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Abstract

Wehave compared gas chromatography and mass spectrome-
try (GC-MS) analysis with the Limulus amebocyte lysate
(LAL) assay to quantify native meningococcal lipopolysaccha-
rides (LPS) in five patient plasmas containing > 5 ,gg/liter by
LAL. 3-Hydroxy launric acid (3-OH-12:0) was used as a spe-
cific lipid A marker of neisserial LPS. The quantitative LAL
results were confirmed by GC-MS(r = 0.98, P = 0.006). Seven
patient plasmas were centrifuged at 103,000 g and the sedimen-
tation behavior of native LPS compared with reference plasma
proteins and with apo Al and apo B100 representing high and
low density lipoproteins. After 15 min of centrifugation, 84±2%
(mean±SE) of the recovered LPS were found in the lower one-
third of the centrifuged volume, whereas 6±1% remained in the
upper one-third volume, indicating that meningococcal endo-
toxin circulates as complexes with high sedimentation coeffi-
cients. Bacterial outer membrane fragments were detected in
the bottom fractions of three patient plasmas examined by
means of electron microscopy. In three patient plasmas ultra-
centrifuged for 60 min at 103,000 g, the levels of apo Al and
apo B100 revealed minor changes, whereas only 1±1% of the
recovered LPS remained in the upper one-third and 91±2%
were found in the lower one-third volume. Few bioreactive LPS
appear to be complexed with high and low density lipoproteins
in meningococcal septic shock plasma. (J. Clin. Invest. 1992.
89:816423.) Key words: apolipoproteins Al and B100 * Limu-
lus test * Neisseria meningitidis

Introduction

Bacterial lipopolysaccharides (LPS) elicit a complex pattern of
inflammatory reactions when introduced into the circulation
of mammals (1, 2). Previous studies of patients with systemic
meningococcal disease have demonstrated an association be-
tween the levels of LPS, as measured with the chromogenic
Limulus amebocyte lysate (LAL)' assay upon hospital admis-
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1. Abbreviations used in this paper: EU, endotoxin unit; GC-MS, gas
chromatography/mass spectrometry; LAL, Limulus amebocyte lysate;
3-OH-10:0, 3-hydroxy decanoic acid; 3-OH-12:0, 3-hydroxy lauric
acid; 3-OH-14:0, 3-hydroxy myristic acid.

sion and the development of severe septic shock, renal failure,
adult respiratory distress syndrome, and fatal outcome (3). Fur-
thermore, the levels of LPS at admission have been quantita-
tively reflected in a multitude of parameters that are assumed
to play a significant role in the development of multiple organ
failure: notably tumor necrosis factor-a; interleukin 1 and in-
terleukin 6; the activation state of the complement, kallekrein-
kinin, coagulation, and fibrinolytic systems; polymorphonu-
clear granulocyte activation products; and the circulating levels
of vasoactive intestinal polypeptide (4-10).

The LAL assay has become the method of choice for detec-
tion and quantification of LPS in biological fluids (1 1-13). The
validity of the LAL assay in measuring plasma concentrations
of LPS is, however, still debated (14). Confirmatory chemical
tests have not been applicable to plasma from patients with
Gram-negative infections owing to the lack of sensitivity and
cumbersome methodology (15-17). In human Gram-negative
septicemia, the concentration of LPS in heparin plasma is
usually below 100 ng/liter (1 endotoxin unit [EU] per milliliter)
as measured with the LAL assay (18, 19). In some cases of
fulminant meningococcal septicemia much higher levels of
LPS have been measured (3, 20). Plasma samples from such
patients have made it possible for us to confirm chemically the
presence of neisserial lipid A in these cases by employing gas
chromatography and mass spectrometry (GC-MS). Wehave,
furthermore, demonstrated a close correlation between the two
assay methods.

