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SUMMARY&Thc antigenic properties of the highly purified destroyed all antigenic reactivities: at lpbwer doses of radiation
US reference standard endotoxin (RSE) exposed to varying 7 the rate of elimination differed for the\2 antigen ciasses. The
doses of ionizing radiation were studied with double immuno- O-polysaccharide was more sensitive 1~ §-radiation than the R-
diffusion, immunoelectrophoresis and immunoblotting. Rabbit core and the O-antigenicity was lost before that of the R-core.
RSE antiscra identified 2 distinct major antigenic components Endotoxin molecules containing incomplete R-core (radiation-
for untreated RSE: one related to the O-polysaccharide side induced or mutant) did not react with the RSE antiserum.
chain (%)-amigenic spcciﬁcily%)‘.'the other to the R-core. Based - ’< L\A/wr\ 1 -l A );\&Y.,NID \

on a serologic cross-reactivity of R-core of RSE (Escherichia coli ' 3 ! )

0113) with the R-core of the lipopolysaccharide from E. coli

0111, the core type of E. coli 0112 was identified as coli R3. /! Key words: Bacterial endotoxin, ionizing radiation, antigenicity, \
Increasing cxposure of RSE to ionizing radiation progressively ©  immuno-electrophoresis, immunoblouing ,.,---—-—-—
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INTRODUCTION strain) 0113:H1):K negative (9). RSE was prepared at a concentration
. N . . of 2 mg/ml in sterile pysogen-trec water and dispensse into glasc vials
FOR studying the relationship of structure to function for {2 mleach) by the Pharmaceutical Development Service of the Pharc-acy
bacterial endotoxins (lipopolysaccharides: LPS), ionizing Department, Clinical Center, NIH, Bethesda, M™. The vials were
radiation has been shown to be a valuable tool. Previous stored at —20°C until usc. LPS [rom a smooth strain and J5 mutant of
work in ratory {1-4), and by others (5-8) demon- E. coli 0111:B4 and a smooth straix of Saemorello tyohimurit weie
strated (::;tla?(?nizingy (ra di)a:i’; n f'nark cdl(y al)ters (t’he obtained from List Bio}agb:&l laboralotiu..Ca{rlpbell, CA. LP§ from

rated loni: ' the PL2 mutant of £. coli X-12 (10}, and S. ¢yphimurium (SH 838) semirough
b'°l°g‘cal activities of LPS. We also showed this {SR) LPS were kind gifts from Dr. W. Colenar. of the NIH, Bethesda,
treatment causcs dose-dependent changes in the chemical MD, and Dr. P. H. Makela of the Central Public Heaith Laboratory,
composition, molecular and “supramolecular” structure Helsinki. Finland, respectively. Lipooligosaccharide (LOS) was piz-
of endotoxin in an aqueous mediurm (1-4). pared by phenol-water cxtraction [rom Neisveria meningitidis M986 as

We report the changes in antigenic properties of a desctibed previausly (1),
highly purified LPS, the US reference standard endotoxin Zxposure to Radiation '
(RSE), exposed to varying doses of ionizing radiation. The glass vials containing RSE in water were exposed to ionizing
using homologous rabbit anti-endotoxin sera. The radiation at a rate of 0-003 Mrad/min from a *®Co-source. Radiation
changes in antigenic reactivity were compared to those treatment was carried out at room temperature.
occurring in the molecular structure of LPS as analyzed Anti-endotoxin Sera

by sodium  -dodecyl sulfate-polyacrylamide gel Antibodies against unlrcalcdbORSE kwe;‘laised in 2 fen:skENcw
e (SDS. Zcaland rabbits each weighing about 3 kg. The antigen (50 pg ) was
electrophoresis (SDS-PAGE,. mixed with complete Freund’s adjuvant (Difco, in a final volume of 2 mi
and this material vsas injected into the 2 re r foot pads, 2 sites sub-

MATERIALS AND METHODS cutancously and 2 sites intramuscularly in cach animal onday 0. One, 2
and 8 weeks later, the rabbits received the same antigen dose with
incomplete Freund's adjuvant (Dilco) distributed into multiple sites as
before. Blood was collected via the marginal car vein prior to
— immunization, about 1 month (days 28, 29 and 30) and about 2§ months
Correspondence: Dr. Gyorgy Csako. Bidg. 10, Rm. 2C-407, Natioz::! {cdays 79 and 80) after the onset of immunization. Approximately $ ml of
Institutes of Health, Bethesda, MD 20892, USA. blood were drawn from each animal befoire immunization, whereas

LPS Preparaiions
The source of the highly refined RSE was Escherichia coli (Braude
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15-40 ml of blood were obtained vn cach subsequent occasion. The sera
were heat-inactivated at 56°C for 30 minutes, When tested in double
immunodiffuston (sec below), pre-immune rabbit sera had no detectable
RSE antibody activity. In contrast. all scra harvested at varying time
periods following the onsct of immunization exhibited sume precipi-
tating activity for the immunizing antigen. RSE. Rabbit antisera to V.
meningitidis M986 LOS were raised by immunizing with purificd 1.0S
as described before(11).

