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An Escherichia coli deep rough lipopolysaccharide (LPS), biosynthetically labeled with 32P04 and
[3H]glucosamine, was used to study dephosphorylation of the lipid A moiety by murine macrophages. Over a
48-h incubation period, the macrophages removed approximately two-thirds of the 32p from [3H32P]LPS that
was added to the culture medium. The LPS-derived phosphate was incorporated into cell components (e.g.,
phospholipids), as well as released from the cells. Cell lysates were also able to remove phosphate from
[3H32P]LPS. The phosphatase activity was optimal at acidic pH and was greatly reduced by 10 mM sodium
fluoride or heating at 80°C. There was no evident difference in the LPS-dephosphorylating ability of
macrophages from LPS-responsive and -hyporesponsive mice. The results indicate that murine macrophages
dephosphorylate the lipid A moiety of deep rough E. coli LPS and raise the possibility that enzymatic
dephosphorylation may modify LPS bioactivity.

Lipid A, the bioactive region of gram-negative bacterial
lipopolysaccharide (LPS), is a glucosamine disaccharide that
is substituted with phosphates and ester- and amide-linked
acyl chains. Little is known about the catabolic pathways for
LPS or lipid A in eucaryotes. Studies of LPS deacylation
have found LPS acyl amidases in slime molds (18),
acyloxyacyl hydrolases in human neutrophils (10) and mouse
macrophages (MACs) (13), and lipid A-deacylating activity
in rats (6, 11). In contrast, dephosphorylation of LPS by
eucaryotic cells or serum (19) has not been characterized in
detail. Since recent reports (7, 12, 15, 22) indicate that the
phosphates attached to lipid A may play an important role in
determining the bioactivity of the molecules, we examined
the ability of mouse MACs tp dephosphorylate the lipid A
moiety of LPS.

Enterobacterial LPS has approximately five to seven
phosphates esterified to the core polysaccharide and lipid A
regions. Some of these phosphates may be further esterified
with functional groups (e.g., arabinosamnine or ethanol-
amine). Loss of phosphate from LPS might thus occur
differentially, depending on the molecular site. Accordingly,
for these studies we used radiolabeled LPS from a deep
rough (Re) mutant of Escherichia coli K-12 that is known to
have unsubstituted phosphates that are attached only at the
1 and 4' positions of the glucosamine disaccharide backbone
(4, 15, 16, 19-21). Our goals were to learn whether thiogly-
colate-elicited mouse peritoneal MACs were capable of
dephosphorylating lipid A, to determine whether phosphate
was removed from one or both sites, and to test the
hypothesis that the difference between LPS-responsive and
-hyporesponsive mice is reflected in the ability of their
MACs to dephosphorylate LPS.

MATERIALS AND METHODS
LPS preparation. E. coli D21f2 (provided by H. Boman,

Umea, Sweden [2]) was grown in low-phosphate medium
containing X21 salts (9) as previously described (17) but with

* Corresponding author.
t Present address- Department of Bioengineering, University of

Utah, Salt Lake City, UT 84112.

0.4% glucose and supplemented with either 0.5 mCi of
N-acetyl-1,6-[3H]glucosamine and 2 to 3 mCi of 32P,
([3H32P]LPS; labels in the lipid A backbone and phosphate,
respectively) or 17 mCi of [2-3H]acetate and 90 pXCi of
N-acetyl-[1-_4C]glucosamine ([3H14C]LPS; labels in acyl
chains and lipid A backbone, respectively). All radiochemi-
cals were purchased from New England Nuclear Corp.,
Boston, Mass. LPS was isolated by the phenol-chloroform-
petroleum ether method (8), suspended in 0.1% (vol/vol)
triethylamine-1 mM HEPES (N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid), pH 8.2, and stored at -20°C until
used. [3H32P]LPS had an activity of 14,000 cpm of 3H and
4,000 cpm of 32p per jig of LPS (preparation 1) or 57,000 cpm
of 3H and 140,000 cpm of 32p per ,ug of LPS (preparation 2),
and [3H14C]LPS had an activity of 36,000 dpm of 3H and
1,500 dpm of 14C per jig of LPS. Less than 5% of the labeled
LPS was extractable into chloroform (1); after hydrolysis
with acid and then base (10), none of the 32p counts per
minute and 10% of the 3H counts per minute in [3H32P]LPS
were chloroform extractable, as were 24% of the 14C counts
per minute and 91% of the 3H couhts per minute in
[3H14C]LPS.
Macrophages. C3H/HeN mice (LPS responsive) were ob-