Little is known about the physicochemical state of LPS in
human disease. Several research groups have documented a
reproducible pattern of reactions involving disaggregation of
LPS, and formation of LPS-lipoprotein complexes, notably
with high density lipoprotein (HDL) in animal model studies
(21-24). In these experiments purified LPS, while in a physico-
chemical state not likely to occur in vivo, have been employed.
Several other plasma proteins have, furthermore, the ability to
complex with LPS (24-29). In vitro studies of Escherichia coli
and Salmonella abortus equi suggest that only 15-30% of LPS
present in the outer membrane can be released by the action of
normal human serum (30, 31). Preincubation with various anti-
biotics does not significantly alter this percentage (30). Serum-
released LPS exhibit a reduced toxicity and enhanced immun-
omodulatory effects compared with phenol-water-extracted
LPS (32). The physicochemical state and biological effects of
circulating LPS, while still integrated in the outer membrane of
the bacteria, have not been studied as extensively in animal
models. By using a rat model more closely simulating the natu-
ral infection, Munford et al. (33) compared the intravascular
behavior of purified LPS of Salmonella typhimurium to that of
native LPS, i.e., LPS integrated in the outer cell membrane.
Approximately 50% of purified LPS formed complexes with
HDL, whereas LPS still integrated in the outer membranes or
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in whole bacteria exhibited <10% HDL binding which
strongly influenced the kinetics of elimination and tissue up-
take of LPS (33). In that LPS complexed with lipoproteins
reveal a reduced toxicity which parallels a reduced ability to
elicit cytokine responses in cell model systems, lack of such
binding may have important biological consequences in vivo
(34-40).

In our study we have examined whether the LAL-reactive
material in patients plasmas defined as bioreactive, native LPS
primarily was present as complexes with lipoproteins or as LPS
presumably still integrated in outer membrane structures, alter-
natively as large, aggregated LPS complexes. It has been known
for some time that Neisseria meningitidis produces surplus
outer membrane material (protrusions and vesicles also called
"blebs") containing LPS during in vitro log-phase growth (41-
43). The presence of similar structures during growth in human
blood has not yet been documented. To test these hypotheses
we have centrifuged seven septic shock plasmas collected from
lethal cases at 103,000 g for 15 and 60 min, respectively. The
sedimentation behavior of bioreactive LPS was related to that
of HDL, LDL, and several other plasma proteins with known
sedimentation coefficients. The results indicated that a major
part of native LPS sedimented much faster than a2-macroglob-
ulin (sedimentation coefficient of 19.6 Svedberg units [S] in
serum). This sedimentation behavior was clearly different from
that of HDLand LDL, and other potential carrier proteins of
released LPS with low sedimentation coefficients. LPS activity
related to outer membrane fragments and vesicles that were
detected by electron microscopy or highly aggregated LPS re-
leased from the outer membrane may, thus, explain our centrif-
ugation results.

Methods

Patient plasma. Blood samples were collected shortly after hospital
admission from patients with bacteriologically verified fulminant me-
ningococcal septicemia (3). Heparinized (15 U/ml) LPS-free vacuum
tubes were used, and the blood was centrifuged at 1,400 g for 10 min,
thereby removing blood cells and > 99% of colony forming units
(CFU) from the supernatant. The supernatant was pipetted off into
cryotubes (Nunc, Roskilde, Denmark) and stored at -70'C until ana-
lyzed.

LAL chromogenic substrate assay. The procedure has been de-
scribed in detail elsewhere (3). The detection limit was 25 ng/liter with
Escherichia coli 055B5 LPS (9 EU/ng; Whittaker Bioproducts, Wal-
kersville, MD) as reference endotoxin. Duplicate samples of LPS-con-
taining material were always retested in separate runs and the mean
value was used. Similar recoveries of LPS in the LAL assay were ob-
tained for vigorously vortexed or briefly ultrasound-treated (30 s, 35
kHz, 240 W; Bandelin Sonorex, Berlin, FRG) plasma samples (data
not shown). Sonicated suspensions (> 108 cfu/ml) of Streptococcus
pyogenes (groups A, B, and D), S. pneumoniae, Staphylococcus aureus,
and S. epidermidis were all negative in the LAL assay.

Purification of meningococcal LPS. N. meningitidis strain 44/76
(B: 15:P1.16, "Norwegian clone" belonging to the ET 5 complex by
isoenzyme genotyping) (44) was grown in a fermenter and LPS were
isolated by three successive extractions: 0.1 MTris-HCl, pH 8.8, con-
taining 0.5% deoxycholate and 10 mMEDTA; hot phenol (45);
phenol-chloroform-hexane (46). In the latter method hexane was sub-
stituted for petroleum ether. The extracted LPS were further purified
by chromatography on Sephadex G-75 in the presence of 0.5% deoxy-
cholate, whereafter LPS were precipitated from the eluate at -200C
with 4 vol of ethanol containing 0.05 MNaCl. The final product con-
tained < 0.3% protein and was without detectable nucleic acids (by

ultraviolet and by GCfor ribose). For the LAL assay, one vial of stock
solution of LPS (1 mg/ml in H20), stored at -20'C, was thawed at
room temperature, vigorously vortexed for 3 min, and further diluted
to 2 gg/l in LPS-free H20.

