ASBMB

JOURNAL OF LIPID RESEARCH

I

Site-specific methionine sulfoxide formation is the
structural basis of chromatographic heterogeneity
of apolipoproteins A-l, C-ll, and C-lli

Arnold von Eckardstein,’* Michael Walter,*'7 Holger Holz,* Alfred Benninghoven,**

and Gerd Assmann*'{

with the technical assistance of Alois Roetrigef and Renate Kockf **

Institut fiir Klinische Chemie und Laboratoriumsmedizin, Zentrallaboratorium,* Westfalische Wilhelms-
Universitat Miinster, Albert-Schweitzer-Strasse 33, D-4400 Minster, Germany; Institut fiir
Arterioskleroseforschung an der Universitit Miinster,f Domagkstrasse 3, D-4400 Miinster, Germany; and
Institut fiir Physik,** Westfilische Wilhelms-Universitit Miinster, Corrensstrasse 41, D-4400 Miinster,

Germany

Abstract ApoA-I and apoC-II are eluted in two isoforms and
apoC-III; is eluted in three isoforms by reversed phase high per-
formance liquid chromatography (HPLC). The structural basis
of these nongenetic heterogeneities was unravelled using HPLC
of proteolytic peptides and time-of-flight secondary ion mass
spectrometry (TOF-SIMS). In apoA-I, the chromatographic
microheterogeneity was caused by the formation of methionine
sulfoxides (MetSO). However, only residues Met;;; and Met,4g
were found oxidized, whereas Metg; was unaffected and also
resistant towards artificial oxidation. To assess whether and to
what extent amino acid substitutions in apoA-1 might affect
methionine sulfoxidation, the tryptic peptides of 13 different
mutant apoA-I proteins from 24 heterozygous apoA-I variant
carriers were analyzed by HPLC. In normal apoA-I, the ratios
MetSO,2/Met;;; and MetSO,4s/Met4g were highly variable.
By contrast, the relative ratio of oxidation of methionine
residues 112 and 148 was constant. The amino acid changes
Lysijp;—~>Met, Lys;;=0, Gluy30—Gly, Gluy,—Val, and
Pro,ss— Arg resulted in the preferential oxidation of Met; 3, and
Aspyo3—Asn resulted in a preferential oxidation of Met 4g;
whereas Pro;—Arg, Pro;—His, Pro,—Arg, Aspg—Glu,
Ala 53— Asp, Glu;gs—Lys, and Aspy;3—Gly had no impact.
ApoC-II and apoC-III isoforms differed by the oxidation of the
two methionine residues in these proteins. Whereas in apoC-II
both methionine residues were oxidized in parallel, in apoC-III
the two methionine residues differed in their susceptibility
towards oxidation. Bl We conclude that the formation of
MetSO depends on the molecular microenvironment within a
protein. —von Eckardstein, A., M. Walter, H. Holz, A. Ben-
ninghoven, and G. Assman. Site-specific methionine sulfoxide
formation is the structural basis of chromatographic hetero-
geneity of apolipoproteins A-I, C-II, and C-III. J. Lipid Res.
1991. 32: 1465-1476.

Supplementary key words posttranslational medification * lipopro-
tein oxidation * apoA-I mutants = secondary structure * hinged do-
main « LCAT « HPLC « TOF-SIMS

Apolipoproteins undergo various posttranslational
modifications, e.g., proteolytic cleavage, glycosylation,

phosphorylation, acylation, deamidation, and oxidation
(reviewed in 1). Some of these modifications cause elec-
trophoretic or chromatographic heterogeneities, which
have been traced back to their structural origin, e.g., to
the presence of propeptides or of glycosylation (1). Other
nongenetic apolipoprotein polymorphisms are not entire-
ly understood, e.g., that of apoA-I upon isoelectric focus-
ing (IEF). By this technique apoA-I is separated into five
isoforms. The most cathodic isoform corresponds to
proapoA-I; representing the secretion form of apoA-I (2,
3). Intraplasmatic removal of the aminoterminal hex-
apeptide by a yet unidentified proapoA-I-propeptidase
results in mature apoA-I. The corresponding isoform,
apoA-1;, focuses two relative charge units anodic from
proapoA-I,. The other three isoforms, proapoA-I;, apoA-
I, and apoA-I;, are due to nonenzymatic degradation of
apoA-I; and proapoA-I,, respectively, putatively either by
deamidation (4) or oxidation (5). Other nongenetic pro-
tein polymorphisms have been demonstrated for apolipo-
proteins A-I, A-II, C-II, and C-III (6-8) by reversed
phase high performance liquid chromatography (HPLC).
Using this technique, apoA-I and apoC-II were eluted in
two fractions, and apoA-II and apoC-III in three frac-
tions. Based upon the results of cyanobromide cleavage
studies, the chromatographic apoA-I and apoA-II
isoforms were suggested to differ by their relative content
of reduced and oxidized methionine residues (6).

Abbreviations: apo, apolipoprotein; HDL, high density lipoprotein;
HPLC, high performance liquid chromatography; IEF, isoelectric focus-
ing; LCAT, lecithin:cholesterol acyltransferase; LDL, low density lipo-
protein; Met, methionine; MetSO, methionine sulfoxide; TOF-SIMS,
time-of-flight secondary ion mass spectrometry; VLDL, very low densi-
ty lipoprotein.
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The functional implications of the posttranslational
modifications demonstrated in apolipoproteins by IEF or
HPLC are not entirely understood. Storage, alkaline
treatment, and lipid peroxidation of HDL were reported
to change the expression of specific apoA-I epitopes
towards monoclonal antibodies (9, 10). In synthetic pep-
tides imitating the apoA-I primary structure, the oxida-
tion of methionine to methionine sulfoxide (MetSO) has
been shown to interfere with the formation of am-
phipathic o-helices, the central characteristic of apoA-I
necessary for its lipid binding and LCAT activation pro-
perties (6). Thus, irrespective of whether or not these
nongenetic polymorphisms do occur in vivo, their struc-
tural elucidation will be important for our understanding
of apolipoprotein functions at least in in vitro tests.

Recently, our laboratory reported a simple and rapid
method for the structural analysis of mutant apolipopro-
teins using HPLC and time-of-flight secondary ion mass
spectrometry (TOF-SIMS) (11). TOF-SIMS has made it
possible to determine the molecular mass of peptides up
to 3,000 Da with an accuracy of + 1 Da, thus allowing
precise identification of amino acid substitutions in
several variants of apoA-I and apoC-1III without sequenc-
ing the whole variant protein (11-15). Since certain
modifications of amino acids, e.g., oxidation of
methionine, cannot be unravelled by sequence analysis,
we also used this technique to elucidate the structural
bases of the chromatographic heterogeneities in apolipo-
proteins A-I, C-II, and C-III. They could be related to
the presence or absence of MetSO. Detailed analysis
revealed that in apoA-I only two of three methionine
residues are oxidized, thus suggesting that the intramole-
cular microenvironment of proteins influences the forma-
tion of MetSO. This hypothesis was tested by the
evaluation of 13 different natural apoA-I variants with
known defects (11-13, 16-18).

