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Abstract

The experimental evidence for the apolipoprotein B100 (apoB) domain structuring in low-density lipoprotein (LDL) was investigated
focusing on the accessibility of free thiol groups. Three different spectroscopic methods were combined with the biochemical perturbations of
LDL particle. The spectrophotometric method was adapted for LDL and the exposure of free thiols was analyzed in the native LDL and LDL

binding sites of these two LDL samples. The results indicate that nine thiol groups in apoB are distributed in different domains of I.DL: two
are mere exposed, two are buried deeply in the lipid matrix of the particle and the rest are located in bydrophobie parts of this extremely
complex protein—lipid assembly. These observations provide experimental support for the emerging theoretical models of apoB.

© 2003 Elsevier Science B.V, All rights reserved.
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1. Introduction

Low-density lipoproteins (LDLs) are the main choles-
terol carriers in human plasma believed to be directly
involved in the development of atherosclerosis [1]. They
exhibit structural complexity with the surface monolayer
organization of mainly phospholipid molecules surrounding
the hydrophobic core composed of apolar lipids [2]. One
assembly contains approximately 3000 lipids stabilized by
only one amphiphatic apolipoprotein B100 {apoB) molecule
[3]. The protein consists of 4536 amino acid residues [4,5]
and, thus, represenis one of the largest monomerie proteins
known, Various biophysical methods have been employed
to elucidate the structure of the LDL particle which is of
central importance in the understanding of its function, The
most important progress has been achieved by electron
cryomicroscopy [6] but still the LDL structure at the atomic
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resolution has not been elucidated. At the same time,
computational methods have proposed a pentapartite model
which recognizes different structural domains in the apoB
[7). . However, very little experimental evidence of their
existence has been presented so far.

Therefore, in this study the domain organization of apoB
was investigated with respect to the structural accessibility of
free thiol groups. These are important as an antioxidant
potential in LDL since thiol depletion occurs as a result of
lipid peroxidation [8], Based on the determination of the
primary structure of apoB, 25 cysteinyl residues have been
identified [4,5]. The characterization of apoB sulfhydryl
groups from proteolytic cleavage of the protein indicated
16 cysteinyl residues forming disulfide bonds [9], which were
recognized 1o guide the correct folding of apoB in the lumen
of endoplasmic reticulum [10}. From these results and further
studies based on the tryptic and peptic digestion of the
protein, it has been concluded that nine cysteines bear free
thiol groups in their side chains with two of them being more
exposed at the surface of the native particle (2,113 However,
all nine thiol groups in apoB have never been confirmed
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directly. The attempts to deduce about thiol groups exclu-
sively from the spectroscopic studies of native LDL particles
failed to interpret their content correctly [8,12,13],

So, the aim of this study was to analyze the content of
free thiols in the native LDL particle in order to resolve
different observations cited in the literature {812,131 In
addition, further characterization of free thiol groups was
attempted to experimentally verify their structural cluster-
ing. The approach relayed on three different spectroscopic
methods combined with the controlled bjochemical pertur-
bations of LDL particles, The spectrophotometric assay
introduced by Ellman [14] was adapted to provide free thiol
determination in the lipoprotein particles. The exposure of
free thiol groups in the native LDL was compared with their
gradual exposure during the sequential denaturation of the
particle, To confirm the local change in the properties of the
environment during LDL denaturation, the jntrinsic fluo-
rescence emission was monitored. In order to further char-
acterize free thiol groups in apoB, thiol-specific spin
labeling [15] was performed and electron paramagnetic
resonance spectroscopy (EPR) was applied. LDL with
partially blocked thiol groups was studied, aiming to delin-
cate different environments/dynamic status of labeled cys-
teines in apoB. Furthermore, the modulation of labeling
stoichiometry was analyzed in order to possibly resolve
different accessibility of free thiol populations in apoB to
covalent modification with hydrophobic spin label. In this
- way, the content of free thiols detectable in the native LDL
particle, which depends on the applied method, could be
related to the total of nine cysteinyl residues in apoB, as
well as their clustering in domains evidenced.

