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These studies were undertaken to investigate the binding of gram-negative
bacterial lipopolysaccharides (LPS) to high-density lipoproteins (HDL) of rat
plasma. Purified Salmonella typhimurium LPS, intrinsically labeled with [3H]-
galactose, bound rapidly in vitro to isolated rat HDL. Maximal binding of LPS to
HDL occurred when LPS and HDL were incubated with lipoprotein-free plasma
(p > 1.21 g/ml). Since LPS, when purified, form large aggregates, we tested the
hypothesis that disaggregation of LPS enhances LPS-HDL binding. We found
that calcium chloride (1 mM), an agent which prevents LPS disaggregation,
inhibited binding of LPS to HDL by interfering with the modification of LPS by
lipoprotein-free plasma. Conversely, sodium deoxycholate (0.15 g/dl), which
disaggregates LPS, greatly increased binding of LPS to HDL in the absence of
lipoprotein-free plasma. Analysis of labeled LPS by sodium deodecyl sulfate-
polyacrylamide gel electrophoresis showed only minor differences in the sizes of
LPS molecules before and after binding to HDL, suggesting that chemical
modification ofLPS is not required for binding. The results provide evidence that
disaggregation increases the binding of LPS to HDL.

The cell wall lipopolysaccharides (LPS) or
endotoxins of gram-negative bacteria, when in-
jected into animals, cause fever, hypotension,
coagulation abnormalities, and many other de-
rangements (2). The striking similarity between
these effects and the clinical manifestations of
gram-negative bacteremia in humans has stim-
ulated intensive investigation of LPS structure
and biological activity. Although the mecha-
nisms by which LPS are detoxified by the host
have received less attention, interest in this sub-
ject has recently been stimulated by the finding
that purified LPS bind in vitro and in vivo to
plasma lipoproteins (5, 27). The available evi-
dence indicates that lipoprotein-bound LPS are
less potent than purified LPS for causing com-
plement activation, neutropenia, and fever,
whereas the two LPS forms may be equally
effective in causing hypotension and coagulation
abnormalities (27). LPS-lipoprotein binding may
thus be an important step in the process which
eventually leads to further detoxification and/or
uptake of LPS by target tissues. In human,
rabbit, and rat plasma, purified LPS appear to
associate preferentially with high-density lipo-
proteins (HDL), although binding to other lipo-
proteins may also occur (5, 27).
The experiments described in this paper ex-

amine the role of lipoprotein-free plasma in pro-
moting the binding of purified LPS and rat HDL.

Our results are consistent with the hypothesis of
Ulevitch et al. (27) that purified LPS are disag-
gregated by lipoprotein-free plasma to small
subunits; disaggregated LPS then may bind to
HDL.

MATERIALS AND METHODS
Materials. D-[1-3H]galactose (14.2 Ci/mmol) was

obtained from New England Nuclear Corp. (Boston,
Mass.). Sodium deoxycholate and ethylene diamine-
tetraacetate (EDTA) were from Sigma Chemical Co.
(St. Louis, Mo.). Triethylamine was obtained from
Eastman Chemical Co. (Rochester, N.Y.). Bacteriolog-
ical media and reagents for polyacrylamide gel electro-
phoresis (PAGE) were as previously described (15).
LPS preparations. Intrinsically labeled LPS were

prepared from S. typhimurium strain G-30, a mutant
deficient in uridine diphosphate glucose 4-epimerase
(E.C. 5.1.3.2). This strain does not utilize galactose as
a carbon source and incorporates exogenous galactose
almost exclusively into LPS (18). Cultures were grown
in proteose peptone beef extract broth and labeled
with [3H]galactose as previously described (15). Cell
envelopes were prepared from whole cells by French
press disruption followed by ultracentrifugation (15).
LPS were extracted from cell envelopes by the hot
phenol-water method of Westphal and Jans (28),
washed with ether to remove phenol and lipid, and
treated enzymatically to remove contaminating nu-
cleic acid and protein as described by Romeo et al.
(19). Before the purification steps, nonradioactive LPS
prepared from the same strain were added to serve as
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carrier. Preparations were then lyophilized and stored
at 4°C. For each experiment, weighed amounts ofLPS
were suspended in 0.9% NaCl and briefly sonicated in
a water bath (Ultrasonic Cleaner; Mettler Electronics
Corp., Anaheim, Calif.) to achieve a uniform suspen-
sion. Three preparations of [3H]LPS were used; spe-
cific activities ranged from 1,000 to 16,000 cpm/,ug. We
noted no differences in the behavior of the different
preparations in the assays to be described. In previous
studies using this mutant of S. typhimurium, we found
that most of the LPS molecules had 0-chains with less
than 8 repeat units (15).

