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SUNIMARY The antigenic properties of the highly purified destroyed all antigenic reactivities: at wer doses of radiation
US reference standard endlotoxin (RSE) exposed to varying the rate of elimination differed for the 2 antigen classes. The
doses of ionizing radiation were studied with double immuno- 0-polysaccharide was more sensitive le -radiation than the R-
diffusion, inimunoelectrophoresis and immunoblotting. Rabbit )core and the 0-antigenicity was lost before that of the R-core.
RSE antisera identified 2 distinct major antigenic components IEndotoxin molecules containing incomplete R-core (radiation-
for untreated RSE: one related to the 0-polysaceharide side induced or mutant) did not react with the RSE antiserum.
chain (20-antigenic specificity') the other to the R-core. Based
on a serologic cross-ratvt oR-core of RSE (Eschcriclaia coli A

0113) with the R-core of the lipopolysaccharide from E. coli 0
0111, the core type of E. coli 0113 was identified as coli R3. , Keyv words: Bacterial endlotoxin, ionizing radiation, antigenicity.
Increasing exposure of RSE to ionizing radiation progressively inmmuao-electrophoresis. inmnunoblotting ~

INTRODUCTION strain) 01 13:Hll3:K negative (9). RSE was prepared at a/conc.-ntratiou
of 2 mg/mI in sterile pyrogen-froc water and dispens~e irnto glast vials

FOR studying the relationship of structure to function for (2 ml each) by the Pharmaceutical Development Serviceof the Phaan-acy
bacterial endotoxins (lipopolysaccharidcs, LPS), ionizing Department. Clinical Center. NIH, Bethesda. 144". The vials were

*radiation has been shown to be a valuable tool. Previous stored at - 20C until uw LPS from a smooth strain and JS au utnt of
work in our laboratory (1-4). and by others (5-8) demon- E. e'oli 0111:84 and a smooth strabi. of Saimaoreatlo tv~hipin'u.,iý weie

* ,.strted hationzingradatio makedy alersthe obtained froam List Biolagi-:J Laboratories. Campbell, CA. LPS froamstrte tht oniin raiaionmakedy ltes he the P1.2 mutant orE.coli '-12410 tO ad S. typh maa'iumaSHl835) semirough
biological activities of LPS. We also showed this (SR) LPS were kind gifts from Dr. W. Colemar of the NIH, Bethesda,

*treatment causes dose-dependent changes in the chemical MD, and Dr. P. H. Makela of the Central Public Health laboratory,
composition, molecular and "supramolecular" structure Helsinki. Finland, respectively. Lipooligosarchafide (LOS) was pK4.-

of cdotxinin n aueos mdiu (14).pared by phenol-water extraction from Neis:,eria nwening~itidis M9B6 as

We report the changes. in anuigcnic properties of a schdpriosyI.
hihypurified LPIS, the US reference standard endotoxin _Nouet Radition

(RSE), exposed to varying doses ofinzn aito. 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 '0 Co-source. Radiation
changes in antigenic reactivity were compared to those ramn a are ota omtmeaue
occurring in the molecular structure of LPS as analyzed Anti-endolaxmn Sera
by sodium*- dodecylI sulfate-polyacrylamide gel Antibodies against untreated RSE were aaised in 2 fetale New

(SDS- AGE).Ze~aland rabbits each weighing about 3 kg. The antigen (50 pag RSE) waselectrophoresis mie wt cmlteFeud djvnt(ito n inlvlueof2m
and this material w~as injected into the 2 re- r foot pads, 2 sites sub-

MAERIALS AND METHO)DS cutaneously and 2 sites intramuscularly in each animal on day 0. One,2
LPS Peparaion3and 8 weeks later, the rabbits receiv"d the same antigen dose withLPS repaailos icomplete Freund's adjuvant (Dilco) distributed into multiple sites as

bfr.Blood was collected via the marginal ear vein prior to
immunization, about I month (days 28,29 and 30) and about 21 months

Coesonene:Dr. Gyorgy Csako. Bldg. 10. Rm. 2C-407, N:,tior:ý-:! Wa~ys 79 and 80) after the onset of immunization. Approximately 5 nml L4
IsiueofHealth, Bethesda, MD 20892, USA. blood were drawn from each animal before immunization, wbereas
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I .~~~~~ liigrc 1. DoubIle iniistoiIisiilterns (if uni-
(A () c)treated RSF L -irrid iati:e PSI-- and heterologosis LP'S

