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Abstract We previously reported that the expression of an epi- 
tope of apolipoprotein B (apoB), mapped to the C-terminus and 
defined by antibody B,,17, increased during CuZf-mediated ox- 
idation of isolated low density lipoprotein (LDL). We describe 
now the properties of B,,17 as a marker of LDL oxidation in 
whole plasma in relation to other effects of oxidative treatment 
of plasma, such as the distribution of a p d - I  and cholesteryl es- 
ter transfer protein (CETP). In dialyzed plasma, no LDL oxida- 
tion was detected at Cu" concentrations (5 pM) sufficient for 
extensive oxidation of isolated LDL. At a higher Cu2+ concen- 
tration (50 pM) , an increased expression of the B,17 epitope 
was observed; at 250 pM Cu2*, other evidence of LDL oxidation 
was found. The pattern of LDL response to Cu" observed in di- 
alyzed plasma could be reproduced by adding 3 % bovine serum 
albumin to isolated LDL. We demonstrate that the effect of 
albumin most likely results from its ability to bind copper ions. 
Incubation of plasma with increasing concentrations of Cu2' 
resulted first in the disappearance of az-migrating HDL, the 
usual carrier of CETP; free CETP and high molecular weight 
apoA-I-containing particles were also generated during oxida- 
tion. Addition of oxidized, but not native, LDL to plasma 
resulted in a transfer to LDL of some of the CETP initially asso- 
ciated with apd- I .  I In conclusion, the increased immuno- 
reactivity of the B,,17 epitope was the most sensitive parameter 
of LDL oxidation, but other parameters, such as the presence of 
aZ-HDL and CETP -lipoprotein associations were even more 
sensitive evidence of lipoprotein oxidation. - Zawadzki, Z., 
R. W. Milne, and Y. L. Marcel. Cu2'-mediated oxidation of di- 
alyzed plasma: effects on low and high density lipoproteins and 
cholesteryl ester transfer pr0tein.J. Lipid Res. 1991. 32: 243-250. 
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8, 10, 14, 15). Much of that information has been accu- 
mulated using a simple model of LDL oxidation, consist- 
ing of the isolated lipoprotein incubated with either 
oxygen-containing buffers (5, 16), copper ions (8, 12), or 
endothelial cells (6, 14, 17). The situation in vivo is, of 
course, much more complex and the obvious question 
arises whether the observations made upon oxidation of 
isolated LDL apply to a more physiological environment, 
such as human plasma. 

We have recently reported (18) the changes in apolipo- 
protein B immunoreactivity during oxidation of isolated 
LDL. Using several anti-apoB monoclonal antibodies we 
found that the expression of three epitopes mapped to the 
N-terminal region, middle part, or LDL-receptor binding 
domain of apoB decreased gradually during the oxida- 
tion, while the expression of another epitope (B,,17) 
located at the C-terminus of the apoB molecule increased 
markedly during the first stages of oxidative processes. We 
suggested that the B,,17 epitope could serve as an im- 
munochemical marker of LDL oxidation. 

It has been reported from our laboratory (19) that the 
oxidative treatment of high density lipoprotein results in 
changes in apolipoprotein A-I immunoreactivity and also 
in apoA-I cross-linking. An ap-migrating subfraction of 
HDL [also referred to by others as pre-/3-HDL (20)] has 
been shown to be particularly responsive to oxidative con- 
ditions. This ap-HDL was also found to contain most of 
plasma CETP in complexes of about 150 kDa (21). Since 
the decreased positive charge of lipoproteins facilitates 

The role of oxidative modification of low density lipo- 
protein in atherogenesis has been substantiated by several 
studies (1-3), albeit not unequivocally (4). The efforts by 
many laboratories to characterize LDL oxidation and 
assess its physiological role have generated a considerable 
amount of information on the mechanism of the process 
(5-13) and fairly detailed descriptions of its products (7, 

Abbreviations: BHT, butylated hydroxytoluene; NCP, nitrocellulose 
paper; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel elec- 
trophoresis; RIA, radioimmunoassay; LpA-I, apolipoprotein A-I- 
containing lipoproteins; a2-HDL, high density lipoprotein with a2 
agarose electrophoretic mobility; CETP, cholesteryl ester transfer pro- 
tein; PBS, phosphate-buffered saline; FPLC, fast protein liquid chroma- 
tography; VLDL, very low density lipoprotein; LDL, low density 
lipoprotein. 