Determination of 3-hydroxy lauric acid (3-OH-12:0). Neisserial
LPS contains 2 mol 3-OH- 12:0, O-ester-linked to the glucosamine di-
saccharide backbone of the lipid A part (47, 48). This fatty acid is
relatively specific for neisserial LPS, e.g., not present in LPS derived
from Haemophilus influenzae and Enterobacteriaceae (49). It is easily
cleaved off by mild acid treatment and is thus suitable as a specific
marker for neisserial endotoxin. The other hydroxy fatty acid, 3-hy-
droxy myristic acid (3-OH- 14:0), is linked in a more stable amide link-
age, and is thus grossly unreleased at the conditions used.

Samples (200 ul) of plasma from patients and of pooled plasma
from healthy controls were transferred to l-ml glass vials with teflon-
lined screw caps and lyophilized for 1 h. To this material was added 20
Ml of 3-hydroxy decanoic acid (3-OH-10:0) methyl ester (Applied
Science Corp., Philadelphia, PA; 0.5 gg/ml in methanol) as internal
standard and 400 Ml of 2 MHC1 in dry methanol. This mixture was
heated at 850C for 2 h for cleavage of O-ester linkages (50). The liber-
ated fatty acid methyl esters were then extracted twice with hexane (2
vol) after addition of 1 vol of LPS-free water, half-saturated with NaCl.
This crude extract of lipophilic material was concentrated to - 0.2 ml
and then applied to a silica extraction column (Bond Elut, Analytic-
hem Int., Harbor City, CA) prewashed with 2 vol each of hexane, meth-
ylene chloride, and hexane/methylene chloride (1:1). The nonpolar
constituents were first removed by 3 ml of hexane-CH2Cl2 (1: 1), wher-
eafter 3 ml of dry diethyl ether eluted the polar constituents, including
the 3-hydroxy fatty acid methyl esters. The solvent was removed by
nitrogen before derivatization of the residue.

Free hydroxyl groups were derivatized using 50 Ml of the following
trimethylsilyl reagent, bis-trimethylsilyl-trifluoroacetamide/acetoni-
trile/pyridine (50:40:10) (Supelco SA, Gland, Switzerland), and heat-
ing at 85C for 30 min.2 Ml of this reaction mixture was injected into the
gas chromatograph-mass spectrometer instrument.

GC-MS. GC-MSanalyses were carried out by using a gas chromato-
graph (model 3300, Varian, Walnut Creek, CA) with a (25 mX 0.2
mm) fused-silica SE-30 column (Hewlett-Packard Co., Palo Alto, CA)
connected to a mass spectrometer (Ion-Trap 700, Finnigan-MAT, San
Jose, CA). The instrument was used with electron-impact ionization at
70-eV ion energy and in selective ion mode in the mass range 170-350.
Calculations were based on the mass spectrometric fragmentation pat-
tern of the trimethylsilyl-derivatized methyl esters of 3-OH-12:0 and
the internal standard, 3-OH-10:0, respectively. These two fatty acid
derivatives yielded related mass spectra characterized by an abundant
(M-15)+ ion, useful for quantification of the parent compounds (15,
16). A standard curve was constructed (by the Ion-trap software) on the
basis of four solutions of 3-OH-12:0 in the concentrations of 100, 50,
25, and 5 Mg/liter, respectively, each containing 50Mqg/liter of IS. Injec-
tion of 2 ML of the 50-,Ml samples provided signals corresponding to 200,
100,50, and 10 pg of 3-OH-12:0, respectively, and to 100 pg of internal
standard.

The molecular mass of meningococcal LPS varies within certain
limits (3.2-7.1 kD) owing to heterogeneity in size of the carbohydrate
chain depending on strain, i.e., immunotype, and to microheterogene-
ity of the LPS related to growth conditions (51-53). For calculations in
this study, we have chosen a molecular mass of 5.0 kD.