2. Materié]s and methods
2.1. Muaterials

 (1-0xy1-2,2,5,5-tetramethyl-A>-pyrroline-3-methyl)

MTS-SL. (Reanal Budapest, Hungary), dithiothreitol (DTT,
Boehringer Mannheim GmbH), urea (Merck), guanidine
hydrochloride (GuHCI, Sigma), 3,5 -dithiobis(2-nitroben-
zoic acid) (DTNB, Sigma), sodium dodecyl sulfate (SDS,
Merck), potassium iodide (KI, Merck), cesium chloride
(CsCl, Boehringer Mannheim) were used. The phosphate-
buffered saline (PBS-EDTA, pH 7.4) contained 10 mM
potassium phosphate, 1 g/l EDTA and 0.15 M NaCl. For
the free thiol group determination in apoB, 0.1 M phosphate
buffer, pH 7.2, with 1 g/t EDTA was used.

2.2. Isolation of LDL and denaturation with GuHCI and
ureq

Human plasma was obtained from blood bank {pooled
from three female donors) and lipoproteins were isolated as
described previously [16,17). To avoid the oxidation of
lipoproteins, EDTA. (1 g/l) was present in all steps of the

M. Kveder et al../ Biochimica et Biophysica deta 1631 (2003; 239243

preparation and all buffers were flushed with argon. The
purity of the lipoprotein samples was checked by electro-
phoresis using Radiophor electrophoresis system with Lip-
idophor agar medium. The concentrations of lipoprotein
samples were determined spectrophotometrically according
to Lowry [18] and are expressed as the respective protein
content in LDL.

The sequential denaturation of the LDL was performed
using GuHCI and urea, which were directly solubilized in
the native LDL samples. Final concentrations of GuHC1
were 2.5, 4, 6 and 8 M and that of urea 4.5,6, 8 and 10 M,
Effects of these denaturants were followed within 24 h,
Minimal concenirations of denaturants were chosen accord-

‘ing to the sensitivity of the method.

2.3. Determination of free thiol groups in LDL

The content of thiol groups in apoB was determined
using spectrophotometric method based on the procedure
originally introduced by Ellman [14] and the measurements
were performed on a UV-VIS SP$8-100 Pye Unicam instru-
ment at 298 K. The absorbance at 405 nm is indicative of
the reaction between sulthydryl groups and DTNB giving
rise to the yellow colored 2-nitro-5-mercaptobenzoic acid
anion. The molar extinction coefficient at 405 nm of 13400
M~ ' em™ ! was used. This approach offers the estimation of
the number of thiol groups in LDL which are accessible to
react with DTNB. Based on the results of the muitiple
measurements in the framework of this study, it was con-
cluded that the estimation of free thiol groups according to
Ellman and adapted for LDL is accurate within + 1 thiol
group,

In this study the analysis of thiol content in the native as
well as in the pretreated LDI. samples was performed at
three different levels:

(a) The number of free thiols (NFT) was estimated from the
number of thiol groups in apoB which are accessible to
react with DTNB. In the framework of this study they
are classified as exposed thiols.

(b) Determination of the total number of free thiols (TNFT)
in the sample requires a disintegration of the LDL
particle in order to expose also thiols from the hydro-
phobic part to react with DTNB, Therefore, SDS (10%
aqueous solution) was mixed with LDL (2.3 uM) in a
1:1 volume ratio. The reaction was allowed for 10, 20

- and 30 min and then, free thiol groups were determined.

- It should be emphasized that the reaction mixture has to
be kept at room temperature and handled extremely
genily. - :

(¢} To estimate the total number of thiols (TNT) in apoB,

© DTT was used to reduce the disulfide bridges. DTT was
prepared as 0.1 M aqueous solution and mixed with
LDL (2.3 pM) in a 1:1 volume ratio. After 24 h of
incubation followed by the exhaustive dialysis against
PBS-EDTA, thiol groups in apoB were determined.
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Table 1 .
The comparative analysis of thiol content in LDL patticle

Method Total number of  Number of free thio]
cysteinyl residues  groups detected per
per LDL partticle  LDL, particle

Eliman procedure adapted 25 9

for LDL®

apoB primary structure 25" 250 1-3°

determination

Proteolytic digestion of apoB? 25 7

EPR spectroscopy of spin 5-6

labeled LDL® ]

EPR spectroscopy of spin 67"

igbeled LDL*
(MTS-SL/LDL = 10:1)
Fluorescence spectroscopy of 3
LDLS :
*This study, the accuracy is within + | thiol group.
b Ref. [4],
°Ref. [5].

¢ Refs, [9,11],—these authors are aware of the total number of 9 fiee
thioks in spaB but two of them could not be confirmed directly.