'To whom reprint requests should be addressed at: Clinical Research 
Institute, 110 Pine Avenue West, Montreal, Quebec, H2W 1R7 Canada. 

Journal of Lipid Research Volume 32, 1991 243 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


their binding to CETP as demonstrated with the acetyla- 
tion of LDL apoB (22), and since oxidation generates 
LDL with reduced numbers of positively charged lysine 
residues in apoB (8), we speculated that the formation of 
oxidized LDL may affect the normal binding of CETP to 
a'-HDL; if true, this could be expected to have possible 
physiological consequences. In the present paper we 
report both our attempts to use the B,,17 marker in ex- 
periments carried out in the whole plasma and our obser- 
vations on the effects of oxidative treatment of plasma on 
CETP and its physiological carrier, the a2-migrating frac- 
tion of HDL. 

MATERIALS AND METHODS 

Plasma and lipoprotein samples 

Blood from normolipidemic humans was collected into 
EDTA-containing Vacutainers and centrifuged for 15 min 
at 2000 g to separate plasma which was used in subse- 
quent experiments within 3 days from blood drawing. 
ApoB concentration was measured by RIA using anti- 
body 4G3 (see below). Plasma aliquots were used to 
isolate low density lipoprotein by sequential ultracentri- 
fugation (1.020 g/ml < d < 1.050 g/ml). Isolated LDL was 
dialyzed against PBS, 10 pM EDTA, and protein was 
measured according to Lowry et al. (23). 

Oxidative treatment 

For the oxidation of isolated LDL, the procedure of 
Steinbrecher (8) was used, as described previously (18). 
The same protocol was used in experiments in which 
bovine serum albumin was added to the incubation mix- 
ture or when whole plasma was exposed to Cu2+ ions. 
Prior to treatment, samples were dialyzed against EDTA- 
free PBS. The concentration of copper ions varied from 
5 pM to 500 pM. In control incubations, which did not 
contain Cu2+, 1 mM EDTA and 40 pM BHT were pres- 
ent. The treatment was arrested by addition of 1 mM 
EIYIA and 40 pM BHT, followed by dialysis against PBS 
with the same additives. 

Monoclonal antibodies and antisera' 

The production and characterization of monoclonal 
antibodies 4G3 and B,,17 against apoB (24-27), 4H1 
against apoA-I (28), and TP-2 against CETP (29) have 
been described earlier. TP-2 was labeled with lZ5I using 
the chloramine T method (30). Affinity-purified rabbit 
anti-mouse IgG was purchased from Kirkegaard and 
Perry Laboratories Inc. (Gaithersburg, MD) and iodi- 
nated using the chloramine T method (30). 

'Samples of antibodies 4G3, B,,17, 4H1, and TP-2 can be obtained 
from our laboratory. 

Solid phase radioimmunoassay of apoB 

The assay has been described earlier (18, 27). 
Polystyrene wells (Removawells, Dynatech Laboratories 
Inc., Alexandria, VA) were used for immobilization of 
normal LDL, which competed for the monoclonal anti- 
body with different concentrations of the sample to be 
tested. The amount of monoclonal antibody bound to the 
solid phase was determined using Iz5I-labeled rabbit anti- 
mouse IgG. Maximum binding was determined in wells 
to which no competing soluble antigen was added. The 
results are expressed as BIB,,,,, ratio. Each point is the 
mean of two measurements (CV < 10 %). 