Ultracentrifugation of plasma containing native LPS. Heparinized
plasma was collected from seven patients with lethal meningococcal
endotoxemia (see Tables II and IV). The LPS levels ranged from 204 to
7.1 Mg/liter. All samples were vigorously vortexed for 3 min. Subse-
quently, 150 Ml was transferred to LPS-free plastic tubes, and centri-
fuged in an Airfuge (Beckman Instruments, Inc., Palo Alto, CA) at
103,000 gfor 15 or 60 min at 20°C. The upper 50 Ml was pipetted off for
quantification of plasma proteins and of LPS by LAL. The LPS con-
tents were measured in the top, middle, and bottom 50-Ml fractions. In
three additional patient plasmas, the sedimentation behavior of native
LPS and apolipoproteins (apo) Al and B100 representing HDLand
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LDL, respectively, was determined simultaneously. Albumin (69 kD,
4.6 S), fibrinogen (340 kD, 7.63 S), and a2-macroglobulin (725 kD,
19.6 S)) were used as markers to estimate the effect of ultracentrifuga-

tion on plasma components in donor plasma or serum with known
sedimentation coefficients at 20'C (54).

Ultracentrifugation ofpurified meningococcal LPS added to acute-
phase plasma. Two concentrations of purified meningococcal LPS
were added to each of three acute-phase plasma samples collected from
three different patients with systemic meningococcal disease without
detectable native circulating LPS in plasma. The final concentrations
of LPS in the six samples ranged from 1.1 to 74 Ag/liter by LAL. The
samples were ultrasound-treated (vide supra) at 370C for 180 s, incu-
bated, and agitated at 370C for 1 h, and 150 ,1 was transferred to an
LPS-free plastic tube and centrifuged at 103,000 g (20'C) for 15 min.
The LPS concentrations were measured in the top, middle, and bottom
50-,1 fractions.

Quantification of plasma proteins. Apo Al and B100 were quanti-
fied immunoturbidometrically using a seven-point standard curve and
an automated enzyme analyzer (Cobas Fara, Hoffmann LaRoche, Ba-
sel, Switzerland) essentially according to the manufacturer. Reagents
for measurement of apo Al were purchased from Orion Diagnostica,
Espoo, Finland, and for apo B100 from Behring Werke AG, Marburg,
FRG. The interassay coefficient of variation (CV) was 7.4% for apo Al
and 3.4% for apo B100. Albumin was measured with the bromcresol
purple method (CV 3.6%) (55). Fibrinogen was measured according to
Clauss (CV 7.5%) (56), and a2-macroglobulin with rocket immunoelec-
trophoresis.

Preparation of plasma for electron microscopy. Three heparinized
patient plasmas containing 50, 19, and 8.7 Mg/liter, respectively, were
studied. In addition, one sample containing the supernatant of N. men-
ingitidis (B:15:P. 1:16, isolate from patient 1 in Tables I and II) grown
overnight in decomplemented (560C, 30 min), undiluted human hepa-
rinized plasma and centrifuged at 1,400 g for 10 min, was investigated.
Ultracentrifugation was performed as above in LPS-free plastic tubes.
250 Al was pipetted into the tubes and centrifuged (first run) at 103,000
gfor 60 min, and four fractions (called fractions 1, 2, 3, and 4) from the
top to the bottom were transferred into separate, LPS-free glass tubes,
diluted 1 + 9 with LPS-free H20 and vortexed for 3 min. 250 Ml of the
diluted fraction 4 was centrifuged (second run) at 103,000 g for 60 min
and four fractions from the top to bottom (called fractions 4.1, 4.2, 4.3,
and 4.4) were pipetted into LPS-free glass tubes, diluted 1 + 4 with
H20, and vortexed for 3 min. The diluted fraction 4.4 was centrifuged
(third run) at 103,000 g for 60 min and divided into four fractions
called 4.4.1, 4.4.2, 4.4.3, and 4.4.4 as above. The fraction 4.4.4 (final
plasma concentration 1:50) was used for electron microscopy.

Electron microscopy. A drop of the four solutions containing frac-
tion 4.4.4 was applied to carbon-filmed, glow-discharged grids, left for
1 min, and stained with 0.5% phosphotungstic acid (NaPT), pH 7.0, for
another min. After blotting off and air drying, the specimens were

examined in an electron microscope (model 100B, Japan Electron Op-
tical Laboratory, Tokyo, Japan) at 80 KeV, operated with the liquid
nitrogen anticontamination trap.

Statistical methods. Statistical differences between the groups were

assessed with Mann-Whitney's U test. The correlation coefficient was

calculated according to Pearson with corresponding t test. P < .05 was
considered statistically significant.