Lipoprotein preparations. Female, Sprague-
Dawley-derived rats (Charles River Breeding Labo-
ratories, Inc., Wilmington, Mass.) were housed in col-
ony cages in an isolated room with alternating 12-h
periods of light and darkness. They were allowed free
access to water and low-cholesterol rat chow (Wayne
Laboratory Animal Diets; Allied Mills, Inc., Chicago,
Ill.) for at least 2 weeks before being used in specific
experiments. Blood was aspirated from the abdominal
aorta and anticoagulated with EDTA (1 mg/ml). HDL
were then harvested from the plasma between the
densities of 1.095 and 1.21 g/ml; HDL were prepared
in this narrow-density range to avoid contamination
with low-density lipoproteins (11). The lipoproteins
were washed and concentrated by centrifuging an ad-
ditional time at p = 1.21 g/ml. These HDL prepara-
tions ran as a single band with a mobility on agarose
gel electrophoresis (16). On 12.5% sodium dodecyl
sulfate (SDS)-polyacrylamide gels the HDL showed a
major apoprotein band corresponding to apo AI and
a minor, but distinct, band corresponding to apo E
(10). HDL and lipoprotein-free plasma (p > 1.21 g/ml,
"1.21 bottom") were dialyzed extensively against 0.9%
NaCl at 4°C before use and were used within 48 h of
preparation.

In vitro assay for LPS-HDL binding. Measured
amounts of HDL (in 1.0 ml), lipoprotein-free plasma
(1.0 ml), and [3H]LPS (0.1 ml) were agitated (100
oscillations per min) in polyallomer ultracentrifuge
tubes in a 37°C water bath. After incubation for the
desired time period, the tubes were quickly chilled,
and the density was adjusted to 1.21 g/ml with a
chilled, concentrated solution of KBr. The tubes were
centrifuged for 24 h at 227,000 x g at 4°C. The tubes
were cut approximately two-thirds of the way from
the bottom; "top" and "bottom" fractions were

brought to 10 ml with distilled water, and 1.0-ml
samples were added to 10 ml of Aquassure (New
England Nuclear Corp.) before counting. The appear-

ance of [3H]LPS in the "1.21 top" fraction (containing
HDL) was used as an index of LPS-HDL binding.

In vitro assay for LPS disaggregation. The in
vitro assay for LPS disaggregation was based on the
observation that treatment of LPS with delipidated
plasma causes a shift in the sedimentation profile of
LPS on sucrose gradients (9, 27). Although the expla-
nation for this change in sedimentation behavior is
uncertain, it probably reflects a decrease in the size of
LPS aggregates, since disaggregation lowers the sedi-
mentation coefficient of LPS (6, 9). [3H]LPS were

incubated with lipoprotein-free plasma or other agents
for 60 min at 370C. Samples (0.2 ml) of the reaction
mixture were layered onto 4.5-ml continuous sucrose
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gradients [from 5 to 25% prepared with 10 mM
tris(hydroxymethyl)aminomethane (Tris)-hydrochlo-
ride buffer, (pH 7.5) in 5.5-ml nitrocellulose ultracen-
trifuge tubes] and overlaid with saline. These were
centrifuged for 4 h at 150,000 x g at 4°C. Fractions
(0.5 ml) were collected from the bottom of each tube,
diluted with 0.4 ml of distilled water, added to 5 ml of
Aquasol (New England Nuclear Corp.), and counted
for 3H activity.
SDS-PAGE. Samples of LPS-HDL (reisolated