Polyacrylamide gel electrophoresis 

The system of Laemmli (31) was used for 1.5-mm-thick 
5 -  15 % polyacrylamide gradient gels containing SDS. 
The sample buffer contained 10 pM Tris (pH 6.8), 3% 
SDS, 20 % glycerol, 10 % 2-mercaptoethanol, and bro- 
mophenol blue marker. The electrophoresis was carried 
out at 20 mA per gel until the marker reached the bottom 
of the gel. The proteins were either stained with Coo- 
massie blue R-250 or transferred to nitrocellulose paper 
(0.45 pm pore size, Millipore) according to Towbin, Stae- 
helin, and Gordon (32). The transfer buffer was 62.5 mM 
boric acid (pH 8.0) 30% methanol. Nondenaturing 
2- 16 % and 4-30 % polyacrylamide gradient gels (Phar- 
macia, PAA 2/16 and PAA 4/30, Sweden) were used ac- 
cording to Gambert et al. (33). The electrophoresis and 
transfer to NCP have been described earlier. The im- 
munodetection of proteins in NCP was carried out as 
described earlier for anti-apoB (24), anti-A-I (28), and 
anti-CETP (21) monoclonal antibodies. 

Agarose gel electrophoresis 

Paragon Lip0 gels (Beckman) were used; electrophore- 
sis, fixing, and lipid staining were performed according to 
the instructions of the manufacturer. The transfer to NCP 
and immunodetection have been described earlier (18). 

Albumin studies 

Two commercial preparations of bovine serum albumin 
(Fraction V, from bovine serum and Fraction V, fatty 
acid-free, from bovine serum, both from Boehringer, 
Mannheim, Germany) were used, as well as a charcoal- 
treated albumin; all gave the same results in incubations 
with LDL and Cu'+. For saturation with fatty acids the 
commercial fatty acid-free preparation was additionally 
treated with charcoal to remove the residual fatty acids, 
using the method of Chen (34). The saturation of albu- 
min with fatty acids was performed using the Celite 
method of Spector and Hoak (35); the Celite was removed 
from albumin solution by filtration. 
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Fast protein liquid chromatography 
Plasma (0.5 ml) before or after  incubation with Cu2+ 

was injected onto  a Superose 12 column connected to  the 
Pharmacia FPLC system. The elution with 10  mM Tris, 
150  mM NaCl, 0.01 '% EDTA, 1 mM NaNS, pH 8.0,  was 
carried out  at the  rate of 30 ml/h. Fractions of 0.5  ml 
were  collected and 3-pl aliquots of each fraction were ap- 
plied on nitrocellulose paper. The  NCP was  processed as 
described earlier for anti-CETP antibody TP-2 (21). 

RESULTS AND  DISCUSSION 

LDL during plasma oxidation 
When the  standard oxidation procedure of incubating 

the LDL sample in EDTA-free PBS (200  pg LDL pro- 
tein/ml) with 5 pM Cu2* for 18 h was applied to fresh, di- 
alyzed human plasma, LDL  and  VLDL were not af- 
fected. That could be judged by the lack  of  effect on LDL 
agarose mobility (not illustrated), the absence of apoB 
degradation  as  demonstrated by SDS gels (Fig. l), and 
the unchanged immunoreactivity with antibodies B,,17 
and 4G3 (Fig. 2A and B). This was in sharp  contrast with 
the effect  of similar incubations on isolated LDL,  as 
described earlier (18). Extending  the  incubation time up 
to 48 h  did not affect the results. When the copper ion 
concentration in the  incubation  mixture was raised to 50 
pM,  we were  still unable  to detect any change in LDL 
agarose mobility, apoB SDS-PAGE migration, or LDL 
immunoreactivity with 4G3. But, interestingly, at this 
concentration of Cu2+, the  RIA using antibody B,,17 de- 
tected a substantial increase in immunoreactivity of LDL 
(Fig. 2A). Further increases of Cu2*  concentration (250- 
500 p ~ )  did not bring  about any additional change in the 
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Fig. 1. Immunoblot of  an SDS-polyacrylamide gradient gel (5-15 %) 
obtained with anti-apoB antibody 4G3. Plasma was incubated for 24 h 
with: 5 pM Cu" (lane I), 50 pM cu2+ (lane 2), 500 pM c u p  (lane 3), 
and with no Cu2' (lane 4); isolated LDL (lane 5) was incubated with 
5 pM Cu*'  for 3 h (lane 6) and 18 h (lane 7). 
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plasma dilution (x) 
Fig. 2. Competitive RIA with (A) antibody Bw,,7 and (B) antibody 
4C3. The competing antigen was plasma incubated for 18 h with: (-) 
EDTA + BHT; (-D-) 5 p~ Cu2*; (---) 50 p~ Cu2*; or (--) 500 pM Cu". 