tained from Charles River Breeding Laboratories, Wilming-
ton, Mass., and C3H/HeJ mice (LPS hyporesponsive) were
obtained from Jackson Laboratory, Bar Harbor, Maine.
Peritoneal MACs, elicited with thioglycolate as previously
described (13), were plated at 1.4 x 106 MACs per well (11
,ug of DNA per well) in a phosphate-based medium (RPMI
1640; KC Biologicals, Lenexa, Kans.) with 1% (vol/vol) fetal
bovine serum, 2 mM L-glutamine, 200 U of penicillin G per
ml, and 50 ,ug of streptomycin per ml. MACs were allowed to
adhere to the culture wells for 3 h, washed twice to remove
nonadherent cells, and then covered with 2 ml of medium
containing 1.5 p.g of LPS per ml. After the desired incubation
period, the culture supernatants were removed and the cells
were washed once with 1 ml of Hanks balanced salt solution
(KC Biologicals), scraped from the wells in 1 ml of 0.9%
NaCI-50 mM EDTA (pH 7), and stored at -20°C. Visual
examination of the culture wells before cell harvest indicated
a small increase in free-floating cells with the longer LPS
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FIG. 1. Uptake of [3H32P]LPS by MACs from LPS-responsive

mice. The amount of cell-associated LPS was determined by mea-

suring 3H (closed circles) and 32p (open circles) in washed cells.

Values represent the average (± the standard deviation) of two

experiments (n = 5). The amount of LPS that bound to plates in the

absence of cells was subtracted from each value.

incubations. The cell supernatants were not centrifuged to

remove these cells.

Lipid analysis. Lipids were isolated from cell and super-

natant fractions by chloroform-methanol extraction (1) in the

presence of 0.005% butylated hydroxytoluene. The lipids in

the chloroform phase were separated by thin-layer chroma-

tography (TLC) on silica gel G plates (Analtech, Newark,

Del.) with CHCl3-CH3OH-H20 (90:52.5:12). Unsaturated

lipids were visualized by iodine vapors, and radioactive

compounds were located by fluorography after spraying with

En3Hance (New England Nuclear). Radioactive spots were

scraped off the plates, added to 10 ml of scintillation cocktail

(Safety-solve; Research Products International, Mount Pros-

pect, Ill.), and counted.

Assays. 32p released from LPS was measured after re-

moval of [3H32P]LPS from solution by activated charcoal (5).

Samples were mixed with activated charcoal (40 mg/ml, final

concentration; Sigma Chemical Co., St. Louis, Mo.), the

charcoal was sedimented by centrifugation, and a sample of

the supernatant was counted. The total amount of 32p

present was determined from samples to which no charcoal

was added. Approximately 90% of 32p; added to control

solutions was found in the charcoal supernatant, whereas
when [3H32P]LPS was used, less than 3% of the 32p counts

per minute and less than 1% of the 3H counts per minute

remained in the charcoal supernatant. The amount of LPS-

derived phosphate (in picomoles) was determined from the
32p counts per minute per ,ug of LPS at the time of the assay;
the calculation assumed a molecular weight of 2,700 for the

LPS and 2.4 phosphates per LPS (mole/mole). Each mea-

surement was performed in triplicate.

To measure phosphatase activity, we incubated 25-,ul
samples of cell homogenates or cell supernatants with 0.5wig
of [3H32P]LPS in 110 ,ul (final volume) of 0.04% Triton

X-100 -70 mM NaCgl0 mM sodium acetate, pH 5.5, at 37°C
for 1 h or more. The reaction mixture was then adjusted to 2

mMMgCsreo40 mg of activated charcoal per ml-40 mM

sodium citrate (pH 5), vortexed well, centrifuged, and

counted as described above.

DNA was measured by the diphenylamine method (3) with
calf thymus DNA as a standard.

Radioactivity measurements. Samples were counted in a
model 2425 scintillation counter (Packard Instrument Co.,
Inc., Rockville, Md.). Determination of the 3H radioactivity
in samples included corrections for background events, as
well as channel spillover (typically, there was about 3%
spillover from the 32p to the 3H channels and 39% spillover
from the 14C to the 3H channels).

RESULTS

We monitored the course of uptake of radiolabeled LPS
into MACs by measuring the glucosamine radiolabel, as
glucosamine would presumably be the last component of
LPS to be degraded. We then monitored the fate of the LPS
phosphates or acyl chains by measuring their respective
radiolabels. Uptake of [3H32P]LPS into MACs was studied in
two experiments, each done with a different preparation of
[3H32P]LPS.