after LPS-HDL binding in the presence of 1.21 bot-
tom) and LPS were exhaustively dialyzed against 0.9%
NaCl, extracted once with cold diethyl ether, and dried
under N2. Samples were then suspended in the diges-
tion buffer of Fairbanks et al. (3) and analyzed by tube
SDS-PAGE as previously described (15). Gel slices (2
mm) were soaked in 0.2 ml of a solution containing
0.1% SDS and 1 mM EDTA for 12 h at 60°C and
cooled; 5 ml of Aquasol was added before counting.

Miscellaneous assays. Protein was measured by
the method of Lowry et al. (12).

RESULTS

In vitro binding of LPS and HDL. When
[3H]LPS were incubated with whole rat plasma
and the mixture was fractionated into different
density ranges by repetitive ultracentrifugation,
85% of the radioactivity appeared in the density
range 1.050 to 1.21 g/ml (the fraction containing
predominantly HDL), in agreement with pre-
vious evidence that LPS preferentially bind to
HDL in rat plasma (5). Subsequent experiments
focused on the binding of LPS to isolated HDL.
As shown in Table 1, binding of [3H]LPS to
HDL was most complete when both HDL and
lipoprotein-free plasma (1.21 bottom) were pres-
ent in the reaction mixture. No binding occurred
when the mixtures were incubated at 0°C. As
seen in Fig. 1A, binding reached maximal levels
within 20 min of incubation at 370C. Maximal
binding occurred with as little as 0.5 mg of HDL
protein (Fig. 1B) or 10 mg of 1.21 bottom protein
(Fig. 10), provided that the other non-LPS com-

TABLE 1. In vitro binding of S. typhimurium LPS
to rat HDLa

Incuba- % of [3H]LPS
Additions to incubation mixture tion in 1.21 toptemp fraction

[3H]LPS 37 0.82 + 0.21
[3H]LPS, HDL 37 18.6 + 7.4
[3H]LPS, 1.21 bottom 37 14.0 ± 8.9
[3H]LPS, HDL, 1.21 bottom 37 87.9 ± 2.6
[3H]LPS, HDL, 1.21 bottom 0 1.3

a Reaction mixtures contained 50 ug of [3H]LPS
(50,000 cpm), 1.0 mg of HDL protein, and 25 mg of
1.21 bottom protein. All incubations were for 60 min.
Each value equals the mean ± 1 standard deviation of
four determinations; the 00C incubation was per-
formed twice.
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FIG. 1. In vitro binding of S. typhimurium LPS to rat HDL. [3H]LPS, HDL, and 1.21 bottom were
incubated together at 37C as described in the text. The reaction mixtures were then chilled, adjusted to 1.21
glml with concentrated KBr, and centrifuged. The tubes were cut, and the 1.21 top (containing HDL) and 1.21
bottom (lipoprotein-free) fractions were obtained. A, Time course of the in vitro reaction with the complete
mixture (63 mg of 1.21 bottom protein, 2.0 mg ofHDL protein, and 50 pg of[3HJLPS). B, Quantitation of the
requirement for HDL protein (other reaction components as in A). C, Effect of changing the amount of 1.21
bottom (other reaction components as in A). To determine the amount ofLPS bound by the complete mixture
(D), nonradioactive S. typhimurium G-30 LPS were added to 50 pg of[3H]LPS (other components as in A). In
B through D, incubation was for 60 min at 37°C.

ponent of the reaction mixture was present in
excess. We were unable to saturate 2.0 mg of
HDL protein with up to 500 ,ug of LPS (Fig. 1D).

Inhibition of in vitro LPS-HDL binding
by calcium chloride. We prepared HDL and
1.21 bottom in the presence of 10 mM EDTA
and dialyzed them against 0.9% saline before
use. The in vitro HDL-LPS binding reaction
could be inhibited by adding calcium chloride
to the reaction mixture before incubation of
[3H]LPS, HDL, and 1.21 bottom at 370C (Fig.