B,,17 RIA displacement curve, but an increase in LDL 
mobility in agarose could  be detected both by lipid stain- 
ing  and  immunodetection with 4G3  (not illustrated). The 
Western blotting of SDS-polyacrylamide gel with both 
4G3  and B,,17 detected fragmentation of apoB in these 
samples, although the extent of changes was far from that 
observed after Cu2+ treatment of isolated LDL for the 
same time (Fig. 1). 

Since we have previously observed (18) that  incubation 
of isolated VLDL with Cu2+ does not affect its im- 
munoreactivity with either  4G3 or BSo17,  we assume that 
the effects  of 50 pM and 250 pM Cu2+ described above 
result from LDL,  rather  than  VLDL, modification. 

In order to explain the mechanism preventing the LDL 
in plasma from being oxidized during  incubation with 
copper ions, we repeated the oxidative treatment of 
isolated LDL in the presence of 3 'j% bovine serum 
albumin. The results were virtually identical with those 
reported above for plasma. Again, at  Cu2+ concentration 
of 5 pM no changes could be detected in LDL agarose 
mobility (Fig. 3) or any other of the parameters  studied; 
at 50 pM cu2+  an increase in immunoreactivity with 
B,,17 was the only effect observed, and  at 250-500 p~ 
Cu2+ it was accompanied by increased agarose mobility of 
LDL  and some limited fragmentation of apoB (not illus- 
trated). 

HDL and CETP during plasma oxidation 
The next step was to verify whether the  gradual Cu2*- 

concentration-dependent effect that  the  treatment  has  on 
LDL could also be seen in HDL. Fig. 4A shows changes 
in  apoA-I distribution  during  incubation of plasma with 
Cu2+.  It can be seen that at 50 and 500 pM Cu2+ there is 
a decrease in intensity of the apoA-I signal detected in the 
molecular weight range of 100,000 to 150,000; at the  same 
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Fig. 3. Lipid staining of  an agarose gel after electrophoresis of  LDL 
incubated with 5 p~ Cu". LDL incubated for 24 h with EDTA + BHT 
(lane 1). Cu" (lane 2) and Cu" in the presence of 3 % BSA (lane 3); 6 
h incubation with Cu2' (lane 4) or Cu2' + 3 % BSA (lane 5); 3 h incuba- 
tion with  Cu" (lane 6); 1 h incubation with  Cu*' (lane 7); time = 0 in- 
cubation with  Cu2' (lane 8). The additional electronegative band in 
lanes 3 and 5 represents the BSA;  the intensity of its Sudan black stain- 
ing depends on the content of fatty acids and may change as the oxida- 
tion proceeds. 

time  more apoA-I-containing material can be found in the 
higher molecular weight range, as compared with the 
plasma before in~ubat ion.~ 

We reported recently (21) that the apoA-I-containing 
lipoproteins of molecular weight ranging from 129,000 to 
154,000 are  the CETP-carrying particles which  in agarose 
migrate  as an  a2-HDL fraction (in  contrast with the al- 
migrating bulk of HDL)  and in  Fig. 4B we show that 
CETP in  fresh plasma is indeed detected in that partic- 
ular molecular weight range  (lane 1). During  incubation 
with increasing concentrations of copper ions, the CETP 
signal is transferred to a  band of lower molecular weight 
(lanes 2 and 3), co-migrating with partially purified 
CETP. The identity of that  band was confirmed by  gel 
filtration. Samples of dialyzed plasma before and  after 
treatment with 500 pM Cu2+ were applied on a Superose 
12 column and  eluted in an  FPLC system. The  CETP- 
containing fractions of the  eluate were identified by im- 
munodetection on a nitrocellulose dot blot. The  Cu2+ 
treatment shifted the CETP signal toward the lower mo- 
lecular weight region of the  eluate  (not illustrated), coinci- 
ding with the partially purified CETP sample eluted from 
the same column. Interestingly, we previously reported 
(21) that  upon  aging of plasma a decrease in the molecular 
weight of CETP bands occurs, identical to  that seen in 
Fig. 4B; these effects are observed also in the presence of 
protease inhibitors, confirming that an oxidative mecha- 
nism may be an underlying cause. Thus, it appears  that 

under oxidative conditions the CETP-carrying particles 
are destroyed; the  bonds between CETP and  the lipopro- 
tein are broken, resulting in the release of CETP. 