“Refs. {8,13,24].

"Ref. [12].

2.4. Fluorescence spectroscopy

In order to detect the change in the local environment of
the fluorophores in the presence of denaturants, the intrinsic
fluorescence measurements of the native LDL and LDL
denatured for 24 h with urea (10 M) and GuHCI (8 M)
were performed using a Varian Cary Eclipse spectro-
fluorimeter. Steady state fluorescence spectra were recorded
with excitation at 280 nm and with sampling data interval
of 0.5 nm. The intrinsic fluorescence spectra of native LDL
are characterized with a single band centered at 332 + 3
nm, assigned to Trp residues in apoB [19]. Fluorescence
quenching (excitation at 280 nm, emission at 332 nm) was
induced with KI, prepared as 5 M aqueous selution con-
taining 0.1 M Na,8,0; x 5 H,0 [20] and with CsC],
prepared as 5 M aqueous solution. The measurements were
performed at 298 ¥,

2.5. EPR spectroscopy and analysis

Thiol-specific spin labeling of apoB was performed using
MTS-SL as described previously [15]. In brief: the labeling
performed at 298 K for 10 min was stopped by passing the
sample through a column of Sephadex G-25 and immediate
exhaustive dialysis. Special attention was paid to avoid the
MTS-SL, biradical formation at pH=7.4, This effect drasti-
cally restricts the time duration of the spin Iabeling proce-
dure as elaborated in Ref [15]. Thus, the level of spin
labeling has to be controlled with the amount of the spin
label available for thiol modification. The residual EPR
signal in dialysates, detected in several experiments, refers
to the signal measured after the gel filtration step. It is
indicative of the nonspecific partitioning of the spin label in
the LDL particle. The level of cysteine modification was

checked in each experiment as TNFT remaining in the spin-
labeled LDL after treatment with SDS.

In order to selectively block exposed thiols of apoB,
DTNB was allowed to react with free thiols for 30 min in a
concentration ratio of LDL/DTNB = 1:19. The excess of the
reagent was removed by gel filtration and the remaining free
thiols were labeled with MTS-SL. .

Stoichiometric titration of the potential thiol labeling
sites in apoB was performed for the native LBL and LDL
denatured for 24 h either by urea (10 M} or GuHC1 (8 M).

The experiments were performed in glass capillaries (1-
mm inner diameter) on an X-band Varian E-109 EPR
spectrometer. The acquisition of the data was based on the
supplied software [21]. Spectral simulations were performed
according to the method described by Steinhoff [22]. In
order to improve the comparison of different focal environ-
ments of the spin labels in differently prepared LDL
samples, the common approach in the EPR spectroscopy
was applied [23]. Namely, the EPR spectra were measured
at 260 K to slow down the molecular motion. Relaying on
the reported data that it is possible to study frozen, hydrated

LDL particles [6], it was assumed that their structural

integrity was preserved in the EPR experiments.

3. Results
3.1. Denaturation of apoB

The analysis of the sulfhydryl group coutent in LDL
particle is presented in Table 1 and Fig. 1. In this study, the

total of nine free thiol groups (i.e. TNEFT) could be detected
only after the treatment of the particle with a detergent (e.g.

Q.10

Absorbance at 405 nm

¢+ 2 8 4 "5 24 2 2 pa  pg
time, hours

Fig. 1. The time dependence of the absorbance due to the teaction of free
thiols in LDL with DTNB in the presence of the detergent and disulfide
linkage reducing agent. The following symbols are used: native LDL (),
LDL exposed to SDS (®) and LDL exposed to DTT (&), The doited
(dashed) line represents theoretically predicted absorbance (= 0.004) for
nine (25) free thiol groups expected in the sample. Experiments with SD§
and DTT are described in Section 2.3. The presented data are normalized to
the LDL concentration of 2,3 M.
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Fig. 2. The change in the absorbance due to the reaction of free thiols in
LDL with DTNB, Different time duration of the exposure of LDL (2.3 uM)
te GuHCI is indicated in the legend. In the insert the time course of the
expetiment is shown for the seleeted concentration of denaturant. The
following symbols are nsed: native LDL {v) and LDL exposed to § M
GuHCl (&),

SDS). The total number of 25 cysteinyl residues (i.e. TNT)
in apoB was determined after the exposure of the system to
DTT. These results indirectly suggest the existence of eight
disulfide bridges in apoB. The comparison with the data
from the literature is also given in Table 1.