[3H32P]LPS that was incubated with C3H/HeN MACs was
taken up by the cells; as measured by uptake of the
[3H]glucosamine label, uptake was nearly complete after 8 h
and reached a plateau after about 14 h (Fig. 1). The maxi-
mum amount of cell-associated LPS was approximately 35%
of the amount added to the culture medium. However, the
amount of cell-associated 32p increased for the first 14 h and
then decreased steadily for the remainder of the incubation
period (Fig. 1). The amount of cell-associated [3H]glucosa-
mine was very reproducible between experiments and is
probably a good measure of the amount of cell[associated
LPS, whereas the magnitude of the decrease in cell-
associated 32P after 14 h was variable between experiments
and may reflect dephosphorylation of the LPS and release of
phosphate from the cells. After 48 h of incubation, the 32P13H
counts per minute ratio in the cell fraction had decreased to
only one-half that of the original added LPS, suggesting that
approximately 50% of the phosphate had been removed from
the cell-associated LPS and released into the medium. A
transfer in LPS-derived phosphate from the cells to the
medium was also indicated by an increase in the 32P/3H
counts per minute ratio in cell supernatants.
Uptake of LPS by MACs was also measured with

[3H14C]LPS, Both the [3H]acyl chain label and the
[14C]glucosamine label were taken up and found in the cell
fraction in nearly identical ratios at all incubation times as
was previously reported for an Rc LPS from Salmonella
typhimurium (12; data not shown).
Uptake of [3H32P]LPS into C3H/HeJ (LPS-hyporespon-

sive) MACs followed a time course similar to that found for
cells from LPS-responsive mice (data not shown). The
amount of cell-associated LPS, as indicated by the
[3H]glucosamine label, increased to approximately 80 ,ug of
LPS per mg of cell DNA, whereas cell-associated 32p
reached a maximum at 14 h of incubation and then decreased
in a manner similar to that seen with MACs from LPS-
responsive mice.
Throughout the incubation period, there was a steady

increase in the amount of [3H32P]LPS-derived phosphate
that did not absorb to charcoal (soluble phosphate) (Fig. 2A).
Although the soluble 32P-labeled compounds were not iden-
tified, the charcoal adsorbed nucleotides, phospholipids, and
LPS from solution. The amount of [3H32P]LPS-derived sol-
uble phosphate increased over time from 0 to over 600 pmol
of phosphate per culture well in the cell supematant frac-
tions. After incubation with MACs for 48 h, over 60% of the
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total 32P in the cell supernatant fractions did not adsorb to
charcoal. In contrast, only 30 to 50 pmol of soluble phos-
phate per culture well was found in cell fractions throughout
the incubation period (Fig. 2B); this accounted for only 7 to
9% of the total 32p in the cells. A small fraction of cell-
associated 32p was recovered in phospholipids (see below),
indicating that the cells reutilized some of the 32p; the
relatively constant amount of cell-associated soluble 32p iS
probably in the intracellular free-phosphate pool. Similar
results were obtained with MACs from C3H/HeJ mice (Fig.
2A and B). When C3H/HeN MACs were incubated with 32p;
added to the culture medium, the cells took up approxi-
mately 5% of the 32P1, suggesting that only a small fraction of
the LPS-derived Pi that was released from the cells was
reabsorbed.

Lipids were extracted from the cells and cell supernatants
with chloroform-methanol and separated by TLC. The
amount of cell-associated 32p that was extractable into
chloroform increased over time; after incubation for 48 h,
10% of the cell-associated 32p was chloroform soluble. As
visualized by exposure of the TLC plates to iodine vapors (to
indicate the location of unsaturated lipids), the lipids ex-
tracted from MACs that were harvested after different
incubation periods with [3H32P]LPS did not change detect-
ably in either quantity or migration pattern, whereas the
amount
fractions
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FIG. 3. TLC of extracted MAC lipids. Cells (C) and cell super-

natants (S) with which [3H32P]LPS had been incubated for 6, 14, 38,
or 48 h were extracted with chloroform-methanol, and the lipids
were separated by TLC. Spots were visualized by fluorography;
supernatant samples were exposed to the film four times longer than
were cell samples. Standards: NFA, normal fatty acids (oleic acid);
PG, phosphatidylglycerol; and PC, phosphatidylcholine. The
bracket indicates spots that may represent dephosphorylated LPS.