Immunoblots of agarose gels provide further  support 
for that mechanism. CETP in plasma is present mostly, 
or even  solely, in the a2-migrating subfraction of LpA-I. 
Fig. 5 shows that  the intensity of the apoA-I signal in the 
a2-HDL band is reduced even  in the presence of 5 pM 
Cu2+  and the  band completely disappears at 50 or 500 pM 
CU2'. 

At this point we can only speculate about  the reasons 
for that  particular responsiveness of cr2-migrating HDL to 
oxidative conditions. The lipids present in that HDL sub- 
fraction may contain  fatty acids particularly sensitive to 
oxidation. O n  the  other  hand,  one of the  striking features 
of a2-HDL is its exceptionally low content of lipids (20). 
These particles, consisting in over 90% of proteins  are 
probably discoidal and have  very little, if any,  of the lipid 
core. The antioxidant properties of several lipophilic 
substances present in the lipid core of lipoprotein particles 
(e.g., &carotene or vitamin  E in normal  humans,  probu- 
col  in treated subjects) are well established. Due to its 
composition, the ap-HDL subfraction may be depleted of 
that  antioxidant protection. 

Plasma dialysis and oxidation 

Plasma used in the above experiments had been dial- 
yzed prior to the Cu2+ treatment in order  to remove the 
EDTA. The concomitant removal of other low molecular 
weight components by dialysis may have altered the 
plasma sensitivity to oxidation. For instance, diet-derived 
ascorbate is  known (37) to provide an important physiolo- 
gical protection against lipid peroxidation. To take ac- 
count of the possible  effects  of dialysis on plasma sus- 
ceptibility to oxidation, we repeated the Cu2+ treatment 
using nondialyzed serum instead of dialyzed plasma and 
we analyzed the  products on nondenaturing polyacryl- 
amide  gradient gels. The resulting changes in  apoA-I and 

A 
0- 

154, 
129- 

B 
-0 

1 2 3 4  1 2 3  4 

~- Fig. 4. Immunoblots of nondenaturing polyacrylamide gradient gels 
(4-30%) obtained with (A)  anti-apd-I antibody 4H1 or (B)  anti-CETP 

'The band seen at 56 kDa has been described earlier (36) It  may antibody TP-2. A plasma incubated for 6 h with 5 pM (lane I), 50 pM 
represent  the  apoA-I dimer or some other form of free apoA-I, present (lane 2), 500 p~ (lane 3) Cuz*, or with EDTA + BHT (lane 4). B: 
in plasma only in minor quantities; the intensity of the band  reflects  high Plasma (lane 1) incubated for 6 h with 50 pM (lane 2) or 500 pM (lane 
immunoreactivity of that apoA-I form  with 4H1. 3) Cu".  Partially  purified CETP in lane 4. 
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Fig. 5. Immunoblot of an agarose  electrophoregram  obtained  with 
anti-apoA-I  antibody  4H1.  Plasma (lane 1)  was incubated for 6 h with 
5 PM (lane 2), 50 FM (lane 3), or 500 PM Oane 4) cu". 

CETP distribution were identical to those presented in 
Fig. 4A and 4B (not  illustrated) with one  important  quan- 
titative difference: these changes appeared only at  Cu2+ 
concentrations higher than 100 pM. This shows indeed 
that, the dialyzable plasma components provide an addi- 
tional protection against the Cu2'-mediated oxidation; 
that protection could be overcome by using higher con- 
centrations of copper ions. On the  other  hand, in our ex- 
periments the dialyzable components accounted only 
partially for the protection against Cu*+-mediated 
modification since the oxidation of LDL in dialyzed 
plasma still required  higher  concentrations of Cu2'  than 
in the case of isolated lipoproteins. 