MATERIALS AND METHODS

Preparation of apolipoproteins A-I, C-II, and C-III,

Isoproteins of apolipoprotein A-I, C-II, and C-III were
prepared from EDTA-plasma as previously described by
our laboratory (11-15). ApoA-I variants were prepared
after a maximum storage of 12 weeks at — 20°C. In detail,
VLDL (for apoC-II and apoC-IIl,;) and HDL (for apoA-
I) were isolated from plasma by sequential ultracentri-
fugation and delipidated with ethanol~ether 3:1 v/v. After
solubilization in buffer (containing 5 mM sodium dihy-
drogen phosphate, 1% decylsulfate (w/w), 100 mM
dithiothreitol, and 6 M urea pH 8.0), apolipoproteins
were separated by IEF in preparative gels with immobiliz-
ed pH gradients (Pharmacia-LKB, Bromma, Sweden)
ranging from pH 3.75 to 5.25 (apoC-II and apoC-III,) or
from pH 4.5 to 5.5 (apoA-1) which, after washing, were
rehydrated in a solution with 6 M urea and 15% glycerol
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(w/v). After overnight separation at 2000 V, 15 mA, 5 W
and 10°C and for 4 additional hours at 3000 V, gel strips
containing the isoproteins were cut out without prior
staining. After electroelution for 24 h at 4°C in 0.05 M
Tris-HCI buffer (pH 9.0) and dialysis against 0.01 M am-
monium hydrogen carbonate (pH 7.8) for an addition 24
h the protein solutions were lyophilized and stored at

- 20°C.

Demonstration of the chromatographic heterogeneity
of apoA-I by reversed phase HPLC

One hundred pg apoA-I dissolved in 0.01 M am-
monium hydrogen carbonate was separated by reversed
phase HPLC using a C18 wide-pore column (300 A) with
a length of 250 mm and a diameter of 4 mm (Baker, Phil-
lipsburg, NJ). The gradient was formed by two solutions
with 0.1% trifluoroacetic acid (eluent A) and 100% ace-
tonitrile in 0.1% trifluoroacetic acid (eluent B). The flow
rate was 1 ml/min. The gradient was started with 40%
eluent B. The acetonitrile content was linearily increased
to 90% within 50 min and subsequently decreased to 40%
within 10 min.

The same HPLC method was used to separate apolipo-
proteins of 100 pug undelipidated HDL or proteins that
were precipitated from 100 ul plasma by incubation/deli-
pidation with chloroform-methanol 2:1 for 24 h at 20°C.

Demonstration of the chromatographic heterogeneity
of apoC-II and apeC-I11,

Chromatographic isoforms of apoC-II and C-III were
separated by a procedure similar to that described above
but using a different HPLC column (LiChrospher CH18,
Merck, Darmstadt, Germany; length, 250 mm; diameter,
4 mm; pore width, 100 A) The acetonitrile content was
increased to 30% within the first 10 min, to 45% within
the following 15 min, and to 100% within the last 10 min.

Oxidation of apoA-I

ApoA-I was oxidized using either ¢) hydrogen peroxide
or i) chloramine T. /) One mg apoA-I was dissolved in
100 mM ammonium bicarbonate and 0.5 mM EDTA (pH
8.0) to a final protein concentration of 2.5 mg/ml. Hydro-
gen peroxide was added to a final concentration of 200
mM and the mixture was incubated overnight at 4°C.
The reaction was completed by the addition of 465 U
catalase (Sigma, St. Louis, MO) for 1 h. Subsequently the
mixture was lyophilized and purified by reversed phase
HPLC using the 300 A column as described above for
apoA-I. Oxidation of apoA-I with hydrogen peroxide was
performed in the absence and in the presence of 6 M
guanidinium hydrochloride. i) For oxidation with
chloramine T, 1 mg apo-I or HDL (protein) was in-
cubated with 20 pl PBS buffer containing 1 mg/ml
chloramine T overnight at 37°C.
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Reduction of apoA-I1

For reduction studies, 1 mg apoA-I or HDL was in-
cubated at 37°C either for 48 h in a buffer containing 0.1
M acetic acid and 5% mercaptoethanol (v/v) or, subse-
quent to oxidation with chloramine T, for 3 h in a buffer
containing 10% dimethyl sulfide (v/v).

Proteolytic digestion of apolipoproteins

Five hundred pg lyophilized apoA-I, apoC-II, or
apo-C-III, isoproteins were solubilized in 0.01 M am-
monium hydrogen carbonate (pH 7.8) and digested either
with trypsin (Cooper Biomedical, Wiesbaden, FR.G.; sp
act: 212 U/mg protein) at a ratio of 40:1 (w/w) with endo-
proteinase lysine C (Boehringer Mannheim GmbH,
F.R.G.; sp act: 150 U/mg protein) at a ratio of 125:1 (w/w).
The solutions were incubated for 24 h at 37°C.

HPLC separation of proteolytic peptides

The proteolytic digests were separated by reversed
phase HPLC using a LiChrospher CH18 HPLC column
(Merck, Darmstadt, F.R.G.; length, 250 mm; diameter, 4
mm; pore width, 100 A) Conditions of eluents and flow
were as described before. The acetonitrile content was in-
creased to 40% within 55 min and to 100% in the follow-
ing 2 min. A peak detector monitoring at 215 nm and a
fraction collector (Pharmacia-LKB, Bromma, Sweden)
were used to separately collect the peptides. Data from the
peak detector were processed using a personal computer
and commercially available software (Wavescan, Phar-
macia-LKB, Bromma, Sweden). Peak areas of methio-
nine as well as of MetSO-containing peptides were
integrated using a subdirectory of this program (Nelson).

Characterization of proteolytic peptides by mass
spectrometry and sequence analysis

The molecular masses of the peptides contained in
HPLC fractions were analyzed by TOF-SIMS (11). Se-
quence analyses were performed by automated gas-phase
protein sequencing (Applied Biosystems, Foster City,
CA). The peptides were aligned to the sequences of apoA-
I (19), apoC-II (20), and apoC-III (21). In the following,
Tn (n = 1,2,3,..) designates tryptic peptides and Ln
(n = 1,2,3,...) endoproteinase lysine C proteolytic pep-
tides (Table 1, Table 2, Table 3). By the enumeration, we
anticipated complete digestion of the protein at the typical
digestion sites (i.e., carboxyl terminal of lysine and ar-
ginine in the case of trypsin and carboxyl terminal of
lysine in the case of endoproteinase lysine C, respective-
ly). Actually, digestion was not always complete. In these
cases, the peptides were termed as Th-(n + k) or Ln-
(n + k), where n represents the amino terminal pro-
teolytic peptide and k gives the number of consecutive
potential cleavage sites.

von Eckardstein et al.