of iodine-detectable lipid in the cell supernatant fluorography comigrated with iodine-stainable MAC lipids
did increase. Possibly the lipids detected in the and had high levels of 32P, suggesting that phosphate hydro-

ants were thus from cells which detached from the lyzed from LPS was incorporated into these lipids. These
)lates. As visualized by fluorography, the level of two spots comigrated with phosphatidylglycerol and phos-
Ivity associated with the extracted lipids, from both phatidylcholine, respectively, and 32P was found in these
and cell supernatants, increased with incubation spots when MACs were incubated with 32p; in the absence of

;. 3). The two fastest-migrating spots visualized by LPS (data not shown). Material that remained near the origin
on TLC did not comigrate with iodine-stainable spots and
had a 32P/3H ratio (0.8) similar to that of intact [3H32P]LPS,

A suggesting that this material may be LPS (90% of intact LPS
remained at or near the origin in this solvent system). The
intermediate-tnigrating spots visualized by fluorography

-: (Fig. 3, bracket) had very low 32P/3H ratios (0.1) when
extracted from MACs that had been incubated with
[3H32P]LPS, but when extracted from MACs that were
incubated with [3H14C]LPS, these spots had 3H/1'4C ratios
similar to the 3H/14C ratio of intact [3H14C]LPS. Possibly
these spots represent partially degraded LPS that has lost
phosphate groups but retained the acyl chains.
Both Triton X-100-solubilized cell lysates and cell super-

natants were assayed for phosphatase activity. Under the
conditions used, the cell lysates hydrolyzed approximately

_______*___, _______,___*___, ___,___ ,__ 25pmol of 32p; per ,ug of DNA per h from [3H32P]LPS (Fig.
4A), regardless of the age of the cell culture. The phospha-
tase activity in the cell supernatant fractions increased with
longer culture periods, yet the maximum level of 32Pi hydro-
lysis from LPS by the supernatants was only about 0.02% of
the hydrolysis found for the cell fractions (per culture well).

p ^ | = This rate of 32Pi hydrolysis from LPS by the supematant
fractions in vitro.was insufficient to account for the level of

| __________ LPS-derived soluble phosphate detected in the cell superna-
tants. Thus, the LPS-derived soluble phosphate found in the

O 10 20 30 40 50 cell supernatant fractions during incubation of cells with

INCUBATION PERIOD(hr) [3H32P]LPS (Fig. 2) was probably hydrolyzed by intracellu-
lar phosphatases and then released into the medium. Similar-

LPS-derived soluble phosphate after adsorption of phosphatase activities were observed in MACs from LPS-
IS to charcoal. After incubation with [3H32P]LPS for
mes, cell culture supernatants (A) and Triton X-100-lysed hyporesponsive mice.
were mixed with charcoal and centrifuged. The average Phosphatase activity toward LPS was maximal in the
t the standard deviation) of 32p in the resulting supernatant acidic range (pHs 4.5 to 5.5; Fig. 4B). At pH 5.5, the
ured. Symbols: 0, C3H/HeN cells; 0, C3H/HeJ cells; E, phosphatase activity in cell lysates was inhibited 80% by 10
contained [3H32P]LPS but no cells (n = 6). mM NaF, whereas 10 mM sodium tartrate had no effect.
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FIG. 4. (A) Time course of release of 32p from [3H32P]LPS by cell
lysates at pH 5.5. (B) pH curve of the reaction. The buffers
contained 0.04% Triton X-100, 70 mM NaCl, and either 80 mM
sodium acetate adjusted with HCI to obtain pH values of 5.5 and
below, or 80 mM sodium HEPES adjusted with NaOH to pH 7 or

8.5. The amount of 32P released from LPS in the absence of lysate
(<5%) was subtracted from the plotted values (means ± one
standard deviation; n = 6).

Heating the cell lysates at 80°C for 15 min also decreased the
phosphatase activity by more than 80%.

DISCUSSION

Previous studies have been shown that murine MACs can

enzymatically remove both hydroxylated and nonhydroxyl-
ated acyl chains from the lipid A moiety of LPS (13). The
present results suggest that enzymes in these cells can also
remove phosphates from the lipid A region of LPS.
The conclusion that MACs dephosphorylate cell-asso-

ciated LPS is supported by (i) the increase over time in
32P/3H ratios in cell supernatants and the concomitant de-
crease in 32P/3H ratios in cells, (ii) the separation of the 32p
and 3H LPS labels with charcoal adsorption after incubation
of [3H32P]LPS with cells, and (iii) the phosphatase activity of

cell lysates toward [3H32P]LPS. After incubation of
[3H32P]LPS with MACs for 48 h, the ratio of 32p to 3H in the
cell fraction had fallen from 0.96 to 0.46, reflecting a loss of
approximately 50% of the 32p from the cell-associated LPS
to the supernatant. In addition, 9% of the cell-associated 32p
did not adsorb to charcoal (soluble phosphate), and another
10% was found in phospholipids. Thus, a minimal estimate is
that at least 65 to 70% of the 32p was released from
cell-associated [3H32P]LPS. Additional 32p was probably
released from LPS and incorporated into other cell compo-
nents such as nucleic acids and proteins (not studied).