2A). When LPS-HDL complexes were isolated
by ultracentrifugation and then exposed to cal-
cium chloride, in contrast, there was no effect on
LPS-HDL binding (Fig. 2B). These data indicate
that calcium chloride interferes with the overall
binding reaction but does not disrupt preformed
LPS-HDL complexes. In another experiment,
LPS (50 ,ug) were incubated with 1.21 bottom
(18 mg of protein) for 60 min at 370C. When
HDL (1.0 mg of protein) and calcium chloride
(5 mM) were then added and incubation was
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FIG. 2. A, Inhibition of LPS-HDL binding reac-
tion by calcium chloride added before incubation of
[3H]LPS (50 jig), 1.21 bottom (65 mg), and HDL (2.0
mg) for 60 min at 37°C; 50% inhibition of the binding
reaction was obtained with approximately 1.5 mM
CaC42. B, Effect of calcium chloride on LPS-HDL
complexes. [3H]LPS-HDL complexes were isolated
from top fractions and dialyzed against 0.9% NaCl
to remove the KBr. Samples were reincubated for 60
min at 37°C with different concentrations of calcium
chloride and then centrifuged. Since most of the 3H
remained in the top fraction, calcium chloride did
not disrupt prebound [3H]LPS-HDL complexes.

continued for 60 min, LPS-HDL binding was

inhibited only 37% (as opposed to 88% inhibition
when the calcium was incubated with the com-

plete mixture). The ability of calcium to inhibit
the binding reaction thus was greatest when
calcium was present during the interaction of

LPS with 1.21 bottom. To examine this inter-
action further, we studied the influence of cal-
cium on the sedimentation behavior of LPS in
sucrose gradients.
Modification ofLPS in vitro. The ability of

1.21 bottom to modify LPS in the absence of
HDL was examined by using sucrose gradient
ultracentrifugation. Incubation of [3H]LPS with
1.21 bottom at 370C caused a shift in the peak
of radioactivity toward the top of the gradient
(Fig. 3A). The addition of calcium chloride be-
fore incubation of LPS with 1.21 bottom in-
hibited this shift in peak radioactivity (Fig. 3B).
The addition of calcium after incubation of LPS
with 1.21 bottom, with further incubation at
37°C for 30 min, did not alter the profile of 3H
activity found after incubation with 1.21 bottom
alone (data not shown). These data are consist-
ent with the conclusion that calcium chloride
interferes with the initial step in which LPS are
modified by 1.21 bottom. After this modification
has occurred, the addition of calcium has little
effect on either the shift in sucrose gradient
sedimentation profile or on the binding of LPS
to HDL.
Substitutes for 1.21 bottom. We then

sought to find reagents which might substitute
for lipoprotein-free plasma in "activating" LPS
for HDL binding (Table 2). Treatment of
[3H]LPS with 10 mM EDTA, with or without
10 mM Tris-hydrochloride (as described by
Shands and Chun [23]), did not alter the sedi-
mentation profile ofLPS on sucrose gradients or
allow in vitro binding of LPS to HDL. Trieth-
ylamine, which disperses LPS (6), had a minimal
effect (Fig. 4). In contrast, sodium deoxycholate
produced a striking shift in the sedimentation
profile of [3H]LPS on sucrose gradients (Fig. 4).
and allowed binding of LPS to HDL in the
absence of 1.21 bottom (Fig. 5). We observed
two differences in the activation of LPS by de-
oxycholate and by 1.21 bottom. First, the LPS
sucrose gradient sedimentation profiles gener-
ated by the two treatments were not identical
(Fig. 3 and 4). Second, whereas deoxycholate-
treated LPS retained its ability to bind to HDL
after 21-fold dilution (to deoxycholate concen-
trations of less than 0.005 g/dl), similar dilution
ofLPS which had been treated with 1.21 bottom
(so that 0.75 mg of 1.21 bottom protein was
present with 1.0 mg of HDL protein) reduced
HDL binding (Table 2). Deoxycholate disaggre-
gates LPS to small subunits (probably to dimers
or trimers of the unit structure [23]), and the
data suggest that such disaggregation is suffi-
cient to allow LPS-HDL binding. Although 1.21
bottom may also activate LPS by promoting
their disaggregation, the differences noted above
suggest that lipoprotein-free plasma and deoxy-
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cholate alter LPS in somewhat different ways.