In the native LDL particle, two free thiols {i.e. NFT) out
of nine are detected to be accessible to DTNR. During the
sequential denaturation of LDL induced by the increasing
concentrations of GuHCI or urea, gradual increase in the
absorbance of the product obtained from the reaction of
DTNB with accessible free thiols is presented in Figs. 2 and
3. The derived NFT in the LDL samples exposed for 24 h to
maximal concentration of denaturants reveals six to seven
thiols accessible to DTNB in the presence of either GuHCl
or urea. It should be noted that in the presence of denatur-
ants, there exist thiol groups in apoB which cannot be
brought into contact with DTNB even under the intensive
denaturation conditions.

To independently verify the induced change in the local
environment of the intrinsic tluorophores in apoB in the
presence of GuHCI or wrea, the steady state fluorescence
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of LDL was observed. Since no shift in the fluorescence
maximal emission was detected i the presence of dena-
turants, the quenching of fluorescence by negatively -
charged iodide was investigated (Fig. 4). The results
indicate that denatured LDL samples exhibit larger fluo-
rescence quenching than the native ones, In the framework
of the chosen concentrations of denaturants, GuHCI had
somewhat stronger impact on apoB than urea. Quenching
of the Trp fluorescence in apoB by positively charged
cesium ions appeared ineffective in both native and dena-
tured LDL (data not shown). This result can be a con-
sequence of a local density of positive charges in the
neighborhood of the intringic fluorophiores. The inspection
of the primary structure of apoB reveals that ca, 30%
tryptophyl residues are located in the close proximity of
positively charged amino acids (lysines, arginines). In
addition, the lipid confent of the surface monolayer in
LDL is predominantly represented by zwitterionic phos-
phatidylcholines, which might locally coutribute to the
electrostatic barrier towards positively charged quencher
which persists even in the denatured state of the particle.
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Fig. 3. The change in the absorbance due to the reaction of free thiols in LDL
with DTNB. Different time duration of the exposure of LDL {2.3 pM) to urea
is indicated in the legend. In the insert the tithe course of the experiment is
shown for the selected concentration of denaturant, The following symbols

are used: native LDL () and LDL exposed to 10 M urea (m).
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Fig. 4. Quenching of the steady state intrinsic fluorescence of apoB by KI
{excifation at 280 nm, emission at 332 nm) after 24.h expostre to
denaturants. The intensity in the absence {presence) of the quencher is
denoted by Fy ( ), The following symbols are used: native LDL (v), .DL
exposed to urea (B) and LDL exposed to GuHCI (4).

3.2. EPR spectra of the spin-labeled apoB with partially
blocked thiol groups

In order to resolve different populations of thiols, the
apoB was labeled with MTS-SL. In comparison with
DTNB, MTS-SL is a smaller molecule with the preferen-
tial partitioning in the apolar enviromment. Since it can
covalently modify sulfhydryl groups, it can be used to
probe those thiol groups in the native LDL which are
otherwise sterically inaccessible to DTNB. Therefore, two
different spin-labeled LDIL, samples were prepared, i.e.
LDL was spin labeled in the native state as well as after
selectively blocking thiol groups. In the later experiment,
two exposed cysteinyl residues of the native LDL (i.e.
NFT) were covalently modified with DTNB, thus leaving
the other seven potential binding sites for the reaction with
MTS-SL. The EPR spectra of the spin labeled native LDI,
and LDL with blocked thiol groups were measured at low
temperature to slow down molecular motion (Fig. 5). The
maximal hyperfine splittings were estimated directly from
the experimental data, 2diexlexp), as well as from simu-
lated spectra, 2Amux(sim). For the spin-labeled native LDL,
24 1max(eXp) = 24 o (sim) = 6.58 mT, whereas for the LDL
with partially blocked thiols the respective values are
24 inanlexp)=6.36 mT and 2d1ax(sim) =6.34 mT. Despite
the rather low signal-to-noise ratio of the observed EPR
spectia, different hyperfine splittings, characteristic for
these two different LDL samples, were experimentally
teproducible.

3.3. Titration of the MTS-SL potential labeling sites in apoB

The analysis of the stoichiometry of the covalent mod-
ification of free thiol groups in apoB by MTS-SL was
performed in order to probe the accessibility of the potential
labeling sites with respect to the hydrophobic spin label.