Results

Comparison of LPS quantified with LAL assay and GC-MS.
Quantifiable amounts of 3-OH-12:0 were detected in all five
plasma samples with high LPS levels (> 5 ,g/liter by LAL) that
were selected for GC-MSanalysis (Table I, Fig. 1). The results
obtained with the two methods were of the same magnitude
and revealed a high correlation coefficient (r = 0.98, P = 0.006)
(Table 1). The lowest values found by the GC-MSmethod may,
however, be of limited accuracy, owing to a background level

Table I. Plasma Levels of LPS in Four Lethal Cases of Systemic
Meningococcal Disease Determined by Chromogenic
LAL Assay and GC-MS

Concentration of LPS

Patient LAL GC-MS

pg/liter
1 (on admission) 170 140
1 (4 h and 20 min later) 50 24
2 19 13
3 6 15
4 11 14

r = 0.98, P = 0.006.

of 3-hydroxy fatty acids of unknown origin in plasma samples,
as observed when negative plasmas were taken through the
complete procedure (data not shown). To date we regard 10
ag/liter as a practical detection limit for LPS with GC-MS,
using a final sample volume of 50- and 2-,gl injections. In addi-
tion to 3-OH-12:0, the more usual LPS-specific fatty acid 3-
OH-14:0 was detected in all patient samples (data not shown).
Notable is the high level of LPS in patient 1, and the significant
fall 4 h and 20 min after hospital admission, measured by both
methods (Table I).

Comparison of LAL activity of E. coli and N. meningitidis
LPS. Standard curves ranging from 2.5 to 40 ng/liter were pre-
pared from stock solutions (2 Mg/liter H20) of either E. coli
055B5 (9 EU/ng) or N. meningitidis LPS which is the Norwe-
gian reference LPS prepared from strain 44/76 (B:15:Pl.16,
ET-5 complex) (vide above). The results based on three sepa-
rate runs were 2.5 (2.6±1.2), 5 (6.9±1.8), 10 (12±2.5), 20
(24±6.7), and 40 (48±9.8) gg/liter (N. meningitidis LPS values
in parenthesis, mean±SE), suggesting similar biological activ-
ity in the LAL assay of the two preparations.

Effect of ultracentrifugation on native LPSin shock plasma.
The LPS levels before centrifugation were 204, 31.9, 22.3, 15.5,

oA/

50

0
11:46 12:37 13:27 14:18 15:08 15:58 mi n

Figure 1. GC-MS-selected ion profile of plasma from a patient with
fulminant meningococcal septicemia. Ester-linked fatty acids were

released by brief acidic methanolysis and extracted/separated on a

silica column, and the hydroxy-fatty acid fraction was

trimethylsilyl-derivatized. The ion m/z 287 (M-15) was selected for
analysis of 3-OH-12:0. The internal standard 3-OH-I0:0 was added
before methanolysis, and monitored by m/z 259 (M-15) during the
same run. The major peak eluting just after the internal standard is
of unknown origin.
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Table II. Effect of Ultracentrifugation (103,000 g, 20'C) on Native LPS in Heparin Plasma (A) Collectedfrom Seven Patients
with Lethal Meningococcal Endotoxemia Centrifugedfor 15 min, or (B) Collectedfrom Six Patients
with Lethal Meningococcal Endotoxemia Centrifugedfor 60 min

A. Patient 1 2 3 4 5 6 7 Mean±SE

Initial level (pg/liter) 204 31.9 22.3 15.5 9.8 8.1 7.1
Total recovery (%) 40 96 77 107 57 124 87 84±11
Distribution after centrigation

for 15 min
Top(%) 4 5 7 6 7 14 13 8±1
Middle (%) 8 13 12 8 12 23 15 13±2
Bottom (%) 88 82 82 86 82 63 72 79±3

B. Patient 1 2 3 4 5 6 Mean±SE

Initial level (ig/liter) 204 38.9 31.9 23.8 22.3 9.8
Total recovery (%) 58 50 52 43 69 52 54±4
Distribution after centrifugation

for 60 min
Top (%) 2 3 0 1 6 2 2±1
Middle(%) 3 8 10 6 11 5 7±1
Bottom (%) 95 89 90 93 83 93 91±2

Total recovery, given as mean±SE, denotes the sum of the detected levels in top, middle, and bottom 50-,Ml fractions as compared with the initial
level. The distribution in percent after centrifugation is indicated for the top, middle, and bottom 50-Ml fractions.