Double Immunodiffusion

This technique was performed in 0:5%, agarose (Sea Plague agarose:
HBiomedicat, Division of Marine Colloids, Inc.. Rockland. MF) inade up
in Tris-HCl buffer. pH 8-2. LPS samples (usually 50 pg cach in o volume
of 25 pl) were placed into the peripheral wells and tested against rabbit
anti-RSE scrum (approximitely 25 pl) placed into the central well,

Immunoclectrophoresis

Immunoclectrophoresis was  carricd out in commercial plates
containing 1-57, agarose (Tital IV IE Plae: Helena Laboratories,
Beaumont, Texas). LPS samples {40 pg cach in a volume of 20 pu) were
subjected to clectrophoresis at Hvolt DC potential for 30min in
(-05 M barbital buffer, pH 86 (Corning Special Barbital Buffen. The
patterns were allowed to develon with rabbit anti-RSE sera for
24-72 hirs.

SDS-PAGE of Endotoxin
Electrophoretic analysis of LPS specimens was done in 14",

0.36 Mrad

1.08 Miad

2.88 Mrad

£E.coli 0111

Figure2. lmmunoslectrophoretic patterns of untreated RSE. RSE
exposed 1o ionizing radiation and neterologous endotoxin from a
smonth strain of E. coli 0111 with rebbit RSE antiscrum (dav 29: rabbit
20K) ai 24 hi (a}anrd 48 hr{l).
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Figure 1L Double immunadilfusion patterns of un.
treated RSEL cirradiated RSE and heterologous LPS
preparations with riabbit anti-RSE serum at 24 hr (4
and ¢)and at 72 hir by, Central wells (Ab) contain RSE
antiserum (day 25, rabbit 29A). Peripheral wells con-
win 09", NaCl as i negative control (well 1) or LPS as
antigen at a concertration of 2mgml except when
otherwise indicated. Well 2 = untreated RSE from E.
coli 0113 (0 Mrady: wells 3 -6 = RSE cxposed to radi-
ation doscs of 0-18.0:36, 108, and 2:88 Mrad, resp.; well
7 = smoath strain of E. coli 0111; well 8 = JS mutant
of £, coli 0111 well 9 = PL2 mutant of E. coli K-12;
well 10 = smooth strain of S, typhimurium: and well
11 = semirough strain of 8. typhinurivm (€2 mg/ml).

polyacrylamide gel according to the method of Laemmh (12). To each
site 025 50 pg of SDS-treated LPS was .pplicd. After clectrophoresis,
amodified silver stain was used for the development of patterns (13).

Immunoblatting

The procedure of Towbin, Stachelin and Gordon (14) was modified
for the clectrophoretic blotting of LPS antigens. LPS were transferred
from  SDS-polyvacrylamide gels onto  nitrocellulose  membranes
(Scklecicher and Schucll, fue.. Kcr.m. NH) by clectraphoresis in 20mM
sodium phosphate buffer. pH 7:2 at 100 mA overnight in 4 Bio-Rad
Trams-Blot cell. After treating lh:. nitrocellulose membrane with 3%
gelatin in Tris buffered saline (TBS: 20 mM Tris, 300 mM NaCl, pH 7:5)
to block nonspecific reaction, the membrance was incubated with 100-
fold dituted rabbit anti-cndotoxin sera in TBS containing 17, pelatin for
3hr. The LPS.antibody complexes were then reacted with goat anti-
rabbit 1gG-horseradish peroxidase conjugate in TBS containing 19
geiatin overnight. The antigen-antibody reactions were visualized by
the purple insoluble product of the peroxidase from the substrates, 4-
chlore-1-naphthol and hydrogen peroxide. The reagents used in the
analysis were obtained from Bio-Rad Laboratories, Richmond, CA.