Effect of in vitro binding on LPS struc-
ture. We studied the effect of HDL binding on

LPS structure by using SDS-PAGE, a technique
which separates LPS molecules according to size
(8, 15). Molecules with low polysaccharide/lipid

0.

0~

0-

r')

O 2 4 6 8 10
FRACTION NUMBER

FIG. 3. Sucrose gradient analysis of [3HJLPS (50
) and 1.21 bottom (20 mg). A, Alteration in [3H]-
LPS sedimentation behavior that occurred after in-
cubation at 37C for 60 min. B, Inhibitory effect of
calcium chloride on the shift in the sedimentation
profile of [3H]LPS. Samples of [3H]LPS and 1.21

bottom, with and without calcium chloride, were in-
cubated for 60 min at 37°C and centrifuged. When
[3HJLPS and 1.21 bottom were incubated for 60 min,
calcium chloride (5 mM) was added, incubation was
continued for 30 min, and centrifugation was per-
formed, the 3H profile in the gradient was similar to
that shown for "0 Ca++".

TABLE 2. Treatment ofLPS to allow LPS-HDL
binding in the absence of 1.21 bottom'

Sucrose gra- In vitro [3H]-
dient analy- LPS-HDL

LPS treatment sis: % of [3H]- binding: % of
LPS in frac- [3H]LPS in 1.21
tions 4-10 top fraction

1.21 bottom (20 mg/ 92 30
ml) 370C

0°C 11 1.3
EDTA (10 mM) 28 13
Tris-EDTA (10 mM) 18 18
Triethylamine (0.5 35 22

ml/dl)
Sodium deoxycholate 94 89

(0.15 g/dl)
None 18 18

a[3H]LPS (approximately 50 jig, containing 50,000
cpm) were incubated with each agent in 0.9% NaCl at
370C for 60 min. Samples were then layered onto
sucrose gradients and centrifuged. Each experiment
included [3H]LPS which had been incubated at 00C
(negative control) and 37°C (positive control) in the
presence of 1.21 bottom (20 mg/ml). Modification of
LPS was indicated by a shift in 3H counts per minute
toward the top of the gradient (fractions 4 through 10
in Fig. 3). In separate experiments, each agent was
incubated with [3H]LPS (approximately 100,000 cpm
in a total volume of 0.25 ml) for 60 min at 370C; 0.1-ml
aliquots were added to HDL (1.0 mg) in a total volume
of 2.1 ml of 0.9% NaCl, and incubation was continued
for 60 min at 37°C before adding KBr and centrifuging.
In the latter experiments, the concentration of each
agent was thus reduced 21-fold during incubation of
LPS with HDL. The final amount of 1.21 bottom, after
dilution, was 0.75 mg. Each result is the average of at
least two determinations.

A ratios migrate more rapidly in SDS-PAGE
than do molecules with high ratios (8). In prelim-
inary experiments, we found that [3H]LPS-HDL
gave an unexpected proffile of3H activity in SDS-
PAGE: there was a large 3H peak located im-
mediately below the top of the gel. This peak
did not correspond to the position of the HDL
apoproteins, which migrated normally (deter-
mined by Coomassie blue staining of the gels).
Treatment of [3H]LPS-HDL with diethyl ether
eliminated this peak; after ether extraction, the
radioactivity profiles on tube gels were similar
for [3H]LPS-HDL and [3H]LPS (Fig. 6) and
were essentially identical to previous analyses of
[3H]galactose-labeled S. typhimurium LPS (15).
The only reproducible difference in the gel pat-
terns was the appearance of approximately 5%
of the counts in LPS-HDL preparations at the
origin (top) of the gel.