RESULTS

Demonstration of the chromatographic heterogeneity
of apoA-I

Reversed phase HPLC of isolated apoA-I, of undeli-
pidated HDL, or of proteins obtained subsequent to a
24-h chloroform-methanol delipidation of 100 ul plas-
ma resulted in the separation of two apoA-I isoforms,
apoA-I, and apoA-Ip (Fig. 1). Both isoforms exhibited a
typical apoA-I banding pattern upon isoelectric focusing.
By immunoblotting, both bands were shown to contain
apoA-I (not shown). Proteolysis of these two chromato-
graphic isoforms either with trypsin (Fig. 2) or with endo-
proteinase lysine C (not shown) and subsequent HPLC of
the digests resulted in distinct chromatograms. They
differed by the retention times and peak areas of those
fractions containing tryptic peptides T16 and T22 or the
endoproteinase lysine C peptides L11-12 and L15 (see
Figs. 2 and 5). Upon TOF-SIMS analysis of peptides ori-
ginating from isoform apoA-Ip, molecular masses of
T16y,, T22;, and L11-12, corresponded to those that were
predicted from the sequence analyses: 1283 Da, 1031 Da,
and 1668 Da, respectively. By contrast, the respective
apoA-I, peptides T16,, T22,, and L11-12, exceeded the
molecular masses that were expected from the sequences
by 16 Da. The calculated mass of L15 (4823 Da) was too
high to be determined by TOF-SIMS.

Demonstration of the chromatographic heterogeneities
of apolipoproteins C-II and C-III

Freshly isolated apoC-II was separated in two isoforms
A and B (Fig. 3). Proteolysis of the two apoC-II isoforms
with trypsin and subsequent HPLC resulted in chromato-
grams that differed by the retention times of those frac-
tions containing peptides T1 and T7. Peptides Tl
(m = 2202 Da) and T7, (m = 2232 Da) from isoform
B were eluted with longer retention times and exhibited
molecular masses upon TOF-SIMS that corresponded to
those calculated from the sequence, whereas TI,
(m = 2218 Da) and T7, (m = 2248 Da) from isoform A
were eluted earlier and exhibited molecular masses ex-
ceeding the calculated values by 16 Da.

ApoC-III, was separated in three isoforms A, B, and C
(Fig. 4). HPLC-chromatograms of the respective tryptic
digests differed by the retention time of the fractions con-
taining T1. Upon TOF-SIMS analysis, peptide T1, from
isoform C exhibited the expected molecular mass of 1907
Da, whereas the molecular masses of T1, from isoform A
{(m = 1939 Da) and T1;, from isoform B (m = 1923 Da)
were 32 Da (T1,) and 16 Da (T1,) and 16 Da (Tly)

higher than calculated from the sequence.

Methionine sulfoxide formation in apolipoprotein 1467
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TABLE 1. Tryptic and endoproteinase lysine proteolytic peptides of apoA-I

Tryptic Lysine

Peptide Peptide Endoproteinase Sequence

T1 L1 Asp-Glu-Pro-Pro-Gln-Ser-Pro-Trp-Asp-Arg-

T2 Val-Lys-

T3 L2 Asp-Leu-Ala-Thr-Val-Tyr-Val-Asp-Val-Leu-Lys-

T4 L3 Asp-Ser-Gly-Arg-

T5 Asp-Tyr-Val-Ser-Gln-Phe-Gln-Gly-Ser-Ala-Leu-Gly-Lys-

T6 L4 Gln-Leu-Asn-Leu-Lys-

T7 L5 Leu-Leu-Asp-Asn-Try-Asp-Ser-Val-Thr-Ser-Thr-Phe-Ser-Lys-

T8 L6 Leu-Arg-

T9 Glu-GIn-Leu-Gly-Pro-Val-Thr-Gln-Glu-Phe-Try-Asp-Asn-Leu-
Glu-Lys-

T10 L7 Glu-Thr-Glu-Gly-Leu-Arg-

T11 Gln-Glu-Met-Ser-Lys-

T12 L8 Asp-Leu-Glu-Glu-Val-Lys-

T13 L9 Ala-Lys-

Ti4 L10 Val-Gln-Pro-Tyr-Leu-Asp-Asp-Phe-Gln-Lys-

T15 L11 Lys-

T16 L12 Try-Gln-Glu-Glu-Met-Glu-Leu-Tyr-Arg-

T17 Gln-Lys-

T18 L13 Val-Glu-Pro-Leu-Arg-

T19 Ala-Glu-Leu-Gln-Glu-Gly-Ala-Arg-

T20 Gln-Lys-

T21 L14 Leu-His-Glu-Leu-Glin-Glu-Lys-

T22 L15 Leu-Ser-Pro-Leu-Gly-GIn-Gln-Met-Arg-

T23 Asp-Arg-

T24 Ala-Arg-

T25 Ala-His-Val-Asp-Ala-Leu-Arg-

T26 Thr-His-Leu-Ala-Pro-Tyr-Ser-Asp-Glu-Leu-Arg-

T27 Gin-Arg-

T28 Leu-Ala-Ala-Arg-

T29 Leu-Glu-Ala-Leu-Lys-

T30 L16 Glu-Asn-Gly-Gly-Ala-Arg-

T31 Leu-Ala-Glu-Tyr-His-Ala-Lys-

T32 L17 Ala-Thr-Glu-His-Leu-Ser-Thr-Leu-Ser-Glu-Lys-

T33 L18 Ala-Lys-

T34 L19 Pro-Ala-Leu-Glu-Asp-Leu-Arg-

T35 GIn-Gly-Leu-Leu-Pro-Val-Leu-Glu-Ser-Phe-Lys-

T36 L20 Val-Ser-Phe-Leu-Ser-Ala-Leu-Glu-Glu-Tyr-Thr-Lys-

T37 L21 Lys-

T38 L22 Leu-Asn-Thr-Gln-

The apoA-I sequence is from reference 19. Methionine residues (Metgs, Met,12, and Met,4g) are underlined.

Impact of oxidation and reduction on the
chromatographic heterogeneity of apoA-I

Peptides T16, T22, L11-12, and L15 from apoA-I, and
peptides T1 and T7 from apoC-II contain one methionine
residue, and peptide T1 from apoC-III, contains two

methionines. Thus, the discrepancy between the results
from molecular mass and sequence analyses could be ex-
plained if these methionine residues were assumed to be
present either in the reduced or in the oxidized state, as
the presence of MetSO would add a molecular mass of 16

TABLE 2. Tryptic peptides of apoC-Il

Peptide Sequence

T1 Thr-Gln-Gln-Pro-Gln-Gln-Asp-Glu-Met-Pro-Ser-Pro-Thr-Phe-Leu-Thr-GlIn-Val-Ly-

T2 Glu-Ser-Leu-Ser-Ser-Tyr-Trp-Glu-Ser-Ala-Lys-

T3 Thr-Ala-Ala-Gln-Asn-Leu-Tyr-Glu-Lys-

T4 Thr-Tyr-Leu-Pro-Ala-Val-Asp-Glu-Lys-

TS Leu-Arg-

T6 Asp-Leu-Tyr-Ser-Lys-

T7 Ser-Thr-Ala-Ala-Ala-Met-Ser-Thr-Tyr-Thr-Gly-lle-Phe-Thr-Asp-Gin-Val-Leu-Ser-Leu-Lys-
T8 Gly-Glu-Glu-