(C)preparatiotns solth rabbit anit tRSEi serumn at 24 hr (a
anld 0land at 72 hr 1h1 Central wells lAh) contain RSE
antiserumn (dav 25. rasbbit 293A). Peripheral wells con-
tatin 0-9".. NaCI .s it negative control (well 1) or 1,I'S ats
antigen at a concen~trationt of 2 tngtnml except when
0tl~%iL'%CS indiCat~d, Well 2 untreated RSE front E.
iioi Of13 (0 Mradt: wells 3 6 RSE exposed to radi-

ation doses oft) 18.0-36. IllS, ~and 288h Mrad. resp.; well
S 7 = sintoothI strain of I-, . crili 0)111: weI' 8 = J5 mutant

of E. ,u 1t 011: well 9 = 1l1.2 mutant or E. coli K-I 12
well 10 smooth st rain of S, it'himru:adwl

II= scnitirouigh strain of S. ý-plmiinuiriim (0-2 tg/mnI).

15-40 mil of blood were obtained on each subsequent occasion. The sera polvacrylamnide gel according to the inethod of Litemtnla t12). To each
were heat-inactivatcd at 56T for 30 minutics. WVhen tested in double site 02 5 54) Itg of S DS-tirca itd L PS %%ais .pplied. After elect rophorcsis,
immunodiffusion (see below). prt--ininmune rabbit sera had no detectable at iodilicd silver stain was utsed for the development of patternts 013).
RSE anioyactivity. In contrast. all sera harvested at %;trying time

periods following the onset of inmnuuization exhibited stini precipi- In11111.iiiii I, illYint

nseningitidis M9lt6 LOS %%ere raised by immtunizing with purilied LOS for the elect rophoret ie blotting of LI'S antigens. LPS were transferred
as described before 0 1).frmS3-ovcyaucglono itceuos mmbns

Double Imndfuissdu hsht ufr H72a ~Aoengti i-a
This technique was performied in 0-5',, agarose (Sea plaque atirosc. Traits-Blot cell. After treating the nitrocellulose membrane with 3%ý

Hiomedical. Division of Marine Colloids. Inc.. Rockland. MEF) made tip gelatin in Tris buffered saline (illS: 20 mM Tris. 300 mM NaCI. pH 7-5)
S .in Tris-IICI bulfer. pH 8-2. LPS samples (usually 50 ig each in a %olume to block nonispecific reaction, the membrane was incubated with 100-

of 25 jd) were placed into the peripheral wells andi lesicti against rabbit fold diluted rabbit anti-ndotoxin sera in TBS containing 1",, gelatin for
anti-RSE serum (approximately 25 pI) placed into the central well. 3 hr. The LPS-antibody complexes were then reacted with goat anti-

rabbit IgG-horseradish pcrsixidast: conjugate in% TBS containing 1%
Inunuiiockc:rophoresis 2ciatin sovernight. The antigen-antibody reactioins wete visualized by

Immunoclemtrophoresis was carried out in comme'rcial plates the purple insoluble procluct of the peroxidase from the substrates. 4-.
containing 1-5". agarose (1Tital IV 111 plate: lilrinat Laboraitormer. chlote-l -naphthol and hydrctgen peroxide. The reagents used in the
Beaumont. Texas). i.PS samples (40 jig each inia volume of 201fil werc analysis were obtained front Bio-Rad Laboratories. Richmond, CA.
subjcctcd to clcctrophoresis at 90 volt 1)C potential for 30 inin inJ f-05 M barbital butler, pit 86 (Corning Special tiambital Bufferl. The
patterns were altowadi to dcvclop) with rabbit wiiti-RSE sera for Ri:SILTS
24-72 firs.

Doutble Iminmuiodiffiusio,: inl Agarose Plate
SOS- PAGE. 9f Eltsdoxidt The rabbit RSE antiscrum produced up to 3 precipitin

Eleetrophorctic analysis of LPS specimens was done iii 14",, lines with untreated and irradiated RSE in double
immunodiffusion (Figures Ila and b). The appearance and
density of the precipitin bands were dependent on the

E. cok 0113 incubation time. By 24 hr only 2 prccipitin lines were
0 fill.adcvident (Figure I a). The denser iFnc wai located close to

a the; antibody-containing well. The dcnsity of this line
0.18 Mwd decreased with increasing doses of ionizing radiation to

RSE. and the band disappeared at 2-88 Mrad. The second
9.36 Mrad precipitini line lecss dense) was more peripherally located

(towards the atntigen-containing wells) and was present
evnaftcr exposure of RSE to 2-88 Mrad. Prolonged~