DISCUSSION
Purified gram-negative bacterial LPS are am-

phipathic molecules which form large, polydis-
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FIG. 4. Effect of triethylamine and sodium deoxy-

cholate on LPS sedimentation behavior. Triethyla-
mine (0.5 ml/dl) or sodium deoxycholate (0.15 gldl)
was incubated with [3H]LPS at 37°C for 60 min, and
the mixtures were centrifuged on sucrose gradients.
7riethylamine caused a slight change in the profile
of 3H activity (LPS + TEA), whereas deoxycholate
produced a striking shift in the peak of 3H toward
the top of the gradient (LPS + DOC).
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FIG. 5. Binding of deoxycholate-treated LPS to
HDL. [3H]LPS (20 Ag) were incubated for 60 min at
37°C in the presence of sodium deoxycholate in the
concentrations shown. Samples (0.1 ml) were added
to HDL (1.5 mg) or saline in a total volume of2.1 ml.

The mixtures were incubated at 37°C for 60 min,
adjusted to a density of 1.21 g/ml with KBr, and
centrifuged as described in the text. [3H]LPS ap-

peared in the 1.21 top fraction only when HDL was

present in the reaction mixtures.

0 io 20 30 40 50
GEL SLICE

FIG. 6. SDS-PAGE analysis of [3HJLPS and
[3H]LPS-HDL. Samples of [3H]LPS and eH]LPS-
HDL were treated with ether and analyzed by SDS-
PAGE. The arrow indicates the migration position
of the pyronin Y dye marker. The results from com-

panion gels, run simultaneously, are plotted. The 3H
profiles are similar, except that approximately 5% of
the counts per minute in [3H]LPS-HDL remained at
the top of the gel.

perse aggregates in aqueous suspension (6, 23).
The mechanisms by which plasma decreases the
toxicity of these molecules have been studied for
over 25 years. Early observations indicated that
plasma induced a change in the migration pat-
tern of LPS in agar diffusion gels, consistent
with the disaggregation ofLPS into smaller units
(1), and that divalent cations were important
inhibitors of LPS detoxification (20). Later in-
vestigations by Rudbach and his colleagues
found that LPS which had been treated with
plasma or sodium deoxycholate were less pyro-
genic in rabbits than native LPS, yet reextrac-
tion of LPS from plasma by pronase treatment
and ethanol precipitation allowed essentially
complete recovery of pyrogenicity (21, 22).
These workers argued that the detoxification of
LPS by plasma was primarily due to LPS dis-
aggregation and not to an enzymatic modifica-
tion ofLPS structure. A different view, that LPS
were chemically modified during exposure to
plasma, was advanced by Skarnes (26), who also
presented evidence that LPS bind to plasma
lipoproteins (25). In more recent studies, Ulev-
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itch and his co-workers have shown that LPS
interact preferentially with HDL in rabbit and
human plasma, and that lipoprotein-bound LPS
appear to be less toxic than purified LPS, at
least when tested in certain assays (27). They
proposed that disaggregation of LPS probably
precedes LPS-HDL interaction according to a
two-step sequence: step 1, LPS + plasma fac-
tor(s) ± (LPS) disaggregated; step 2, (LPS)
disaggregated + HDL + (LPS) p < 1.21 g/ml.
The experimental data presented in this pub-

lication support this last hypothesis. We found
that calcium chloride, which prevents disaggre-
gation of LPS (6, 17), interferes with the overall
LPS-HDL binding reaction by inhibiting the
modification of LPS by lipoprotein-free plasma
(step 1). Second, we have shown that deoxycho-
late, which disaggregates LPS, will augment
LPS-HDL binding in the absence of 1.21 bottom.
Both of these observations are consistent with
the proposal that disaggregation of LPS en-
hafces LPS-HDL binding.