The apoC-II sequence is from reference 20. Methionine residues (Met, and .vletg) are underlined.
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TABLE 3. Tryptic peptides of apoC-II1

Peptide Sequence

T1 Ser-Glu-Ala-Glu-Asp-Ala-Ser-Leu-Leu-Ser-Phe-Met-Gln-
Gly-Tyr-Met-Lys- —

T2 His-Ala-Thr-Lys-

T3 Thr-Ala-Lys-

T4 Asp-Ala-Leu-Ser-Ser-Val-Gln-Ser-GIn-GIn-Val-Ala-Ala-
GIn-GlIn-Arg-

TS Gly-Trp-Val-Thr-Asp-Gly-Phe-Ser-Ser-Leu-Lys-

T6 Asp-Tyr-Trp-Ser-Thr-Val-Lys-

T7 Asp-Lys-

T8 Phe-Ser-Glu-Phe-Trp-Asp-Leu-Asp-Pro-Glu-Val-Arg-

T9 Pro-Thr*-Ser-Ala-Val-Ala-Ala-

The apoC-III sequence is from reference 21. Methionine residues (Met,,

and Met;) are underlined. The glycosylation site is marked by an aster-
isk (Thrgy).

Da. To verify oxidation of methionine as the basis of its
chromatographic microheterogeneity, apoA-I was oxi-
dized by the addition of hydrogen peroxide. Theoretically,
methionines in positions 86, 112, and 148 of apoA-I should
be subject to oxidation, and therefore an attempt was
made to analyze the chromatographic behavior and mole-
cular masses of peptides encompassing these residues.
After extensive oxidation of either isolated apoA-I or
HDL with hydrogen peroxide, apoA-I was eluted by
HPLC in one single fraction that exhibited the retention
time of apoA-I, (see inset of Fig. 5 bottom and Fig. 6b).
Oxidation of apoA-I or HDL with chloramine T was
milder than with hydrogen peroxide and did lead to an in-
crease of apoA-I5 but not to the complete disappearance
of apoA-I.

Fig. 5 shows the chromatograms obtained from apoA-I
by endoproteinase lysine C digestion before (top) and
after (bottom) oxidation with hydrogen peroxide. After
oxidation, the peak areas of L11-12, (m = 1686 Da) and
L15, had increased and L11-12, (m = 1668 Da) and L15y,
had disappeared. The molecular mass of the Metyg-
containing fraction L15 (m = 4823 Da) exceeded the
range of TOF-SIMS and was therefore searched by se-
quence analysis. Before and after oxidation, the Metgs-
containing peptide L7 was eluted in single fractions
exhibiting identical retention times and molecular masses
upon TOF-SIMS (m = 1307 Da). This molecular mass
was also predicted from the sequence and suggested that
Metgs was not oxidized. In principal, identical observa-
tions were made for apoA-I trypsinized before and after
oxidation: before oxidation, T16 and T22 were eluted in
two fractions differing by moelcular masses of 16 Da.
After oxidation, TI16;, (m = 1283 Da) and T22,
(m = 1031 Da) disappeared, whereas the peak areas of
T16, (m = 1299 Da) and T22, (m = 1047 Da) in-
creased. Before and after oxidation T1l (m = 621 Da)
was eluted in one single fraction exhibiting the identical
retention time and molecular mass, which was predicted

von Eckardstein et al.
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Fig. 1. Demonstration of the chromatographic isoforms of apoA-I by
reversed phase HPLC of purified apoA-I (a), HDL (b) and immunopre-
cipitated plasma (c). Insets in a and b show IEF patterns from the
various fractions. For the description of methods, see text. Shoulders on
either side of peaks B may reflect the presence of additional hitherto
unknown posttranslational modifications of apoA-I.

Methionine sulfoxide formation in apolipoprotein 1469
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Fig. 2. HPLC separation of peptides obtained from tryptic digestion of the chromatographic apoA-I isoforms.
For the digestion and the chromatographic conditions see Materials and Methods. Chromatogram A corresponds
to-isoform apoA-I, and chromatogram B to isoform apoA-Iy in Fig. la. Note that the chromatograms differ by
the retention times and peak areas of the methionine-containing fractions T16 and T22 (hatched) and that the mole-
cular masses of these peptides differ by 16 Da (numbers in parentheses) as measured by TOF-SIMS. The enumera-
tion (n = 1,2,3...36) in the bottom of A refers to the enumeration of tryptic peptides as described in Table 1.

from its sequence. Thus, analysis of the three methionines
present in normal apoA-I revealed that Met,;; and Met,,q
can be oxidized whereas Metgg is inert also towards ar-
tificial oxidation.

In order to analyze whether Metgs would be oxidized
in addition to methionine residues 112 and 148 under
denaturing conditions, apoA-I was also oxidized in the
presence of 6 M guanidinium hydrochloride (Fig. 6) or 4
M urea (not shown). The oxidation of three instead of
two methionine residues theoretically should result in the
formation of an HPLC fraction which is eluted slightly
earlier than apoA-I,. This was not the case. Instead, ox-
idation under denaturing conditions led to the disap-
pearance of peaks A and B and the very fast elution of a
single peak (Fig. 6D).

In order to analyze whether methionine-sulfoxidized
apoA-I could be reduced, apoA-I was incubated with 5%
mercaptoethanol for 48 h. Subsequent trypsinization

1470 Journal of Lipid Research Volume 32, 1991

resulted in a chromatogram that was identical to that
without mercaptoethanol (Fig. la). Methionine-contain-
ing peptides T16 and T22 were eluted in two fractions ex-
hibiting the described molecular mass differences of 16
Da. These results indicated that mercaptoethanol cannot
revert methionine sulfoxidation in apoA-I. By contrast, as
is also the case for other proteins (22), methionine sulfox-
ides of apoA-I could be reduced by dimethyl sulfide. In-
cubation with dimethyl sulfide and subsequent HPLC of
apoA-I or HDL that were previously oxidized by
chloramine T resulted in the elution of apoA-I in one sin-
gle peak that exhibited the retention time of apoA-Ig.