CETP association with oxidized LDL 
In  order  to test the hypothesis that oxidation of LDL 

might also influence the  distribution of CETP in plasma 
because of the increased negative charge of oxidized 
LDL, we incubated an aliquot of plasma with exogenous 
oxidized LDL obtained by Cu2+ treatment of isolated 
lipoprotein. Fig. 6 shows the results of immunodetection 
of CETP after nondenaturing  gradient gel electrophoresis 
of plasma incubated for 18 h with either native or oxidized 
LDL at the same protein concentration (40 pg/ml). The 
appearance of a CETP signal corresponding to the LDL 
band could be seen in the sample containing oxidized, but 
not native, LDL consistent with the role of a lipoprotein 
ionic charge in CETP binding. One would  expect that 
similar CETP binding by LDL will occur in plasma in- 
cubated with Cu2' concentrations high enough to 
generate oxidized LDL. The experiments testing that 
possibility  gave,  however, poorly reproducible results. It is 
possible that different levels  of antioxidant substances in 
various plasma samples used  may  have contributed  to  that 
variability. The difference, seen in Fig. 6 ,  between the 

CETP migration in nonincubated  (lane 5) and  incubated 
plasma (lanes 2-4) is another illustration of the shift in the 
CETP signal towards lower molecular weight particles 
observed earlier (21) during plasma aging or incubation  at 
37OC, and, in the present study, during incubation with 
Cu2+ (Fig. 4B). 

Albumin  and oxidation: pre-saturation  with 
fatty  acids 

In  our experiments  the  attenuated response of LDL in 
dialyzed plasma to the presence of Cu2+ could be mi- 
micked by adding  3 % albumin to isolated LDL, suggest- 
ing  that it is mainly the albumin  that is responsible for the 
nondialyzable part of LDL protection against the oxida- 
tive treatment in plasma. This protective mechanism may 
reflect the capability of albumin  to complex Cu2+ ions 
(38). On the  other  hand,  albumin with its affinity for fatty 
acids might interfere with the  initiating step of oxidation 
if the liberation of a fatty acid by phospholipase A2 was 
indeed a prerequisite for LDL oxidation, as postulated by 
Parthasarathy  et al. (6). However, the  study by Stein- 
brecher  and  Pritchard (39) casts doubt  on Parthasarathy's 
hypothesis and suggests that  the phosphatidylcholine 
hydrolysis  is a result of oxidation and not its initiating 
step. To obtain  more information on  the possible mecha- 
nism of albumin  inhibition of Cu2'-mediated oxidation, 
we performed several experiments in which we varied the 
content of different fatty acids and metal ions in albumin 
samples prior  to  their use in incubations with LDL  and 
cu2+.  

To deliver fatty acids to  albumin, we incubated aliquots 
of the fatty acid-free BSA solution with varying amounts 
of fatty acid-coated Celite (35). In these experiments we 
used five different fatty acids: two saturated (palmitic and 
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1 2 3 4  5 

Fig. 6. Immunoblot of a nondenaturing  polyacrylamide  gradient gel 
(2-16%) obtained  with  anti-apoB  antibody 4G3 (lane 1) or anti-CETP 
antibody TP-2 (lanes  2-5).  Plasma (lane 5) was  incubated for 18 h at 
37OC with  oxidized LDL (lanes 1 and  2),  native LDL (lane 3), or 
without  any  additives  (lane 4). 
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stearic) and  three  unsaturated (arachidonic, elaidic, and 
linolenic). The incubations were performed at two dif- 
ferent molar ratios of fatty acid to  albumin 5:l and 20:l. 
The fatty acid-enriched albumin was then used in incuba- 
tions with LDL  and  Cu2+. None of the fatty acids in- 
cubated with BSA changed dramatically  the  inhibitory 
role of albumin in LDL oxidation. The most significant 
effect  was observed with linolenic acid. As seen in Fig. 
7A, linolenate-enriched BSA  was less  efficient in protect- 
ing LDL against 100 pM Cu2+  than fatty acid-free 
albumin.  When BSA containing  higher  concentrations of 
linolenic acid was incubated with LDL, even  in the 
absence of Cu2+ there was an increase in LDL agarose 
electrophoretic migration (not accompanied by evidence 
of apoB fragmentation in SDS gels), due probably to  the 
delivery of fatty acid molecules to  LDL; the same effect 
could also be seen with high concentrations of other  fatty 
acids studied. The enrichment of  BSA with either of the 
saturated fatty acids did not result in any detectable 
change in LDL protection against oxidation. 