Several agents (EDTA, Tris-EDTA, triethyl-
amine) which did not modify the sedimentation
proffie of LPS on sucrose gradients also did not
activate LPS for HDL binding. Since these
agents reduce the size of LPS aggregates, their
inability to promote LPS-HDL binding may
seem to contradict the proposal outlined above.
The most economical explanation for our find-
ings is that these agents did not entirely disag-
gregate LPS, and that only small aggregates
(such as those produced by deoxycholate) are
able to bind to HDL. Unfortunately, there is
very little evidence which bears directly on this
hypothesis. Although triethylamine is widely
used to disperse LPS preparations in aqueous
suspension, for example, the actual size of the
resulting aggregates is not known. Galanos and
Luderitz found that triethylamine did not alter
the sedimentation coefficient of Salmonella
abortus equi LPS unless the LPS were first
electrodialyzed to remove cations (6); electrodi-
alysis followed by conversion of the LPS to their
triethylamine salts lowered the sedimentation
coefficient from 83 to 9.3, whereas triethylamine
treatment alone was ineffective. These findings
suggest that triethylamine treatment, such as
that used in our experiments, probably does not
greatly reduce the size ofLPS aggregates. EDTA
and Tris-EDTA remove cations which are pres-
ent in LPS preparations; this increases the net
negative charge of the LPS molecules and may
contribute to dispersion of LPS by charge-
charge repulsion (23). Olins and Warner found
that Tris-EDTA treatment lowered the sedi-
mentation coefficient of Azotobacter vinelandii
LPS from 45 to 5.7, giving an estimated subunit

molecular weight of 134,000; treatment of the
dissociated LPS with Tris-calcium buffer raised
the molecular weight ofthe aggregates to 873,000
(17). Combined treatment of the LPS with Tris-
EDTA and SDS lowered the aggregate size to
an estimated 65,600 daltons (17). This size was
consistent with an association of six or seven
molecules to form the aggregate. Similar esti-
mates using triethylamine or EDTA treatment
ofS. typhimurium LPS have not been described,
and the results obtained with different LPS
preparations are not strictly comparable. Nev-
ertheless, the available evidence suggests that
deoxycholate may reduce S. typhimurium LPS
to aggregates with molecular weights of 15,600
(for smooth LPS), consistent with the existence
of LPS in a dimeric form (23). Moreover, the
deoxycholate concentration which allowed max-
imal LPS-HDL binding in our study (0.15 g/dl)
was associated with near-maximal reduction in
the sedimentation coefficient of S. typhimurium
LPS (23). The available data thus appear con-
sistent with the proposal that dissociation of
LPS molecules to small aggregates greatly in-
creases the binding of the LPS to HDL. It is
possible that other factors may also be impor-
tant: the detergent properties of deoxycholate
itself may be critical, for example, or there may
be charge interactions between LPS and HDL
which influence binding. It should also be noted
that the factor(s) in 1.21 bottom which prepare
LPS for HDL binding are unknown. We found
differences in our assays between the results of
LPS treatment with 1.21 bottom and deoxycho-
late; these differences and the observation that
delipidated serum modifies LPS to enhance li-
poprotein binding (27) suggest that bile salts are
probably not the factor in 1.21 bottom which
disaggregates LPS.

It should be noted that approximately 18% of
the LPS in our preparations could bind to HDL
without treatment of the LPS with 1.21 bottom
or deoxycholate. Since preparations of LPS in-
clude a heterogeneous assortment of molecular
and aggregate sizes, it is possible that this finding
reflects the binding to HDL of the smaller ag-
gregates in the total population of LPS. Alter-
natively, HDL may bind unmodified LPS di-
rectly. Since LPS-HDL binding could be in-
creased almost fivefold by treatment of the LPS
with 1.21 bottom or deoxycholate, however, di-
rect LPS-HDL binding appears to be quantita-
tively less important than the binding which
occurs after the LPS have been disaggregated.
Although the biological properties of disaggre-