Consequence of amino acid substitutions for the for-
mation of methionine sulfoxides in apoA-I

Interestingly, Met;;; and Met;ss exhibited identical
properties towards oxidation: either none (apoA-Ig) or
both methionines (apoA-I5) were oxidized. This finding
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Fig. 3. Demonstration of the chromatographic microheterogeneity of
apoC-II (top) and the chromatograms obtained after trypsinization of
the chromatographic apoC-1I isoforms A and B. For experimental
details see text. Note the different retention times and molecular masses
of peptides T1 and T7 obtained from the two isoforms. The enumeration
(n = 1,2,3..7) below the tryptic peptides refers to the enumeration of
tryptic apoC-II peptides as described in Table 2.

as well as the missing oxidation of Metgs suggested that
methionine sulfoxide formation in apolipoproteins is a
function of the protein’s primary and secondary structure.
Therefore, in order to study the impact of amino acid
changes within apoA-I on the oxidation pattern of
methionine residues, we evaluated the chromatograms
of trypic peptides derived from normal and mutant
apoA-1 proteins (11-13, 16-18):Pros—Arg (n = 1),
Pro;—His (n = 1), Pro,—Arg (n = 2), Aspge—Glu
(n =1), Aspips3—Asn (n = 1), Lys;p;,—O (n = 5),
Lysigy—~Met (n = 1), Glu;3y—Gly (n = 2), Gluyy;— Val
(n = 1), Ala;;3—*Asp (n = 1), Projgs—Arg (n = 4),
Glu, 94— Lys (n = 2), and Aspy;3—~>Gly (n = 1) (Table
4).

von Eckardstein et al.

In apoA-I (Lys;o7—>Met), two methionines are present
in the mutated peptide T16*, Met,p; and Met;;2. This
peptide was eluted in two fractions exhibiting molecular
masses of 1430 and 1446 Da, both exceeding the mole-
cular mass calculated from the sequence of this peptide
(1414 Da). This suggested that one of the two methionines
present in T16* is only present in its oxidized form. In
contrast to normal apoA-I, peptide T22 from
apoA-I(Lys;o;— Met) containing Met45 was detected on-
ly in its reduced form. A similar absolute change in the
oxidation/reduction of methionine residues 112 and 148
was observed in apoA-I{Glu4;— Val): the mutated pep-
tide T22* containing Met43 was detected only in its
reduced form with m = 1001 Da, whereas peptide T16
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Fig. 4. Demonstration of the chromatographic microheterogeneity of
apoC-III, (top) and the chromatograms obtained after trypsinization of
the chromatographic apoC-III isoforms A, B, and C. For experimental
details see text. Note the different retention times and molecular masses
of peptide T1 from the three isoforms. The enumeration (n = 1,2,3...9)
below the tryptic peptides refers to the enumeration of tryptic apoC-III,
peptides as described in Table 3.
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Fig. 5. Demonstration of the effect of oxidation on the chromato-
graphic microheterogeneity of apoA-I. Chromatographic conditions
were similar to those in Fig. 2. Oxidation of 1 mg apoA-I was performed
overnight at 4°C in a solution containing 2.5 mg/ml apoA-I, 200 mm
H,0,, and 0.5 mMm EDTA (pH 8.0). A: Chromatogram of apoA-I
digested with endoproteinase lysine C before oxidation. B: Chromato-
gram of apoA-I after oxidation (inset) and after subsequent digestion
with endoproteinase lysine C. Oxidation yields one single fraction with
apoA-I exhibiting the retention time of the chromatographic isoform
apoA-I, in Fig. 1. Note that only L11-12, (m = 1684 Da) is present in
B and that L15, (in B and A) exhibits a shortened retention compared
to L15b in A. Also note that in both chromatograms L7 exhibits identical
retention times and molecular masses (m = 1307 Da). The enumera-
tion (n = 1,2,3...20) in the bottom of figure A refers to the enumeration
of endoproteinase lysine proteolytic peptides as described in Table 1.

containing Met;;» was found only in its oxidized form
(m = 1299 Da).

In order to study the degree of methionine oxidation in
positions 112 and 148 in other apoA-I variants, peak areas
of the MetSO-containing tryptic peptides T16, (m =
1299 Da) and T22, (m = 1047 Da) were related to the
peak areas of the corresponding reduced methionine-
containing peptides T16, (m = 1283 Da) and T22,
(m = 1031 Da), respectively (Table 4). In normal apoA-I
(n = 24), these two ratios Oxrs = T16,/T16, = 0.51 +
0.50 and OxTqe = T22,/T22, = 0.38 + 0.31 were char-
acterized by high standard deviations, implying that the
oxidative state of apoA-1 exhibits a high variability.
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However, the ratio Oxg = Oxr16/OxTey reflecting the
relative oxidation of these two methionines was found
constant (.06 + 0.11, n = 24). Table 4 summarizes the
evaluations of 13 different apoA-I variants from 24 dif-
ferent apoA-I variant carriers. The substitutions Pro;—
Arg, Pros—His, Pro,— Arg, Aspge—Glu, Ala;sq— Asp,
Glu,gs—Lys, and Aspy;3—Gly did not result in any pre-
ferential oxidation of one of the two methionines. The
amino acid changes Lys;;;—O (P <0001 n =5,
two-tailed #-test), Glu;3,—~>Gly (P < 0.05, n = 2), and
Projgs—Arg (P < 0.001, n = 4), however, resulted in the
preferential oxidation of Met,,;3. The substitution of
Aspios by Asn resulted in a preferential oxidation of
Met;;p (P < 0.0, n = 1).

Io analyze whether the electrophoretic heterogeneity
of apoA-I is accompanied by changes in the relative
content of MetSO, the electrophoretic isoforms (apoA-I,
and apoA-I,) were isolated from normal individuals
by preparative IEF and digested with trypsin. Chro-
matograms of both isoforms were identical and did not
reveal any differences in Oxt6, OxT29, and Ox,q.

DISCUSSION

Apolipoproteins A-I, A-II, C-II, and C-III were
previously reported to exhibit nongenetic polymorphisms
upon reversed phase HPLC (6-8): apoA-I and apoC-II
were eluted in two fractions, and apoA-I and apoC-III in
three fractions (Figs. 1, 3, and 4). Anantharamaiah and
colleagues (6) suggested that the chromatographic hetero-
geneity of apoA-I and apoA-II results from the formation
of methionine sulfoxides in these proteins, as the isoforms
with the shorter retention time were not fragmented by
CNBr in contrast to those with the longer retention time.
In this report, we elucidated the structural basis of the
chromatographic polymorphism of apoA-I, apoC-II, and
apoC-III using reversed phase HPLC of proteolytic pep-
tides and a highly sensitive mass-spectrometric technique
(TOF-SIMS) (11). Thus, our data gave more direct and
more differentiating evidence for the assumption that
methionine sulfoxide formation is the structural basis for
the chromatographic polymorphism of apoA-I, but also of
apoC-II and apoC-III; methionine-containing proteolytic
peptides from the faster eluted isoforms apoA-I5, apoC-
114, and apoC-1I14 exhibited shorter retention times and
molecular masses 16 Da (apoA-I4, apoC-Il4, and apoC-
IIIg) or 32 Da (apoC-III,) higher than those from the
slower eluted isoforms apoA-Ig, apoC-Ilg, or apoC-Illc,
respectively. Only peptides from apoA-Ig, apoC-Ilg, and
apoC-IIIc exhibited molecular masses on TOF-SIMS
that were predicted from the primary structure. The
molecular mass difference of 16 Da corresponds to that of
one oxygen atom, which alters methionine to methionine
sulfoxide. Artificially oxidated apoA-I was eluted in one
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Fig. 6. Impact of oxidation under nondenaturing and denaturing conditions on the chromatographic heterogeneity of apoA-I1. HPLC separation
of freshly prepared apoA-I before (a) and after oxidation with hydrogen peroxide (b), after 16 h incubation with 6 M guanidine hydrochloride plus

hydrogen peroxide.

single isoform exhibiting the retention time of apoA-Ia.
This isoform, subsequent to proteolysis with either tryp-
sin or endoproteinase lysine C, yields peptide patterns
characteristic of native apoA-I5 (Fig. 5). Thus, there is
convicing evidence that the chromatographic isoforms of

apoA-I, apoC-II, and apoC-III differ by the presence and
absence of methionine sulfoxides.