2 Amax

WM’“M&*M’*”/

320 a5 330 335 340
B/mT

Fig. 5. EPR spectra of the spin-labeled native LDL, (2) and LDL with
paitially blocked thiol groups {b). The spectra were recarded at 260 K with
50-mW microwave power, 0.1-mT modulation amplitude and 100-kHz
modulation frequency. Full lines represent the experimental spectie and -
dotted lines the theoretically fiited ones. The spectra are normalized o the
same meximum amplitude and the maximal hyperfine splittings, 245, are
indicated. Both LDL samples were spin-labeled using concentration ratio
MTS-SL/LDL>25:1.

Native and denatured LDL were labeled in concentration
ratios MTS-SL/LDL = 10:1 and 25:1 , which should meet the
criteria for labeling all nine fiee thiols in apoB assuming
their equal probability to encounter MTS-SL molecyles.
After spin labeling under lower concentration ratio, the
native LDL sample contained still two thiol groups (i.e.
TNEFT) despite unreacted spin label detected in the dialysate
by EPR spectroscopy (Table 2). Similar result was observed
when the LDL sample was first exposed to 10 M urea for 24
h and then spin-labeled. On the other hand, LDL denatured
with 8 M GuHCI prior to spin labeling exhibited neither free
thiol groups nor free MTS-SL in the dialysate. When the

Table 2
Estimation of the number of free thiol groups in apoB prior and after spin
labeling using a concentration ratio MTS-SLADL = 10;1

Sample Number of free Total munber of  Residuat
thiols exposed free thiols et EPR signal
to DTNB prior to  after the spin in dialysate

the spin labeling labeling (TNFT)
{NFT)
LDL 2 2 +
EDL+10 M 7 2 +
urea after 24 h ’
LDL+8 M GuHCl & ) -
after 24 h

The method of Efiman [14] was adapted for LIDL with the accuracy of 4 |
thiol gronp.
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higher concentration ratio of MTS-SL to LDL wag applied,
complete thiol labeling was achieved in all LDL samples.

4. Discussion

In this study the experimental evidence for the existence
of domain structuring in apoB was investigated. Free thiol
groups were studied in the native LDL and LDL exposed to
sequential denaturation by GuHCI and urea,

The total number of 25 cysteinyl residues in apoB was
detected in accordance with the data reported for the
primary structure of apoB f4,5]. Furthermore, all nine free
thiol groups in LDL were directly experimentally con-
firmed. The results indicate_that in the native LDL only
two free thiols out of nine react with DTNB which can be
correlated with the thiols suggested to be exposed at the
surface of the particle [9,11]. It should be emphasized that
DTNB, besides its chemical affinity to sulfhydryl groups,
can react only with a fraction of thiol groups it apoB which
are accessible within the boundary of sterically allowed
diffusion of the reagent. However, when the structural
constraints are removed in the presence of denaturants,
additional thiols become accessible to react with DTNB.
Interestingly, denaturation for 24 h in the presence of high
concentrations of GuHCI and urea still left ca. two to three
free thiols inaccessible to DTNB. It can be proposed that
these sulfhydryl groups reside in the domains of apoB
which are buried in the hydrophobic regions of LDL, e.g.
whete the protein sequence is anchored in the lipid matrix,
and, thus, cannot be brought to the surface of LDL by the
hydrophilic denaturants. This reasoning can be supported by
the experimental evidence that only in the LDL particle
prefreated with a detergent, like SDS, can all free thiol
groups be exposed to react with DTNB.