1 .( Mmdincubation of the diffusion plates for 48--72 hr enhanced
the density of the second precipitin band of RSE ir-

2.88 Mrad radiated with 0-36 and 1-08 Mrad (Figttre I b). In addi -0
lion, a third weak prccipitin line showing partial identityQ

E.coh 0111 with the second line developed with endotoxin pe
parations exposed to 1 -08 and 2-88 Mrad (Figure 1 b).

of ut~te RSF RSF Specificity studies with rabbit anti-RSE serum are
eposed to ionizing radiation and heterologous endotoxin from a shw inFgr IcTeansru ddnocos-at

smoith strain of Ei. caIF 0111 will' rrzbbit RSF antiserum (day 29: rabbit with smooth and semri-rough endotoxin preparations of-- '4
20 ,) a, 24 hr (a)lamd 48 hrll,4. N. t~plhirnldriln. Endotoxins purified from the 0-408.....
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0 Mrad A

0. 8 Mrad y

0.36 Mrad

1 08 Mrad

2.88 Mrad

4.32 Mrad r-i

6.48 Mrad -
8.64 Mrad

Figure 3. lnmritinoclectropliorctic patterns of untre-tied and ý--irradiatcd RSE specimens (40 jig each) with homologous rabbit
antiserum (day 80; rabi it 29R) at 24 lir (a) and 48 hr Ib): and sjiver taincd SDS- 'AGE patterns of the same RSE specimens (5 tig
cach) (C).

polysaccharide side chain deficient PL2 mutant of E. co/i heterogeneity) were cvident in the immuno-
K-12 (1.3) and from the galactosecpimcrasc deficient JS electrophoretic pattern with both untreated and ir-
mutant of E. coli 0111 (devoid not only of the repeating radiated RSE specimens (Figures 2 and 3). Earlier anti-
units of the O-polysaccharide chain but also a portion of sera appeared to have a greater precipitating activity
the R-eorc) (15) also failed to produce any discernible towards the antigen(s) present in this band (Figures 2 and
precipitin band with rabbit antiserumn for tip to 72 hr. In 3).
contrast, a smooth LPS prepared from the 0111 serotype The second maikor band became more distinct
strain of E. co/i showed cross- reactivity with the following radiation exposure of RSE specimens. With un-
immunizing LPS (RSE) prepared from the 0113 strain of treated RSE and RSE treated with low doses of radiaiion,
E. CO/a. However, the antigenic relationship with RSE this pre~cipitin band ranged from the application well to
appeared to involve only the outea precipitin line (Figure midway to the anode, i.e.. included rvlatively slow-
I c). migrating molecules (Figures 2 and 3). At higher doses of

radiation (2-88 Mrad or greater), first the slower mi-
linintinoeletrophoretic Studie~s gratting con-poncnit of this LPS fraction was eliminated,

Due to the presence of phosph~ate, pyrophosphate and and all antigenic reactivity was destroyed with 6-48 Mrad
carboxyl groups, bacterial LIPS are negatively charged (Figure 3).
macromolecules (16). Upon elect rophoresis in agarose Figure 2 shows that a cross-reactivity between RSE

IAgel, the RSE molecules indeed behaved as anions and (prepared from the 0113 scrotypc strain of E. coii) and

migrated towards the anode. When elect rophoreticalIly LPS prepared from the smooth strain of E. tcviil 0I1 wasI'separated LPS components reacted with rabbit anti-RSE prcsent with r~abbit anti-RSE sera in immunoelectro-
serum, 21 major precipitin bands developed with phoresis as well. The precipitin band of the E. co/i 0111

~s]untreated RSE (Figures 2 and 3). LPS was comparable in position to the second precipitin
The longer precipitin band was located close to the line of the RSE.

antiserum containing trench extending from the' appli-

cation well to thec anode, thus, including both slow and Comnparison tla ofInunuazoclcc-troplioresis and SDS-PAGE ofIIfast migrating antigen molecules. This band was sensitive Untreated an~d ý,-irradiated RSE
to ).-radiation; its density rapidly diminished with We have shown previously (1 -4) that, like other S-form
progressively higher doses of radiation, and the band LPS (17--18), untreated RSE shows molecular hetero-

. .. . .disappeared after exposure of RSE to 2P88 Mrad. Dis- geneity on SDS-PAGE. The fastest migrating band is
tortion and splitting of this band (suggesting composed of only complete R-core and lipid A (Figure
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(a) (b) lipid A. thie other is composed of a single 0-side chain
0 .0 Co Co •0 00Cou unit, R-core and lipid A) and contains only a small

o 4 6 , 0 R o 09 amount of molecules with long 0-polysaccharide side
7:, : .. chain (Figure 3c).