RESULTS

Double Immunodiffusion in Agarose Plate

The rabbit RSE antiscrum produced up to 3 precipitin
lines with untreated and irradiated RSE in double
immunodiffusion (Figures ta and b). The appcarance and
density of the precipitin bands were dependent on the
incubation time. By 24 hr only 2 precipitin lines were
evident (Figure 1a). The denser line was located close to
the antibody-containing well. The density of this line
decreased with increasing doses of ionizing radiation to
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RSE. and the band disappeared at 2-88 Mrad. The second 4
precipitin line ‘less dense) was more peripherally located
(towards the antigen-containing wells) and was present :
cven after exposure of RSE to 2:88 Mrad. Prolonged.-.—-:

incubation of the diffusion plates for 48-72 hr enhanced
the density of the sccond precipitin band of RSE ir-

71

radiated with 0-36 and 108 Mrad (Figure 1b). In addi- . (

tion, a third weak precipitin line showing partial identity [ :

with the second line developed with endotoxin pre- ..

parations exposed to 1-08 and 2-88 Mrad (Figure 1b). S
Spec.iﬁcity studics with rabbit anti-RSE serum are I

shown in Figure 1¢. The antiserum did not cross-react

with smooth and semi-rough endotoxin preparations of "

5. typhimurium. Endotoxins purified from the O- d'_!____;
w
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0 Mrad '
0.18 Mm:qé .
0.36 Mrad
108 Mrad

2.88 Mrad-

4.32 Mrad,

6.48 Mrad |

8.64Mrad |

B F .

Figure 2.  Immunoclectrophorctic patterns of untreated and j-irradiated RSE specimens (40 pg cach) with homologous rabbit
antiserum (day 80; rabtit 29R) at 24 hr () and 48 hr (b} and silver ctained SDS- “AGE patterns of the same RSE specimens (5 pg

cach) (c).

polysaccharide side chain deficient PL2 mutant of E. coli
K-12 (13) and from the galactose cpimerase deficient 3§
mutant of E. coli 0111 (devoid not only of the sepeating
units of the O-polysaccharide chain but also a portion of
the R-core) (15) also failed to produce any disccrnible
precipitin band with rabbit antiserum for up to 72 hr. In
contrast, a smooth LPS prepared from the 0111 serotype
strain of E. coli showzd cross-reactivity with the
immunizing LPS (RSE) prepared from the 0113 strain of
E. coli. However, the antigenic rclationship with RSE
appeared to involve only the outer precipitin line (Figure
Ic).

Immunoeletrophoretic Studies

Due to the presence of phosphate, pyrophosphate and
carboxyl groups, bacterial LPS arc negatively charged
macromolecules (16). Upon clectrophoresis in agarose
gel, the RSE molecules indeed behaved as anions and
migrated towards the anode. When clectrophorctically
scparated LPS components reacted with rabbit anti-RSE
scrum, 2 major precipitin bands developed  with
untreated RSE (Figures 2 and 3).

The longer precipitin band was located close to the
antiserum containing trench extending from the appli-
cation well to the anode, thus, including both slow and
fast migrating antigen molecules. This band was sensitive
to j-radiation; its density rapidly diminished with
progressively higher doses of radiation, and the band
disappeared after exposure of RSE to 2:88 Mrad. Dis-
tortion and splitting of this band (suggesting

hetcrogencity) were  cvident in  the immuno-
clectrophoretic pattern with both untreated and ir-
radiated RSE specimens (Figures 2 and 3). Earlier anti-
sera appeared to have a greater precipitating activity
towards the antigen(s) present in this band (Figures 2 and
3

The sccond major band became more distinct
following radiation cxposure of RSE specimens. With un-
treated RSE and RSE treated with low doses of radiaiion,
this precipitin band ranged from the application well to
midway to the anode, i.c.. included relatively slow-
migrating molecules (Figures 2 and 3). At higher doses of
radiation (2-:88 Mrad or greater), first the slower mi-
grating component of this LPS fraction was climinated,
and all antigenic reactivity was destroyed with 6-48 Mrad
(Figure 3).

Figure 2 shows that a cross-reactivity between RSE
(preparcd from the 0113 serotype strain of E. coli) and
LPS prepired from the smooth strain of E. coli 0111 was
present with rabbit anti-RSE sera in immunoelectro-
phoresis as well. The precipitin band of the E. coli 0111
LLPS was comparable in position to the second precipitin
linc of the RSE.

Comparison of Immunoclectrophoresis and SDS—-PAGE of
Untreated and y-irradiated RSE

We have shown previously (1-4) that, likc other S-form
LPS (17-18), untreated RSE shows molecular hetero-
geneity on SDS-PAGE. The fastest migrating band is
composed of only complete R-core and lipid A (Figure
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Figurc 4. Silver stained SDS-PAGE (a) and antigenic reactivity (b)
patterns of untrcated and y-irradiated RSE specimens. Each lane con-
tains a nominal amount of 5 pg of RSE. For immunoblotting th) RSE
antiscrum was from rabbit 29 R (day 29).