Theoretically, successive oxidation of the two
methionine residues present in apoC-II and apoC-III and
of the three methionine residues present in apoA-I should

TABLE 4. Impact of amino acid substitutions on the formation of MetSO in apoA-I

Phenotype n OxT6” OxT22 Ox,elb P¢
Normal apoA-I 24 0.51 + 0.50 0.38 + 0.31 1.06 + 0.11

Pro;—Arg 1 0.51 0.53 0.96 n.s.
Pro;—His 1 0.81 0.84 0.96 n.s.
Pro;—Arg 2 0.35 + 0.11 0.45 + 0.25 0.91 + 0.28 n.s.
Aspge—Glu 1 0.96 0.81 1.14 n.s.
Aspo3— Asn 1 0.62 0.78 0.79 <0.05
Lysy9,—0 5 0.96 + 0.42 0.47 + 0.20 2.04 + 0.22 <0.001
Glu,3,—Gly 2 0.96 + 0.42 0.77 + 0.30 1.84 + 0.01 <0.001
Ala;sg— Asp 1 0.47 0.45 1.04 n.s.
Pro,ss—Arg 4 0.72 + 0.20 0.36 + 0.17 1.92 + 0.41 <0.001
Glu 93— Lys 2 0.50 + 0.04 0.46 + 0.06 1.08 + 0.03 n.s.
Aspy3—Gly 1 0.77 0.68 1.14 n.s.

In apoA-I(Lys;o; —>Met) (n = 2. and apoA-I(Glu,4;,—Val) (n = 1) the amino acid changes led to gross changes in
the oxidation of methionine residues 112 and 148. For details see text.

‘;Oles =T16,/T16p, OxT = T22,/T22.
Oxye) = Ox116/OxT22-

‘P was determined by two tailed t-test comparing Ox, of normal and variant apoA-I; n.s., not significant. The

variants were reported in references 22-26.

von Eckardstein et al.
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give rise to three (apoC-II and apoC-III) and four chro-
matographic isoforms (apoA-I), respectively. However,
this was the case only for apoC-III (Fig. 4), whereas
apoA-1 and apoC-II were eluted in two fractions (Figs. 1
and 3). Detailed analyses of chromatograms of the pro-
teolytic peptides of apoC-II and apoA-I revealed that
methionine residues 112 and 148 in apoA-I and
methionine residues 9 and 60 in apoC-II are only oxi-
dized in parallel (Figs. 2 and 3). In apoA-I, residue Metgg
remained unoxidized even under such artificial oxidative
conditions that led to the complete oxidation of Met,,,
and Met,g (Fig. 5). These findings suggested that the in-
tramolecular microenvironment within the apolipopro-
teins influences the formation of MetSO in
apolipoproteins. Further confirmation for this hypothesis
was derived from the analyses of MetSO formation in
naturally occurring apoA-I variants. In normal apoA-I,
the ratios MetSOj;2/Met;;; and MetSO,,s/Met, 45 were
found to be highly variable. By contrast, the relative ratio
of oxidated methionines 112 and 148 was constant, imply-
ing that both residues are exposed to oxidants in a direct
proportional degree (Table 4). Some naturally occurring
single amino acid changes (Aspjogs—Asn, Lys ,;—0,
Lysio;—>Met, Glu3—>Gly, Glujy;—Val, and Proe—
Arg) influenced this relative ratio MetSO,;2/MetSO 44
significantly, suggesting that these changes altered the ex-
position of methionine residues 112 and 148 towards oxi-
dants.

Previously, two apoA-I variants were assumed to have
undergone conformational changes in their «-helical do-
main: apoA-I(Lys;;;~>0) and apoA-I(Pro,e;—Arg). 1)
The amino acid deleted in apoA-I(Lys;o;—O) is located
within a 22-amino acid repeat which presumably forms
an amphipathic o-helix. The lysine,o; deletion would
alter the orientation of hydrophilic and hydrophobic faces
by approximately 100° (17). This change was responsible
for the impaired lipid binding and LCAT activating pro-
perties of this mutant (17, 23, 24). Further, recent studies
revealed alterations in the intrinsic tryptophan
fluorescence properties of reconstituted HDL containing
apoA-I(Lys;0;—>O) indicative of conformational changes
in the o-helix containing lysine residue 107 and tryp-
tophan residue 108 (24). The change in the relative oxida-
tion pattern of Met,;, and Met, 44 is one further indication
that conformation changes have taken place in apoA-
I(Lys,9;—O). ii) Proyes putatively plays a crucial role in
the formation of a §-turn between two neighboring a-
helices. Application of the Chou-Fasman algorithm sug-
gested that the Pro—>Arg replacement makes the
formation of a 3-turn more unlikely (12). The elimination
of a B-turn, however, should alter the relative orientation
of the two neighboring helices. As a consequence, several
functional implications were found: HDL-deficiency in
apoA-I(Pros— Arg) heterozygotes (12), diminished
LCAT cofactor activity of the mutant apoA-I (24), and in
these studies, an altered MetSO,;,/MetSOgratio.

