6, the relative ion intensities of the C
apolipoproteins, after normalizing to the intensity of
apoC-l, are within a narrow range of =20% for the three
normolipidemic subjects. Subject 4, who had a lipopro-
tein pattern consistent with type V hyperlipidemia, had an
apoC-11I level that is 3 times that of the normolipidemic
subjects. ApoC-111 enhancement for hyperlipidemic indi-
viduals has been documented in the literature using im-
munoassay (69). In addition to apoC-lll enhancement,
subject 4 also exhibited a decrease by a factor of 2 of the
level of apoC-I’, the new truncated isoform identified in
this study. This finding for one subject warrants a more in-
depth clinical assessment to establish this link, but it sug-
gests a possible diminishing of dipeptidyl peptidase IV ac-
tivity, the enzyme suggested to be active in the truncation.
A reduction of this enzyme activity has been linked to ag-
ing (67).

The limited data set obtained in this study suggests that
efforts to improve quantitation in mass spectrometry are
warranted and could provide additional markers for dyslipi-
demias. Based on the results obtained in this study, MALDI
appears to offer higher sensitivity for the minor isoforms as
well as generating mass spectra that do not require decon-
volution of multiple charge states. A MALDI protocol incor-
porating high mass accuracy and good precision in relative
ion intensity measurements has the potential of being an
important addition to apolipoprotein analysis.

Biochemical and clinical applications of mass
spectrometry of the C apolipoproteins and apoE

The most important feature that mass spectrometry
brings to the apolipoprotein analysis is that it is a multi-
component analysis with high specificity over the entire
isoform distribution and in a single measurement requir-
ing a few minutes of data acquisition time. The analysis is
not dependent on antibody reactivity and is sensitive to
isoforms that have similar MM values and the same pl
(‘electrically neutral’ polymorphism (70)). The new trun-
cated isoform of apoC-I detected in this study illustrates
how isoforms with the same pl and similar MM values can
be resolved and identified. Mass spectrometry makes
more accessible the ‘electrically neutral’ polymorphism of
the apolipoproteins. Many of these isoforms may consti-
tute a part of the normal population and are invariant to

any pathology. From a different perspective, the better ac-
cessibility of these isoforms to analysis provided by mass
spectrometry may give more insights in the role of these
species in human metabolism.

Phenotyping apoE by accurate MM measurement has
the potential for a more specific assay of this important
apolipoprotein. There is a 53 Da mass difference between
apoE2, E3, and E4. This mass difference is larger than the
resolution and accuracy of the MM mass measurement. As
an example, the subject who provided the serum for the
apoE mass spectrum shown in Fig. 3 was not genotyped
for apoE. However, it is possible to phenotype the individ-
ual based on mass spectral evidence. The spectrum con-
sists of a single apoE component with MM 34242 = 10 Da.
Based on these observations, we identify this individual as
an E3 homozygote.ff
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