Albumin  and oxidation: pre-saturation with 
metal ions 

We reasoned that if the  antioxidant properties of  BSA 
simply reflected the ability of albumin  to bind Cu2+ ions, 
preincubation with copper or other divalent ions should 
diminish the protective capability of  BSA.  We therefore 
preincubated aliquots of 3% BSA solution with varying 
concentrations  of copper, zinc, or calcium ions. After di- 
alysis to remove the  unbound ions, the albumin was used 
in standard  incubations with LDL  and  Cu2+. Preincuba- 
tion of albumin with 5 or 50 pM Cu2+ did not affect its 
behavior during subsequent incubation with LDL. On 

A 

0- 

the  other  hand (Fig. 7B), the  albumin  preincubated with 
150 pM Cu2+ brought  about  a substantial oxidation of 
LDL even  in the absence of additional copper in the in- 
cubation mixture. All albumin samples pre-treated with 
higher  concentrations of Cu2+ readily oxidized LDL 
without any further  addition of copper  (not illustrated). 
Since the preincubated samples were  extensively dialyzed 
before addition of LDL, these results confirm that BSA  is 
capable of binding Cu2+ ions; they also demonstrate  that 
the  bound ions are capable of oxidizing LDL  at concen- 
trations (> 100  pM) similar  to those required in experi- 
ments with BSA that  had not been pre-treated. The effect 
of the Cu2+ ions added  during  preincubation of the BSA 
and  during  incubation with LDL was additive, i.e., ad- 
ding  the given amount of copper at either of these two 
stages or dividing it between them brought  about the 
same increase in LDL migration and apoB fragmenta- 
tion. Preincubation of albumin with calcium ions (500 
pM) did not affect the minimal concentration of Cu2+ re- 
quired  to cause an  LDL oxidation detectable by agarose 
electrophoresis. On the other  hand,  pretreatment with 
zinc ions rendered  albumin slightly less capable of protec- 
ting LDL against Cu2'-mediated oxidation (Fig. 7B), but 
Zn2+  concentrations as high as 10 mM had only a 
moderate effect (higher  concentrations could not be stud- 
ied because of precipitation of  BSA). 

Since the pre-treated  albumin solution was dialyzed 
before its subsequent use, we also dialyzed a control, non- 
treated aliquot of commercial fatty acid-free BSA. It 
turned out (Fig. 7C) that the dialysis  itself can modify the 
albumin properties in incubations with LDL  and  Cu2*, 
weakening its antioxidant protection. The changes shown 
in Fig.  7C may reflect a removal of a substance capable 
of interfering with the Cu2'-mediated process (e.g., citrate 
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Fig. 7. Lipid staining of an agarose electrophoregram. A: LDL incubated with 100 PM Cup in the presence of 3 % regular BSA (lane 1) or BSA 
pre-incubated with palmitic acid (lane 2), stearic acid (lane 3). elaidic acid (lane 4), and linolenic acid (lane 5) (fatty acidlBSA molar ratio 5:l). B: 
LDI, incubated with 3% regular BSA (lane 1) or BSA preincubated with 150 PM Cu2' (lane 2). LDL incubated with 150 PM Cu** in  the presence 
of regular BSA (lane 3) or BSA pre-incubated with 0.5 m M  (lane 4). 2 mM (lane 5), and 10 mM (lane 6) Zn". C: LDL incubated without Cu** 
(lanes 1 and 2) or with 100 PM Cu" (lanes 3 and 4) in  the presence of 3% nondialyzed (lanes 1 and 3) or dialyzed (lanes 2 and 4) BSA. See le- 
gend to Fig. 3 for the additional electronegative band. 
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or EDTA from bovine plasma from which the albumin 
was isolated). Alternatively, the removal of certain com- 
pounds from the BSA preparation may change the protein 
conformation and its ability to bind Cu2+ ions. The 
second mechanism seems more likely since our attempts 
to demonstrate antioxidant properties of the dialysis 
buffer against which BSA had been dialyzed were unsuc- 
cessful. 