1474 Journal of Lipid Research Volume 32, 1991

From our data we cannot conclude whether sulfoxida-
tion of methionine residues 112 and 148 in apoA-I has oc-
curred in vivo or in vitro during the preparation proce-
dure. However, as Metgg was only observed in its reduced
state, it is clear that this residue is protected from oxida-
tion in any case. Site-specific oxidation of methionine
residues has also been observed in other proteins, e.g., in
human chorionic somatomammotropin, in human
growth hormone (25), or in the human g-globin chain
(26). It has been hypothesized that the accessibility of a
methionine residue within a protein to oxidation depends
on its exposure towards oxidizing agents in its environ-
ment (25). Likely, methionine residues buried in the pro-
tein are not available, whereas those on the protein’s
surface are accessible to oxidative modification. Because
the detailed conformation of apoA-I is as yet unknown,
the site-specific oxidation of methionine residues could be
relevant to explore whether defined methionine residues
are exposed at the lipoprotein surface or buried within the
core. Due to secondary structure models, apoA-I is sup-
posed to consist of several amphipathic a-helices, with
their hydrophilic sites exposed to the plasma and their
hydrophobic sites exposed to the lipid moiety of lipopro-
teins (1). Because of their hydrophobicity, methionine
residues in apoA-I are assumed to be confronted with the
lipid core. Typical amphipathic apoA-I a-helices are com-
posed of homologous tandem repeats of 11 amino acids
and punctuated by proline residues that form 8-turns bet-
ween two adjacent helices, thus optimizing their interac-
tions with lipids. Interestingly, the a-helix encompassing
residues 66— 87 and containing the protected Metgg is dif-
ferent from other a-helices including those containing the
unprotected Met, 3 and Meti4s. 7} In contrast to other 22-
amino acid repeats, its primary structure is highly con-
served interspecies (13). i) Acidic residues are normally
located in the center of the polar faces of the helices, but
in helix 6687, Gluyg is located on the hydrophobic site.
i7) In contrast to other helices, helix 66—>87 is not
separated from the following by a proline residue. iv) The
following repeat 88—98 encompasses only 11 amino
acids. Therefore, and because it contains a methionine
residue that is inaccessible to oxidation, «-helix 88—98
appears to exhibit a conformation and orientation that is
different from other a-helices in apoA-I. Recently, the ex-
istence of such an atypical a-helix in apoA-I has been pro-
posed by Cheung and colleagues (27). This so-called
hinged domain is thought to be formed by two adjacent
a-helices, to be reversibly associated with HDL lipids, to
interact with other apolipoproteins, and to regulate the
interaction of apoA-I with LCAT (27-29). Interestingly,
the highly conserved helix 6687 contains Glu;s, which
has been postulated to play a crucial role in LCAT activa-
tion (29), as well as Metgs, which is stable towards oxida-
tion. Further research is necessary to establish whether
these coincidences are caused by the existence of a hinged
domain.
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In this report we did not unravel whether methionine
sulfoxide formation in apolipoproteins occurs in vivo or in
vitro and, if it does occur in vivo, whether it is of physiolo-
gical importance. The demonstration of the chromato-
graphic heterogeneity in isolated apoA-I, in HDL, and in
freshly "delipidated plasma may account for the occur-
rence of this posttranslational modification in vivo. This
view is furthermore supported by our observation that, in
fresh plasma samples, the ratio oxidized/unoxidized
apoA-I (apoA-Ia/apoA-Ig) exhibits considerable interin-
dividual variability (A. von Eckardstein and G. Assmann,
unpublished observation). In several other proteins, ox-
idation of methionine residues was shown to occur both in
vivo and in vitro and to impair their functions (30, 31).
For example, sulfoxidation of Metsss in «;-antitrypsin
results in the complete loss of the protein’s activity to inac-
tivate elastase. This is considered of key importance in the
pathogenesis of lung emphysema and rheumatoid ar-
thritis (31). In lipoprotein metabolism, lipid peroxidation
in LDL and the resulting structural changes in apoB (e.g.,
lysine modification) appear to be a central step for the
recognition of modified LDL by macrophage scavenger
receptors and thereby for atherogenesis (reviewed in 32).
HDL was shown to inhibit LDL oxidation (33). This
raises the question whether this process leads to oxidation
of lipids and proteins in HDL. The impact of lipid perox-
idation in HDL on apoA-I structure is reflected by the
altered expression of specific epitopes for monoclonal an-
tibodies against apoA-I (9, 10). It remains to be establish-
ed whether or not this modification of apoA-I is due to
methionine sulfoxide formation. In model peptide ana-
logs of apoA-I, methionine sulfoxidation changed the
secondary structure and lipid binding properties (6).
Although the physiological importance of methionine
sulfoxidation in apolipoproteins A-l, C-1I, and C-III re-
mains to be established, our finding of MetSO in isolated
apoC-II, apoC-IlI, and apoA-I is important in two ways.
i) The knowledge might be important for the interpreta-
tion of functional assays performed with isolated apolipo-
proteins. iz) Our observation of site-specific methionine
sulfoxidation in apoA-I, which can be influenced by
amino acid substitutions, is important for the general
understanding of oxidation of amino acids in proteins
(e.g., of methionines). Oxidation of a protein is not only
a function of the concentrations of oxidants and antioxi-
dants in its environment and of its time of exposure
towards this environment (ie., biological life time), but
also of its structure. B
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Mersmann and Elisabeth Baumkétter at the Institut fiir Phy-
siologische Chemie of the Westfilische Wilhems-Universtit
Miinster. This work was supported by a grant of the Bundes-
ministerium fitr Forschung und Technik (No. 07063380).
Manuscript recetved 17 January 1991 and in revised form 24 May 1991.

von Eckardstern et al.

9.

10.

11.

12.

13.

14.

15.

REFERENCES

Li, W. H.,, M. Tanimura, C. C. Luo, S. Datta, and L.
Chan. 1988. The apolipoprotein multigene family: biosyn-
thesis, structure, structure—function relationships, and evo-
lution. J. Lipid Res. 29: 245-271.

Zannis, V. 1., S. K. Karathanasis, H. T. Keutmann, G.
Goldberger, and J. L. Breslow. 1983. Intracellular and ex-
tracellular processing apolipoprotein A-I: secreted apolipo-
protein A-I isoprotein 2 is a propeptide. Proc. Natl. Acad. Sci.
USA. 80: 2574-2578.

Stoffel, W., C. Bode, and K. Knyrim. 1983. Serum apolipo-
protein A-I synthesis in rat hepatocytes and its secretion as
proform. Hoppe-Seylers Z. Physiol. Chem. 364: 439-445.
Ghiselli, G. M., M. F. Rohde, S. Tanenbaum, S. Krishnan,
and A. M. Gotto. 1985. Origin of apolipoprotein A-I poly-
morphism. J. Biol Chem. 260: 15662-15668.

Ghisellini, M., M. Pecorari, and S. Calandra. 1986.
Changes in the main isoform of human apolipoprotein A-I
following incubation of plasma. Atherosclerosis. 59: 247-256.
Anantharamaiah, G. M., T. A. Hughes, M. Igbal, A.
Gawish, P. J. Neame, M. F. Medley, and J. P. Segrest. 1988.
Effect of oxidation on the properties of apolipoproteins A-1
and A-II. J. Lipid Res. 29: 309-318.

Hughes, T. A., M. A. Moore, P. Neame, M. F. Medley, and
B. H. Chung. 1988. Rapid quantitative apolipoprotein ana-
lysis by density gradient ultracentrifugation and reversed-
phase high performance liquid chromatography. J Lipid
Res. 29: 363-376.

Weinberg, R., C. Patton, and B. DaGue. 1988. Analytic
and preparative separation of apolipoproteins A-I, A-II, A-
IV by reverse phase high pressure liquid chromatography.
J- Lipid Res. 29: 819-824.

Miltrop, P, P. K. Weech, R. W. Milne, and Y. L. Marcel.
1986. Immunochemical characterization of apolipoprotein
A-1 from normal plasma. Arteriosclerosis. 6: 285-296.
Marcel, Y. L., D. Jewer, L. Leblond, P. K. Weech, and
R. W. Milne. 1989. Lipid peroxidation changes the expres-
sion of specific epitopes of apolipoprotein A-1. J. Biol. Chem.
264: 19942-19950.