9.8, 8.1, and 7.1 pig/liter, respectively, for patients 1-7. (Table
II). After 15 min of centrifugation at 103,000 g, the levels were
measured in the top, middle, and bottom 50-id fractions. The
sum of these levels was defined as total recovery and expressed
as the percentage of the level before centrifugation. The total
recovery ranged from 40% to 124% (Table II). For the group of
seven specimens the mean±SE total recovery was 84±11%.
The distribution of the total recovered LPS in the top, middle,
and bottom 50-,ul fractions was calculated by defining the total
recovered level as 100% (Table II). The top 50-IAI fraction con-
tained 8±1% (mean+SE, n = 7) of the recovered LPS whereas
79±3% (mean±SE, n = 7) were recovered in the bottom 50-'41
fraction after 15 min of centrifugation (Table II). After 60 min
of centrifugation, 2±1% (mean±SE, n = 6) and 91±2% of the
recovered native LPS were found in the top and bottom frac-
tions, respectively (Table II). The total recovery of native LPS
after centrifugation decreased with increasing levels of LPS in
the samples before centrifugation. This may relate to extensive
dilution (1: 1,000 or more), adherence of LPS to the tube wall,
and compression of the LPS complexes during centrifugation
at 103,000 g making them less accessible for the LAL reagents.

Effect of ultracentrifugation on purified meningococcal LPS
dissolved in acute phase plasma. The mean±SE total recovery
of purified LPS dissolved in acute-phase plasma after 15 min of
centrifugation was 87±13% (range 57-140%). Of the recovered
LPS, 10±3% (mean±SE, n = 6) remained in the top 50 gl,
whereas 78±6% were found in the bottom 50-,ul fraction. The
sedimentation patterns of six samples containing purified LPS
added to acute-phase plasmas were not significantly different
from the patterns observed for seven samples with native me-
ningococcal LPS (Table II) (P > 0.1).

Effect of ultracentrifugation on reference proteins vs. native
LPS in normal and shock plasma. The sedimentation behavior
of albumin (4.6S), fibrinogen (7.6S), a2-macroglobulin (1 9.6S),
apo A1, and apo B100 in normal donor plasma after centrifuga-

tion at 103,000 g for 15 and 60 min was studied in samples
collected from three different persons (Table III). The concen-
trations of HDLand LDL revealed only minor changes under
these sedimentation conditions, whereas the concentrations of
albumin, fibrinogen, and a2-macroglobulin decreased in the
top fractions and increased in the bottom fractions correspond-
ing to the sedimentation coefficients (Table III). The total re-
covery of the various proteins after centrifugation ranged from
89% to 109% (Table III). The sedimentation patterns of native
LPS vs. HDLand LDL in three patient plasmas are given in
Table IV.

Electron microscopy of ultracentrifuged patient plasma and
cultivated N. meningitidis. Overlapping membrane fragments
demonstrating a typical moire pattern (57) were identified in
plasma samples from three patients examined (Fig. 2 a). Simi-
lar bacterial fragments were also detected in decomplemented
human heparin plasma inoculated with meningococci and
grown over night (data not shown). In one patient sample, a
bacterium with multiple long membrane protrusions was ob-
served (Fig. 2 b) as has previously been demonstrated for me-
ningococci grown under in vitro conditions (41-43). These ob-
servations suggest that formation of surplus outer membrane
material by N. meningitidis multiplying in human blood really
occurs in vivo.

Discussion
The results of this study suggest four conclusions. First, circu-
lating endotoxin collected from patients developing fulminant
meningococcal septicemia is derived from N. meningitidis and
is not of enteric origin. Second, quantitative chemical detec-
tion of native LPS in patient plasmas was in accordance with
measurement made with the LAL assay. Third, an extensive
part of native meningococcal LPS appears to circulate as com-
plexes with high sedimentation coefficients and outer mem-
brane fragments were detected by electron microscopy in all
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Table III. Effect of Ultracentrifugation (103,000 g, 20'C) on Five Plasma Proteins
in Normal HumanPlasma Centrifugedfor 15 and 60 min

Albumin Fibnnogen a2-macroglobin
(4.6S) (7.6S) (19.6S) Apo Al Apo BlOO

Plasma centrifuged for 15 min
Total recovery (%) 98±1 109±5 106±23 100±2 102±3

Fraction
Top (%) 29±0 24±2 19±1 32±1 36±1
Middle (%) 34±0 35±2 32±2 34±0 33±0
Bottom (%) 37±0 41±0 49±2 34±1 31±1

Plasma centrifuged for 60 min
Total recovery (%) 99±2 89±1 97±33 99±1 98±2

Fraction
Top (%) 20±0 9±1 0±0 27±0 40±1
Middle (%) 34±1 31±1 18±1 35±0 34±1
Bottom (%) 46±1 59±1 82±1 38±0 26±1

Total recovery and the distribution in top, middle, and bottom 50-,Ml fractions as defined in Table II. S denotes Svedberg units in plasma or serum.

specimens examined. Fourth, the sedimentation behavior of
native LPS during ultracentrifugation was clearly different
from the sedimentation behavior of HDLand LDL, suggesting
that most of the bioreactive LPSwere not primarily complexed
with these lipoproteins.