gated LPS have not been studied in detail, there
is evidence that low-molecular-weight LPS ag-
gregates are less effective activators of serum
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complement than are high-molecular-weight
LPS preparations (7), and that deoxycholate-
treated LPS are less pyrogenic than untreated
LPS in rabbits (21). It thus appears that disag-
gregation may be important for the detoxifica-
tion of purified LPS in vivo, although the rela-
tive contributions of disaggregation and lipopro-
tein-binding to this detoxification have not been
clearly differentiated. The role of calcium in
modulating LPS disaggregation (and therefore
the binding of LPS to lipoproteins) in vivo is
also uncertain. We found that LPS bind rapidly
to HDL in vivo in rats which presumably had
normal plasma calcium levels (R. S. Munford, J.
M. Andersen, and J. M. Dietschy, J. Clin. In-
vest., in press). On the other hand, Skarnes and
Moreau have presented evidence that LPS in-
jection causes a transient lowering of serum ion-
ized calcium levels in rabbits, and that rabbits
made tolerant to LPS exhibit an even more
striking reduction in serum ionized calcium after
LPS injection (14, 26). These findings raise the
possibility that hypocalcemia may be a host
response to LPS injection, and our data would
suggest that such hypocalcemia might facilitate
the disaggregation ofLPS and, thus, the binding
of LPS to lipoproteins in vivo.
We used the decrease in density of LPS (to p

< 1.21 g/ml) as an index of LPS-HDL binding.
The validity of this assay depends upon the
accuracy of the assumption that such a density
change only occurs when LPS bind to lipopro-
teins. Several lines of evidence suggest that this
assumption is correct. First, unreacted LPS con-
sistently had a density >1.21 g/ml in our assays,
in agreement with previous determinations of
the density of LPS preparations (27). Even LPS
which had been treated with 1.21 bottom or
deoxycholate did not float at a density of 1.21 g/
ml unless the LPS were first reacted with HDL.
Second, calcium chloride did not disrupt LPS-
HDL complexes. This experiment involved re-
petitive ultracentrifugation of the LPS-HDL
complexes, indicating that they were also stable
to prolonged treatment with KBr and centrifu-
gation. Third, SDS-PAGE analysis provided ev-
idence against a major molecular modification
of the LPS after interaction with 1.21 bottom
that would by itself account for the observed
change in density. Fourth, the LPS-HDL com-
plexes were not dissociated in vivo in the rat, as
indicated by the binding of LPS-HDL to the
same tissues which bind HDL and by the influ-
ence of hormonal manipulations which alter
HDL binding in vivo (Munford et al., in press).
Thus, for all of these reasons we feel that the
simple flotation assay is a reasonable in vitro
test for LPS-lipoprotein binding.

INFECT. IMMUN.

Previous studies on the LPS-HDL interaction
have utilized extrinsically labeled LPS (13, 27).
Although iodination does not appear to modify
the biological activity of the LPS preparations
used, the molecular location of the radioactive
label in these preparations is unknown. For our
experiments we biosynthetically labeled LPS
with [3H]galactose, which is found in the 0-
antigen and R-core regions of S. typhimurium
LPS. LPS and LPS-HDL showed essentialy
identical profiles of 3H activity in companion
gels (Fig. 6), indicating that minimal modifica-
tion of the lengths of the polysaccharide chains
occurred during the HDL binding process. This
observation agrees with that of Mathison and
Ulevitch, who used [1251I]LPS from E. coli 0111
and S. minnesota R595 (13). A small percentage
of 3H did not enter the gels when samples of
LPS-HDL were analyzed by SDS-PAGE; these
counts may represent lipid-free polysaccharides
(15), and we are currently investigating the pos-
sibility that there is enzymatic deacylation of
lipid A during the LPS-HDL binding process.
This reaction, if present, is quantitatively minor,
however.
These in vitro experiments provide important

background for studies on the in vivo behavior
ofLPS and LPS-HDL in rats. HDL is the major
lipoprotein class in rats; Freudenberg and co-
workers have found that injection of large
amounts of LPS increase HDL blood levels in
rats and actually alters transiently the electro-
phoretic migration of HDL in agarose gels (5).
Rat serum appears to be more effective than
serum from many other species in detoxifying
LPS (24), and rats are quite resistant to in vivo
LPS toxicity (4). These observations suggest
that investigation of the interactions between
HDL and LPS in this species may shed light on
the mechanisms of HDL turnover and LPS re-
sistance.
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