iThe changes itn antigenicity and molecular compo-
sition of radiation-treated RSE specimens correlated with
each other (Figure 3). The disappea.ance of the slow-

- e migrating endoboxin molecules with long 0-poly-
.- RM saccharide chain on SDS- PAGE and the disappearance

*:.- 5 44 of the long precipitin line in immunoelectrophorcsis
- - occurred simultaneously. Likewise, the disappearance of

the fasting migrating LPS molecules (composed of R-core
and lipid A) oo SDS-'AGE coincided with the dis-
appearance of the second precipitin band in immuno-
electrophoresis.

.. lieuntaoblotting Studies
Rabbit RSE antiserum reacted only with RSE

* molecules containing 0-polysaccharide side chain and/or
complete R-core in the sensitive imnunoblotting
technique (Figures 4L and b). Radiation treatment of RSE
primarily elimin.ted the 0-polysaccharide side chain re-

S'; :-•lated anttigenie reactivity. The fastest migrating

Figureo4. Silver stained SDS-PAGE (it) and antigenic reactivilt tbt component (consisting of incomplete R-core and lipid A)
patterns of untreated and y-irradiated RSE specimens, Each lair Con- of irradiated RSE specimens showed no reactivity with
tains a nominal amount of 5 pg of RSE. For imumunoblotting !hi RSE the RSE antiserum (Figures 4a and b). For comparison,
antiserum was from rabbit 29 R (day 29). the reaction between rabbit anti-meningococcal M986

LOS serum and meningococcal M986 endotoxin (LOS)
3c). The second band consists of a single unit of O-side that is deficient in 0-polysaccharide side chain (13) was
chain polysaccharide, R-core and lipid A. The pro- studied. Like irradiated RSE, the fastest migrating
gressively slower migrating bands contain, in addition to molecules of LOS (composed of incomplete R-core and
R-core and lipid A, increasing numbers of repeating 0- lipid A) (Figure 5c) were nonreactive to the homologous
side chain units. Based on the density of staining, un- antiserum (Figure 5d).

7 treated RSE is distributed almost equally between the 2 When the RSE antiserum was tested against
fastest migrating bands (one is composed of R-core and helerologous unirradiated LPS preparations, only LPS

(a) (b) (c) (d)

1 2 3 4 5 6 1 2 3 4 5 6 7 7

Figure S. Silver stained SDS- PAGE (a and c) and
antigenic reactivity (b and d) patterns of untreated
LPS prcparationri. RSE (from E. coli 01 13)(lane 1), E.
coil OfI I (lane 2) and S. t vphimurium (lane 5) smooth
LPS preparations were applied at 5 pg~lane for both
silver staining and iinmunoblotting. LPS from E. coll
iY 'lane 3). PL2 (lane 4) and S. :yphimuriumn semi-

(lane 6) mutants, and from N. rneningitidis "
N.. (lane 7) were applied at 0-25 pgflane for silver
staining and at 0"5 p•glane for immunolottirg. For
immunoblottir.g. rabbit RSE antiserum (29 R; day 29). 5 ..
and rabbit M986 meningococcal antiserum were used W
for (b) and (d). fesp. '
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prepared from the smooth strain of E. coli 0111 showed structurally and antigenically similar among several
cross-reactivity (Figure 5b). This cross-reactivity strains within a genus (21).
apparently involved R-core rich LPS molecules which The core type of LPS from the E. coil 0113 strain (RSE)
were small and,:consequently, fast migrating molecular has not yet been reported (for review see ref. 22). Our
species (containing no or only I 0-polysaccharide side finding of R-corc related antigenic cross-reactivity with
chain unit) in SDS-PAGE (Figure 5a). iPS from the RSE antiscrum between RSE (E. coli 0113) and LPS from
partially R-core deficient J5 mutant of E. c(ai • 1O , the O- E. coil 0111 with a core type oi coli R3 (23) indicates that
side chain deficient PL2 mutant of E. coil K-12, and thecore type ofE. cobOl 13 alsoiscoli RY Thcabsence of
smooth and semi-rough (long O-side chain deficient) antigenic cross-reactivity bet%% en RSE and LPS from the
strains of S. typhimurium failed to produce any cross- PL-2 mutant of E. co/i K-12 with a core type of coli K-12
reaction with the RSE antiscrum (Figures 5a and b). (24) or LPS from smooth and SR strains of S.

iyphimur.tm with a core type of Ra (25) is consistent with
their different core types.