The results from the gas chromatographic and mass spectro-
metric study suggest that the LAL activity in patient plasmas is
related to lipid A derived from neisserial LPS and not from
translocated bacteria of enteric origin that has escaped into the
general circulation during the septic shock state. This conclu-
sion is based on the identification of the 3-OH- 12:0, which,
although also found in certain Pseudomonas species is not pres-
ent in LPS of enterobacteria and is relatively specific for neis-
serial LPS (49). This conclusion agrees with two previous ob-
servations made in fatal septic shock patients. Fatal septicemia
caused by Streptococcus pneumoniae in splenectomized pa-
tients reveals a clinical picture similar in many ways to fulmi-
nant meningococcal septicemia with irreversible septic shock,
extensive coagulopathy, and multiple organ failure. In our labo-
ratory LAL assays of sequentially collected plasma samples
from such cases have always been negative (< 25 ng/liter) (3),
suggesting that severe septic shock per se does not necessarily
facilitate gut-derived systemic endotoxemia in humans. Thus,
the multiple organ failure syndrome related to S. pneumoniae
is presumably caused by Gram-positive cell components. Fur-
thermore, the constant clearance rate of LPS resulting in com-
plete elimination, which is observed in patients with fulminant
meningococcal septicemia (3), would be difficult to explain if
LPS was gut-derived. N. meningitidis was the only bacterium
isolated in blood cultures from the four patients studied (3).

Chemical identification of LPS in plasma is not feasible in
most cases of human Gram-negative sepsis owing to levels far
below the detection limit of GC-MSmethods (15, 16, 18, 19).
Fulminant meningococcal septicemia is a unique disease inas-
much as the high levels of LPS in plasma that make chemical
detection and identification of neisserial lipid A possible are
concerned. Importantly, there was a close correlation between
the plasma levels of LPS, as determined with the LAL assay
measuring lipid A activity and the quantitative chemical detec-
tion of the lipid A-derived 3-OH-12:0 (Table I). The declining

LPS levels consistently observed in these patients by using the
LAL assay (3) were supported by GC-MSanalysis of one pa-
tient plasma with an exceptionally high initial LPS content
(Table I). This observation, if confirmed in future studies, sug-
gests that most of the LPS-containing material is removed from
the circulation during fulminant meningococcal septicemia
and that lipid A is not merely concealed, i.e., "detoxified," by
formation of complexes with plasma proteins.

The 3-OH-14:0, which also derives from meningococcal
lipid A, was detected in all five patient plasmas examined (data
not shown). This fatty acid is amide-linked in neisserial LPS
and is not released to a high degree by the method employed.
The 3-OH-14:0 is a constituent of many bacteria and could
therefore not be used as a specific neisserial lipid A marker. It is

Table IV. Effect of Ultracentrifugation (103,000 g at 200C) on
Apo Al, Apo B100, and Native LPS in Plasma from Three
Patients with Lethal Endotoxemia Centrifugedfor 15 and 60 min

Apo Al Apo BlOO LPS
(n = 3) (n= 3) (n = 3)

Mean±SE Mean±SE Mean±SE

Plasma centrifuged
for 15 min

Total recovery (%) 105±5 99±2 105±11
Fraction

Top (%) 34±2 35±1 11±3
Middle (%) 32±1 33±1 15±4
Bottom (%) 34±0 32±1 74±7

Plasma centrifuged
for 60 min

Total recovery (%) 99±1 104±0 48±3
Fraction

Top (%) 30±0 32±2 1±1
Middle (%) 33±0 35±1 8±1
Bottom (%) 36±0 33±2 91±1

Total recovery and the distribution in top,
fractions as defined in Table II.

middle, and bottom 50-,l
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Figure 2. Transmission electron micrographs of negatively stained (0.5% NaPT, pH 7.0) bacterial membranes found after ultracentrifugation at
103,000 g for 60 min (three runs). (a) Microbial unit membrane showing the typical moire pattern from overlapping membrane fragments. The
fragments were detected after ultracentrifugation in all lethal meningococcal shock plasmas (n = 3) examined. X200,000. (b) Part of a microbe
with multiple long membrane protrusions, found in one patient plasma. x30,000.

also detected in normal control plasma, although at a much
lower level than observed in plasma from patients with fulmi-
nant meningococcal septicemia. The origin of 3-OH-14:0 in
normal donor plasma is unknown.