3c). The s=cond band consists of a single unit of O-side
chain polysaccharide, R-core and lipid A. The pro-
gressively slower migrating bands contain, in addition to
R-core and lipid A, increasing nvmbers of repecating O-
side chain units. Bascd on the density of staining, un-
treated RSE is distributed almost equally between the 2
fastest migrating bands (onc is composed of R-core and

Figure §.  Silver stained SDS-PAGE (a and ¢) and
antigenic reactivity (b and d) patterns of untreated
LPS preparations. RSE {from E. coli 0113) (lance i), E.
coli 0111 (lane 2) and S. ryphimurium (lanc 5) smooth
LPS preparations were applied at 5 pglane for both
silver staining and immunoblotting. LPS from E. coli
J7 “anc 3). PL2 (lanc 4) and S. ryphimurium scmi-

(lane 6) mutants, and from N. meningitidis
M. . (lanc 7) were applicd at 0-25 pg/lane for silver
staining and at 0-5 pg/lanc for immunoblottirg. For
immunoblotting, rabbit RSE antiscrum (29 R: day 29)
and rabbit M986 meningococcal antiserum were used
for (b) and (d), resp.
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lipid A, the other is composed of a single O-side chain
unit, R-core and lipid A) and contains only a small
amount of molecules with long O-polysaccharide side
chain (Figure 3c¢).

The changes in antigenicity and molecular compo-
sition of radiation-treated RSE specimens correlated with
cach other (Figure 3). The disappeasance of the slow-
migrating ¢ndotoxin - molecules  with long  O-poly-
saccharide chain on SDS- PAGE and the disappearance
of the fong precipitin linc in immunoeclectrophoresis
occurred simulianeously. Likewisc, the disappearance of
the fasting migrating LPS molccules (composed of R-core
and lipid A) on SDS-PAGE coincided with the dis-
appearance of the sccond precipitin band in immuno-
clectrophoresis.

Immunoblotting Studies

Rabbit RSE antiserum reacted only with RSE
molecules containing O-polysaccharide side chain and/or
complete R-core in the sensitive immunoblotting
technique (Figures 4a and b). Radiation treatment of RSE
primarily eliminzted the O-polysaccharide side chain re-
lated antigenic rcactivity. The fastest migrating
component (consisting of incomplete R-core and lipid A)
of irradiated RSE specimens showed no reactivity with
the RSE antiserum (Figures 4a and b). For comparison,
the rcaction between rabbit anti-meningococcal M986
LOS serum and meningococcal M926 endotoxin (LOS)
that is deficient in O-polysaccharide side chain (13) was
studied. Like irradiated RSE. the fastest migrating
molecules of LLOS (composcd of incomplete R-core and
lipid A) (Figure 5¢) were nonreactive to the homologous
antiserum (Figure 5d).

When the RSE antiserum was tested against
heterologous unirradiated LPS preparations, only LPS

(b) () (@
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prepared from the smooth strain of E. coli 0111 showed
cross-reactivity (Figure 5b). This cross-reactivity
apparently involved R-core rich LPS molecules which
were small and,.consequently, fast migrating molecular
species (containing no or only 1 O-polysaccharide side
chain unit) in SDS-PAGE (Figure 5a). LPS from the
partially R-core deficient J5 mutant of E. ¢« 0111, the O-
side chain deficient PL2 mutant of E. coli K-12, and
smooth and scmi-rough (long O-side chain deficient)
strains of S. typhimurium failed to produce any cross-
reaction with the RSE antiserum (Figures Sa and b),

Discussion

Previous reports document 2 to 3 LPS components that
are precipitable in agar gel with antisera raised with
whole bacteria (19,20). It was also obscrved that
“haptene” (i.e., polysaccharide moiety) from LPS precipi-
tates only about 50% of the antibody from rabbit
antityphoid (LPS) serum (19, 20). In contrast, absorption
of the antiserum with purified LPS resulted in the loss of
both precipitation lines in immunodiffusion (19, 20). Our
findings are in accord with these observations. Using
antisera raised with a highly refined LPS preparation
(RSE), we found 2 distinct major antigenic components
with double immunodiffusion in the untreated
immunizing antigen. In addition, a third minor antigenic
component cxhibiting partial identity with one of the
major components was noted after exposure of RSE to
high dosces of ionizing radiation. We identified the immuno-
reactive LPS components and the respective antibodics
in 2 ways: (a) by comparing the reactiorn patterns of
untreated and y-irradiated R SE specimens with anti-RSE
sera using double immuno-diffusion, immunoclectro-
phoresis, and immunoblotting techniques to silver stain-
ing in SDS-PAGE, and (b) by evaluating the antigenic
cross-reactivities between heterologous LPS and anti-
RSE sera.