Previous studies have indicated that LPS from E. coli
D21f2 contains an average of 2.4 phosphates per molecule,
of which 73% is monophosphate and 27% is pyrophosphate
(4). These phosphates are distributed to two sites on LPS;
the 4' position of the glucosamine disaccharide is esterified
entirely with monophosphate, and the 1 position is esterified
with mono- or pyrophosphate. Loss of 70% of the 32p from
[3H32P]LPS would represent hydrolysis of an average of 1.7
phosphates per molecule, suggesting that phosphates are
removed from both sites, although whether both mono- and
pyrophosphates are removed is not known. Removal of all
the phosphates from some molecules of LPS is suggested by
the intermediate-migrating TLC spots, which contained the
glucosamine and acyl chain radiolabels but very little 32P.

After 48 h of incubation, more than 60% of the 32p in each
well (cell and cell supernatant combined) did not adsorb to
charcoal. This amount of soluble 32p could be produced if
60% of the LPS were cell associated and underwent com-
plete dephosphorylation. The LPS uptake curves, however,
indicate that at most only 35% of the added LPS was
associated with the cells at any particular time. Thus, it
appears that the plateau in the amount of cell-associated LPS
represents a steady state between uptake of LPS and export
of LPS and LPS degradation products (13).
There was no significant difference detected in the

dephosphorylation of [3H32P]LPS by cells from either LPS-
responsive or -hyporesponsive mice. MACs from both
strains took up LPS, cleaved off phosphate, incorporated the
phosphate into phospholipids, and released the phosphates
and phosphorylated compounds into the overlying medium.
In addition, MACs from both strains produced compounds
which appeared by TLC analysis to be dephosphorylated
LPS metabolites. A previous study found no apparent dif-
ferences in LPS fatty acid deacylation between LPS-
responsive and -hyporesponsive mice (13). Thus, a differ-
ence in the deacylation or dephosphorylation of the lipid A
moiety of LPS by MACs from these strains does not seem to
account for their striking difference in LPS responsiveness.

Purified potato acid phosphatase and bacterial alkaline
phosphatase can remove both of the lipid A phosphates from
alkali-treated LPS (in which the ester-linked acyl chains
have been removed), though they seem to have little or no
effect on intact LPS (17; A. Peterson, unpublished data). In
our experiments, hydrolysis of phosphate from intact LPS
by MAC lysates appeared to be mediated by an acid phos-
phatase, as removal of 32p from LPS was greatest at acidic
pHs, was inhibited by NaF, and was greatly reduced by
heating of the cell lysate at 80°C. Within intact MACs or in
cell lysates, some of the acyl chains may be removed from
LPS before hydrolysis of the phosphates, or possibly the
LPS is bound to cellular components in such a way as to
expose the phosphates to the phosphatase(s); further studies
are required to test these hypotheses. Further studies are
also needed to determine whether animal cells can

dephosphorylate LPS molecules in which the lipid A phos-
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phates are esterified to groups such as ethanolamine. In
addition, it should be noted that most gram-negative bacteria
produce LPS that have a much larger polysaccharide com-
ponent than is present in the Re LPS used for these studies.
The overall shape of LPS aggregates and the accessibility of
the lipid A region to various probes are significantly influ-
enced by the size of the polysaccharide region (4, 14). Thus,
dephosphorylation of the lipid A moiety might be affected by
the length of the polysaccharide.
We speculate that dephosphorylation may alter the

bioactivity of LPS. Lipid A analogs that lack the 1 or 4'
phosphates have reduced toxicity (as measured in the dermal
Shwartzman reaction) and pyrogenicity, yet they retain
immunostimulating activity (7, 12, 13, 15, 22). In contrast,
analogs that lack both phosphates are essentially inactive, at
least in part because they are insoluble (12). The present
studies indicate that mouse MACs can dephosphorylate the
lipid A moiety of E. coli LPS and thus raise the possibility
that dephosphorylation may play a role in modulating the
biological activities of LPS in animals.
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