The above experiments suggest that the LDL protec- 
tion by albumin against Cu2'-mediated modification 
reflects the capability of BSA to interact with copper ions. 
By measuring LDL oxidation one can detect two stages of 
BSA saturation with Cu2+. At concentrations below 100 
pM (in 3 % BSA solutions) the ions are bound very tightly 
and are not able to induce the oxidative cascade in the 
presence of LDL. At higher concentrations the Cu2+ ions 
are bound in such a manner that they can interact with 
LDL and mediate its oxidation. Our results are consistent 
with the presence in albumin of the high affinity binding 
site (38) for copper and nickel, but not zinc ions. The 
binding of the first one or two copper ions to that high 
affinity site can be followed by a much weaker binding of 
several additional ions by electrostatic interactions (40). 
These two types of copper binding are probably reflected 
by the two stages of albumin saturation with Cu2+ that we 
observed in our oxidation experiments. Zinc ions at high 
concentrations can partially saturate the low affinity bind- 
ing sites but the remaining antioxidant effect of albumin 
most likely indicates the inability of zinc ions to interact 
with the high affinity site. Factors affecting albumin con- 
formation in solution can probably modulate its capabili- 
ty to interact with copper ions. 

Interestingly, even at high Cu2* concentrations (500 
pM), resulting in a substantial oxidation of LDL, the 
apoB fragmentation is considerably less advanced in the 
presence of albumin than in its absence. The lack of effect 
of LDL oxidation on the immunoreactivity of 4G3 in 
plasma or in 3 %  BSA (in contrast to the treatment of 
isolated LDL) most likely reflects the more limited 
fragmentation of apoB in the presence of albumin. This 
is probably due to albumin interactions with LDL. 

One may question the physiological relevance of pro- 
cesses occurring in plasma incubated with 500 p~ Cu2+. 
It seems likely, however, that what happens in plasma 
after overcoming the albumin protection against Cu2+- 
mediated modifications can be brought about under more 
physiological conditions by different oxidative systems. 
The observation that in whole plasma the CETP-con- 
taining lipoproteins are sensitive to lower concentrations 
of Cuz+ than those required to affect LDL points to some 
new possible consequences of oxidative processes in vivo. 

After this work had been completed, Ohta et al. (41) 
described the protective effects of albumin and HDL 
(especially the LpA-I without apoA-11) against the Cu2+- 
mediated oxidation of LDL. The protective effect of HDL 

could be seen only during the first 6 h of oxidative treat- 
ment. After 12 h of incubation with Cu2+ the presence of 
HDL did not affect the degree of LDL oxidation, in 
agreement with the results of our previous experiments 
(Zawadzki, Z . ,  R. W. Milne, and Y. L. Marcel, unpub- 
lished observation). Therefore, it is unlikely that the pre- 
sence of HDL could explain the behavior of LDL during 
the oxidation of plasma in our experiments, in which the 
Cu2+ treatment lasted up to 48 h. 

In our ealier experiments (18) the oxidation of isolated 
LDL always resulted in a simultaneous decrease in its im- 
munoreactivity with 4G3 and the opposite effect with 
B,,17; these were accompanied by an increase in agarose 
mobility and apoB fragmentation. In the presence of 
albumin as in whole plasma, only one of these effects, the 
increased expression of B,,17 epitope, could be brought 
about independently of the others by using the appro- 
priate concentration of Cu2+ (50 pM). In conclusion, the 
increase in B,,17 epitope upon c u 2 +  treatment, even in 
the presence of albumin or in whole plasma, remains the 
most sensitive parameter of LDL apoB oxidative modi- 
fication. However, under the same conditions, the disap- 
pearance of a2-migrating apoA-I and the modification of 
CETP associatiqn with lipoprotein represent even more 
sensitive parameters for oxidation. e 
The partially purified CETP was a gift from the laboratory of 
Dr. Alan Tall. R. W. Milne is a scientist of the Medical Research 
Council of Canada. This work was supported by a grant (PG- 
27) from the Medical Research Council of Canada. 
Manucript  received 22 June 1990 and in revised form 5 November 1990 
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