These conclusions can be suppotted by the results of
the experiments performed to resolve different populations
of the labeled thiols in apoB. The existence of the domains
which might be sterically or structurally detached from the
surface of apoB was independently vetified in the experi-
ments with differently spin'-iabelec\i LDL. The comparison
of the low temperature EPR spectra of spin-labeled LDL
with blocked sulfhydryl groups with those of the native
LDL revealed a significant difference in the respective
hyperfine splittings. This phenomenon can arise due to
different polarity and/or mobility of the nitroxides in the
micro-environments of spin label binding sites of these two
LDL samples. For a completely immobilized spin label in a
polar or apolar environment one would expect 24,.,,=7.32
or 6.72 mT, respectively [23,25]. The value obtained for LDL
bearing partially blocked thiols (24 max(exp)=6.36 mT,
24 max(sim) =6.34 % 0.06 mT) is close to the nonpolar limit,
Thus, it can be anticipated that in this LDL sample, thiol
groups modified with MTS-SL do reside in the hydro-
phobic part of the LDL particle, In addition, residual
motion of the spin label side chains must be responsible
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for the remaining deviation from the rigid limit value.
The hyperfine splitting of the other LDL sample is larger
(2Amax(exp) = 24 9, (5im) = 6.58 -+ 0.04 mT). A reasonable
explanation for this behavior is that the additionally
bound spin labels reside in a polar environment shifting
the average effective hyperfine splitting to higher values,
In order to distinguish between the polarity and mobility
effects on the hyperfine tensor, further experiments at
lower temperatures have to be performed. Nevertheless, a
clear difference between these two LDL samples indicates
different populations of the spin-labeled thiols in apoB,

In order to support the above reasoning, the tifration of
the potential labeling sites in LDL was studied. The results
of these experiments undoubtedly pointed out that two out
of nine thiol groups are beyond diffusion limited reaction
with MTS-SL when the approximately equal molarity of the
spin label versus sulfhydryl groups is applied. Furthermore,
two thiol groups could not be brought to react with MTS-SL
even after the exhaustive denaturation with urea, Ounly when
the intensive perturbation of the electrostatic interactions
in LDL was forced by GuHCI, the full exposure of thiol
groups to MTS-SL was achieved. This observation can be
assigned to different mechanisms of interaction of GuHCI
and urea with the biological system as extensively dis-
cussed in the literature [26,27]. The phenomenon can also
be supported with the results of the experiments with
steady state fluorescence quenching by KI. Namely, LDL
denatured with GuHC! exhibited larger quenching of Trp
fluorescence than LDL denatured with urea, implying
lower hydrophobic barrier in the former case. Although
it is not possible to provide experimental evidence that
always the very same two thiol groups were inaccessible
to either DTNB or MTS-SL, the resulis strongly indicate
that two thiols should reside in a separate domain, or in a
part of a domain in irreversible interaction with the lipid
phase,

5. Conclusion

The results presented here indicate that nine thiol groups
in apoB are distributed in different domains of LDL: two are
more exposed, two are buried deeply in the lipid matrix of
the particle and the rest located in hydrophobic parts of this
extremely complex protein—lipid assembly. Tn the literature
[5,7,9,28] one consistently finds Cys®’** and Cys*3%0
Iocated in the trypsin releasable fragments of apoB which
are part of the receptor binding domain. They can be
assigned, in the framework of this study, to the cysteinyl
residues bearing free thiol groups accessible to DTNB.
Cys™ and Cys"™ are reported to reside in the trypsin
nonreleasable segments of apoB and these may be the
candidates for the thiols deeply buried in the hydrophobic
part of LDL as evidenced in this work. From the remaining
five thiols in apoB, four should be situated in one domain
(Cys'®85, Cys!395, Cys'?8, Cys'®} and, according to the
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results from this investigation, all of them could be exposed
in the presence of GuHCI oy urea. Thus, here presented
material provides experimental support for the proposed
model of the apoB {7.9] which suggests clustering of free
Cysteinyl residues in different domains of the protein,

Acknowledgements

The authors (MLK., AK., G.P) are grateful to Alexander
von Humboldt Foundation for the financial support in the
purchase of the new microwave bridge for the EPR
spectrometer. This work was supported in part by the
Ministry of Science and Technology (project number
06MP037). The expetiments comply with the current laws
of Croatia, '

References

(1] TA. Berliner, 1.W, Heinecke, Free Radic. Biol, Med 20 (1596) 707.

{2] AM. Gotto Ir,, in: A, Neiberger, L.L M. van Deenen (Eds.), Plasma
Lipoproteins, New Comprehensive Biochemistry, vol. 14, Elsevier,
New York, 1987, PP 165172,

31T Havenoja, M.O, Pentikdinen, M.T Hyvinen, BT, Kovanen, M.
Ala-Korpela, Biochim. Biophys. Acta 1488 {2000) 189,

[4] T.I. Knott, R.J, Pease, L.M. Powell, 8.C. Wallis, 8.C. Rall Jr, T.L.
Innerarity, B, Blackhart, WH, Taylor, Y. Marcel, R. Milne, D. John-
son, M. Fuller, A.J, Lusis, B.J. McCarthy, R, W, Mahley, B. Levy-
Wilson, J. Scott, Nature 323 (1986) 734,