Comparisons among the 4 techniques are consistent
for the proposed structure of the RSE molecule and
fragments, The inner (closc to the antibody well)
precipitin line in double immunodiffusion and the long
band in immunoclectrophoresis apparently rcpresent
LPS molecules containing O-polysaccharide (O-antigen)
and the respective (O-antigen specific) antibodies. In turn,
the outer (close to the antigen well) precipitin band in
double immunodiffusion and the slow-migrating relatively
short band in immunoelectrophoresis most likely consist
of R-core “rich” LPS molecules (that contain no O-
polysaccharide chain or only one repeating unit) and the
respective (R-core specific) antibodies. The antigenic
cross-reactivity of E. coli 0111:B4 S-form LPS with RSE
(E. coli 0113: H10:K negative) can be explained by the
presence of cross-reactive R-core antibodies in rabbit
anti-RSE sera. It was noted that the R-core may be

structurally and antigenically similar among several
strains within a genus (21).

The core type of LPS from the E. coli 0113 strain (RSE)
has not yet been reported (for review see ref. 22). Our
finding of R-core related antigenic cross-reactivity with
RSE antiserum between RSE (E. coli 0113) and LPS from
E. coliO1 11 with a core type oi coli R3 (23) indicates that
the core type of E. coli 0113 also is coli R3. The absence of
antigenic cross-reactivity betw en RSE and LPS from the
PL-2 mutant of E. coli K-12 with a core type of coli K-12
24) or LPS from smooth and SR strains of S.
typhimteraem with a core type of Ra (25) is consistent with
their different core types.

The lack of reactivity between RSE (E. coli 0113)
antisera and LPS containing incoimplete R-corc such as
irradiated homologous LPS or untreated heterologous
LPS from the Re-like J5 mutant of E. coli 0111:B4
(deficient in synthesis of complete R-core but cxpressing
complete lipid A) indicates that (a) antibodies directed
against complete R-core in RSE antisecrum do not
recognize molecules containing incomplete R-core, and
(b) little or no precipitating lipid A antibodics were
produced upon immunization with purified RSE.

A high specificity of core antibodies to the core
structure of the immunizing LPS was scen in other
experiments as well. Like RSE antisera, antimeningococ-
cal LOS scra did not rcact with homologous LOS mole-
cules containing incomplete R-core (11). Rabbit anti-
bodies prepared by immunizing with different Salmonella
R form LPS (Rb,, Rc, and Re) exhibited distinct sero-
logical specifities, indicating that the R-oligosaccharides
can be classificd serologically, as can the respective
mutants (chemotypes) (26). In turn, rabbit and human
polyclonal aniibodies to the Rc-like J5 LPS core and R
form LPS of Salmonellue have been claimed to show
extensive cross-reactivity with and in vivo protection
against heterologous LPS preparations and the
respective bacteria (27-31). Recent work with murine
monoclonal antibodies to E. coli 35 endotoxin, however,
demonstrated  greater  cross-reactivity when  assayed
against the whole bacterium than when assayed against
the corresponding purified cndotoxin (32). In addition,
no protection was scen against lethal LPS challenge
when the monoclonal antibodies were given to mice (32).

The lack of detectable amounts of precipitating lipid A
antibodics in anti-RSE sera is likely related to the poor
immunogenicity and cryptic position of lipid A in LPS
aggrepates. Smooth and R-form LPS neither react with
nor induce lipid A antibodics (21, 27, 28).

Our previous (1-4) and present results show that
ionizing radiation preferentially destroys the O-poly-
saccharide chain. Consequently, the O-antigenicity is
climinated at a faster rate than the antigenicity related to
the R-core. The finding of a differential effect of ionizing
radiation on S-form LPS antigenic dctcrminants is in
good agreement with the results of Previte, Chang and
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Bisi (§). In a mousc protection test these authors

observed that icnizing radiation more effectively destroys
the specific determinants of LPS that are responsible for
“specific antibody™ production (mcasured by protection
after challenge 6 days post-vaccination) than those which
clicit “aonspecific resistance™ production (measured by
protection after chatlenge 1 day post-vaccination),
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