Jabs, H-U., G. Assmann, D. Greifendorf, and A. Ben-
ninghoven. 1986. High performance liquid chromato-
graphy and time-of-flight secondary ion mass spectrometry:
a new dimension in structural analysis of apolipoproteins.
J. Lipid Res. 27: 613-621.

von Eckardstein, A., H. Funke, A. Henke, K. Altland, A.
Benninghoven, and G. Assmann. 1989. Apolipoprotein A-1
variants: naturally occurring substitutions of proline
residues affect plasma concentrations of apolipoprotein A-1.
J. Clin. Invest. 84: 1722-1730.

von Eckardstein, A., H. Funke, M. Walter, K. Altland, A.
Benninghoven, and G. Assmann. 1990. Structural analysis
of human apolipoprotein A-I variants: amino acid substitu-
tions are nonrandomly distributed throughout the apolipo-
protein A-I primary structure. J Biol. Chem. 265:
8610-8617.

Jabs, H-U., and G. Assman. 1987. Characterization of an
apolipoprotein C-III mutant by high performance liquid
chromatography and time-of-flight secondary ion mass
spectrometry. J. Chromatogr. 414: 323-333.

von Eckardstein, A., H. Holz, M. Sandkamp, W. Weng, H.
Funke, and G. Assmann. 1991. ApoC-III(Lysss—Glu):
identification of an apolipoprotein C-III variant in a family
with hyperalphalipoproteinemia. J. Clin. Invest. 87:
1724-1731.

Methionine sulfoxide formation in apolipoprotein 1475

2102 ‘8T aunr uo “sanb Aq 610 Jj-mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

16.

17.

18.

19.

20.

21.

22.

23.

24.

1476

Menzel, H. J., G. Assmann, S. C. Rall, K. H. Weisgraber,
and R. W. Mahley. 1984. Human apolipoprotein A-I poly-
morphism: identification of amino acid substitutions in
three electrophoretic variants of the Miinster-3-type. J.
Biol. Chem. 259: 3070~3076.

Rall, S. C., K. H. Weisgraber, R. W. Mahley, Y. Ogawa,
C. J. Fielding, G. Utermann, J. Haas, A. Steinmetz, H. J.
Menzel, and G. Assmann. 1984. Abnormal lecithin:cho-
lesterol acyltransferase activation by human apolipoprotein
A-T variant in which a single lysine residue is deleted. J.
Biol. Chem. 259: 10063-10070.

Mabhley, R. W., T. L. Innerarity, S. C. Rall, and K. H.
Weisgraber. 1984. Plasma lipoproteins: apolipoprotein
structure and function. J. Lipid Res. 25: 1277-1294.
Karathanasis, S. K., V. I. Zannis, and H. B. Breslow. 1983.
Isolation and characterization of the human apolipoprotein
A-I gene. Proc. Natl Acad Sci. USA. 80: 6147-6151.
Jackson, C. L., G. A. P. Bruns, and J. L. Breslow. 1984.
Isolation and sequence of a human apolipoprotein C-II
cDNA clone and its use to isolate and map to human chro-
mosome 19 the gene for apolipoprotein C-II. Proc. Natl.
Acad. Sci. USA. 81: 2945-2949.

Protter, A. A, B. Levy-Wilson, J. Miller, G. Bencen, T.
White, and J. J. Seilhamer. 1984. Isolation and sequence
analysis of the human apolipoprotein C-III gene and the in-
tergenic region between the apoA-I and apoC-III genes.
DNA. 3: 449-456.

Shechter, Y. 1986. Selective oxidation and reduction of
methionine residues in peptides and proteins by oxygen ex-
change between sulfoxide and sulfide. J. Biol. Chem. 261:
66-70.

Ponsin, G., A. M. Gotto, G. Utermann, and H. ]. Pownall.
1985. Abnormal interaction of human apolipoprotein A-I
variant Lys;o;—O with high density lipoproteins. Biochem.
Biophys. Res. Commun. 133: 856-862.

Jonas, A., A. von Eckardstein, K. E. Kézdy, A. Steinmetz
and G. Assmann. 1991. Structural and functional properties
of reconstituted high density lipoprotein discs prepared
with six apolipoprotein A-1 variants. ] Lipid Res. 32:
97-106.

Journal of Lipid Research Volume 32, 1991

25.

26.

27.

28.

29.

30.

31.

32.

33.

Teh, L. C.,, L. J. Murphy, N. L. Huq, A. S. Surus, H. G.
Friesen, L. Lazarus, and G. E. Chapman. 1987
Methionine oxidation in human growth hormone and hu-
man chorionic somatomammotropin: effects on receptor
binding and biological activities. J. Biol Chem. 262:
6472-6477.

Amiconi, G., F. Ascoli, D. Barra, A. Bertolini, R. M.
Matarese, D. Verzili, and M. Brunori. 1989. Selective ox-
idation of methionine §(55)D6 at the 181 interface in
hemoglobin completely destabilizes the T-state. J Biol
Chem. 264: 17745-17749.

Cheung, M. C., J. P. Segrest, J. J. Albers, J. T. Cone,
C. G. Brouillette, B. H. Chung, M. Kashyap, M. A. Glass-
cock, and G. M. Anantharamaiah. 1987. Characterization
of high density lipoprotein subspecies: structural studies by
single vertical spin ultracentrifugation and immunoaffinity
chromatography. J. Lipid Res. 28: 913-929.

A. Jonas, K. E. Kézdy, and J. H. Wald. 1989. Defined apo-
lipoprotein A-I conformations in reconstituted high density
lipoproteins. J. Biol. Chem. 264: 4818-4828.
Anantharamaiah, G. M., Y. V. Venkatachalapathi, C. G.
Brouillette, and J. P. Segrest. 1990. Use of synthetic peptide
analogues to localize lecithin:cholesterol acyltransferase ac-
tivating domain in apolipoprotein A-I. Artertosclerosis. 10:
95-105.

Brot, N., and H. Weissbach. 1983. Biochemistry and phy-
siological role of methionine sulfoxide residues in proteins.
Arch. Biochem. Biophys. 223: 271-281.

Swaim, M. W., and S. V. Pizzo. 1988. Methionine sulfoxide
and the oxidative regulation of plasma proteinase inhibi-
tors. J. Leucocyte Biol 43: 365~379.

Steinberg, D., S. Parthasarathy, T. E. Carew, ]. C. Khoo,
and J. L. Witztum. 1989. Beyond cholesterol: modifications
of lipoproteins that increase its atherogenicity. N. Engl. J.
Med. 320: 915-924.

Parthasarathy, S., J. Barnett, and L. G. Fong. 1990. High
density lipoprotein inhibits the oxidative modification of
low density lipoprotein. Biochim. Biophys. Acta. 1044:
275-283.

2102 ‘8T aunr uo “sanb Aq 610 Jj-mmm woly papeojumoq


http://www.jlr.org/