To our knowledge, this is the first observation confirming
quantitatively the results obtained with the LAL assay in pa-
tient plasmas with a chemical method. For clinical use the LAL
assay remains the method of choice for detection of LPS owing
to its superior sensitivity and applicability. The close quantita-
tive measurements between the LAL assay and GC-MSsug-
gests that most of the LPS present in circulation of these pa-
tients is biologically active, at least in the LAL assay. However,
because of the low concentrations of 3-OH-12:0 in our pa-
tients, further chemical studies are needed before firm conclu-
sions about the quantitative aspect of this measurement can be
made.

The centrifugation studies suggest that native LPS circulate
as complexes with high sedimentation coefficients. Whenplas-
mas from seven different patients were ultracentrifuged at
103,000 g for 15 min, only 8±1 1%of the recovered native LPS
was detected in the upper one-third of the centrifuged volume,
whereas 79±3% were recovered in the lower one-third volume.
(Tables II and IV). A particle or molecule, which transverses
the distance from the minimum to the maximumradius within
15 min at 103,000 g, is expected to have a sedimentation coeffi-
cient 2 68S (58). LAL activity related to outer membrane vesi-
cles and disintegrated bacteria could explain our findings by
centrifugation (42). In line with this is our observation that
electron microscopic examination of ultracentrifuged septic
shock plasma identified multiple outer membrane fragments
(Fig. 2 a). Identical fragments were found in ultracentrifuged

supernatant of meningococci grown in decomplemented, hepa-
rinized human plasma. Furthermore, one of three patients
plasmas examined contained a bacterium covered with multi-
ple, long membrane protrusions (Fig. 2 b), indicating that pro-
duction of surplus outer membrane really occurs in vivo. In
vitro experiments have shown that meningococcal LPS still
integrated in the bacterial outer membrane reveal considerable
biological activity (17).

However, because purified meningococcal LPS prepared
from the disease-causing clone and dissolved in acute-phase
plasma revealed a sedimentation pattern similar to the one
observed for native LPS, the formation of LPS aggregates in
patient plasma could be an alternative explanation of our cen-
trifugation data. Rough neisserial LPS dissolved in an aqueous
plasma solutions tend to form large aggregates owing to the
hydrophobic lipid A. The ability of human serum to release
LPS from meningococci has not yet been studied in detail, and
results obtained for E. coii and S. abortus equi may not neces-
sarily apply to N. meningitidis. Thus, whether or not LPS re-
leased from the outer membrane and aggregated in patients
plasma, can partly explain our results awaits further investiga-
tion.

Wehad expected to find high levels of LPS in the top frac-
tions after centrifugation if most of the bioreactive native LPS
had been present as detached LPS molecules associated with
lipoproteins. The centrifugation conditions employed in this
study did not significantly change the concentrations of apo Al
and apo BI00 after 15 min, whereas only 8±1% of the bioreac-
tive native LPS was recovered in the top fraction. The real
amount of LPS in this fraction might, however, be significantly
higher in that the LAL assay measures only biologically active
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LPS. Lipoproteins, LPS-binding protein, and possibly other
proteins appear to "detoxify," i.e., reduce the biological reactiv-
ity of LPS by complex formation (21-23, 32, 34-36, 38-40).
The close agreement between GC-MSand LAL methods in
quantification of native LPS in these plasmas, however, sug-
gests that most of the circulating LPS is biologically active.

To what extent other plasma proteins, i.e., immunoglobu-
lins and complement components with high affinity for LPS
(29), may be attached to bacterial fragments and LPS com-
plexes has not been addressed in this study. More research is
clearly needed before the physiochemical state of native LPS
and the relationship to plasma proteins in shock plasma are
fully understood. Our data suggest the animal models employ-
ing live bacteria may be more appropriate than purified LPS in
discerning the in vivo state of native endotoxin in humans.

Fulminant meningococcal septicemia is the prototype of an
acute, overwhelming Gram-negative septicemia. Detailed stud-
ies of these patients have given us a unique opportunity to
elucidate various disease mechanisms related to LPS in hu-
mans. Wehope that this knowledge will increase our ability to
avoid or neutralize fatal LPS effects in the future.
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