[5] C.¥. Yang, S.H. Chen, S.H. Gianturco, WA. Bradley, I.T. Sparrow,
M. Tanimura, W.H, Li, D.A. Sparrow, H. DeLoof, M. Rosseneu, F..8.
Lee, Z-W. Gu, A.M. Gotto Iz, Nature 323 (1986) 738,

[6] EV. Orlova, M.B. Sherman, W. Chiu, H, Mowri, 1..C. Smith, A.M.
Gotto Jr., Proc. Natl. Acad. Sci, U, §. A. 96 (1999) 8420

[7]
(8]
[97

[10
(1]

[12]
{131

[14]
[15]

[£6]
17

[18]
{191
(20
[21]
223
£23]
[24]
[25]
{26]

[27]
(28]

LP. Segrest, MK, Jones, K.V. Mishra, G.M. Anantharamaiah, D.W,
Garber, Arterioscler, Thramb, 14 (1994) 1674,

E. Ferguson, R.J, Singh, N. Hogg, B. Kalyanaraman, Arch, Biochem,
Biophys. 341 {1997) 237,

CY. Yang, T.W. Kim, §.A, Weng, B. Lee, M. Yang, AM. Gotto Jr,
Proc. Natl. Acad. Sci. 17, . A. 87 (1990} 5523,

M.F. Ingram, G.8. Shelness, JI. Biol. Chem. 272 {1997y 10279,
R.D. Coleman, T.W. Kim, AM. Gotto Jr,, C.Y. Yang, Biochim, Bjo-
phys. Acta 1037 {1990) 129.

A. Sommer, R, Gorges, G.M, Kostner, F, Paltent, A, Hermetter, Bio-
chemistry 30 (1991) 11245,

E. Ferguson, N. Hogg, W.E. Antholine, J, Joseph, R.J, Singh, 8. Par-
thasatathy, B. Kalyanaraman, Free Radic. Biol. Med. 26 (1999} 968,
G.L. Eliman, Arclt. Bioshen, Biophys. 82 (1959) 70,

M. Kveder, G. Pifai, B. Vukeli¢, S, Pelar, M, Schara, Biopolymers
{Biospectroscopy) 57 {2000) 336.

H. Puhl, G. Waeg, H. Esterbaver, Methods Eazymol. 223 (1994) 423,
G. Jiirgens, H.I Hoff, G.M, Chisolm, H, Esterbaner, Chem. Phys.
Lipids 45 (1987) 315.

G.H. Lowry, N.J. Rosenbrough, A.L. Fam, RJ. Randalf, 1. Biol,
Chesss. 193 (1951) 265,

A. Giessauf, E. Steiner, H, Dsterbauer, Biochim. Biophys. Acta 1256
(1995) 221,

LA. Mikhailenko, S.A. Dubsovskaya, O.B. Korepanova, N.G. Timo-
feeva, A.D. Morozkin, N.V. Prokazova, L.D. Bergelson, Biochim.
Biophys. Acta 1085 (1991) 299,

P.D. Morse 11, Biophys, J. 51 (1987) 440a.

HL.-J. Steinhoff, J. Biochem. Biophys. Methods 17 (1988) 237,

H.-J. Steinhoff, A, Savitsky, C. Wegener, M. Pleiffer, M. Plato, K.
Mabius, Biochim, Biophys. Acta 1457 (2000} 253,

R.J. Singh, I B. Feix, H.S. Mchaourab, N. Hogg, B, Kalyaniaraman,
Arch. Biochem. Biophys. 320 (1995) 155,

C. Wegener, A, Savitsky, M. Pfeiffer, K, Mihius, H.-J. Steinhoff,
Appl. Magn. Reson. 21 (2001) 441,

G.1 Makhatadze, P11, Privalov, J. Mol. Biol. 226 {1992) 491,

0.D. Monera, C.M. Kay, R.S. Hodges, Protein Sci. 3 {1994) 1984,
C.Y. Yang, ZW. Gu, S.A. Weng, TW. Kim, S.1, Chen, HL.J. Pownall,
PM. Sharp, S.W. Liu, WH. Li, AM. Gotto I, L. Chan, Atferig-
sclerosis 9 (1989) 96,