Discussion The lack of reactivity between RSE (E. coil 0113)

antisera and LPS containing incomplete R-corc such as
Previous reports document 2 to 3 LPS components that irradiated homologous LPS or untreated heterologous
are precipitable in agar gel with antisera raised with LPS from the Rc-like JS mutant of E. coil 0111:B4
whole bacteria (19, 20). It was also observed that (deficient in synthesis of complete R-core but expressing

"3 "haptene" (i.e., polysaccharide moiety) from LPS precipi- complete lipid A) indicates that (a) antibodies directed
tates only about 50% of the antibody from rabbit against complete R-core in RSE antiserum do not
antityphoid (LPS) serum (19, 20). In contrast, absorption recognize molecules containing incomplete R-core, and
of the antiserum with purified LPS resulted in the loss of (b) little or no precipitating lipid A antibodies were
both precipitation lines in immunodiffusion (19, 20). Our produced upon immunization with purified RSE.
findings are in accord with these observations. Using A high specificity of core antibodies to the core
antiscra raised with a highly refined LPS preparation structure of the immunizing LPS was seen in other
(RSE), we found 2 distinct major antigenic components experiments as well. Like RSE antisera, antimeningococ-
with double immunodiffusion in the untreated cal LOS sera did not react with homologous LOS mole-
immunizing antigen. In addition, a third minor antigenic cules containing incomplete R-core (11). Rabbit anti-
component exhibiting partial identity with one of the bodies prepared by immunizing with different Salmonella
major components was noted after exposure of RSE to R form LPS (Rb2 , Re, and Re) exhibited distinct sero-
high doses of ionizing radiation. We identified the imlnuno- logical specifities, indicating that the R-oligosaccharides
reactive LPS components and the respective antibodies can be classified serologically, as can the respective
in 2 ways: (a) by comparing the reaction patterns of mutants (chemotypes) (26). In turn, rabbit and human
untreated and l-irradated RSE specimens with anti-RSE polyclonal antibodies to the Re-like J5 LPS core and R
sera using double immuno-diffusion, immunoclectro- form LPS of Salnmonellae have been claimed to show
phoresis, and immunoblotting techniques to silver stain- extensive cross-reactivity with and in vivo protection
ing in SDS-PAGE, and (b) by evaluating the antigenic against heterologous LPS preparations and thecross-reactivities between hetcrologous LPS and anti- respective bacteria (27-31). Recent work with mrouine

RSE sera. monoclonal antibodies to E. coii J5 endotoxin, however,
Comparisons among the 4 techniques are conlsistent demonstrated greater cross-reactivity when assayed

for the proposed structure of the RSE molecule and against the whole bacterium than when assayed against
fragments. The inner (close to the antibody well) the corresponding purified cndotoxin (32). In addition,
precipitin line in double immunodiffusion and the long no protection was seen against lethal LPS challenge
band in immunoclectrophoresis apparently represent when the monoclonal antibodies were given to mice (32).
LPS molecules containing O-polysaccharide (0-antigen) The lack of delectable amounts of precipitating lipid A
and the respective (0-antigen specific) antibodies. In turn, antibodies in anti-RSE sera is likely related to the poor
the outer (close to the antigen well) precipitin band in immunotenicity and cryptic position of lipid A in LPS
double immunodiffusion and the slow-migrating relatively aggregates. Smooth and R-form LPS neither react with
short band in immunoelectrophoresis most likely consist nor induce lipid A antibodies (21, 27, 28).
of R-core "rich" LPS molecules (that contain no 0- Our previous (1-4) and present results show that
polysaccharide chain or only one repeating unit) and the ionizing radiation preferentially destroys the 0-poly-
respective (R-core specific) antibodies. The antigenic saccharide chain. Consequently, the O-antigenicity is
cross-reactivity of E. coli 011 1:B4 S-form LPS with RSE eliminated at a faster rate than the antigenicity related to
(E. coia 0113: H 10: K negative) can be explained by the the R-core. The finding of a differential effect of ionizing
presence of cross-reactive R-core antibodies in rabbit radiation on S-form LPS antigenic determinants is in
anti-RSE sera. It was noted that the R-core may be good agreement with the results of Previte, Chang and
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EI-Bisi (5). In a miouse; protection test these authors lipopolysaccharide in Iischerichia c'li. 1. rtebiochemiical
observed that ietiizinn tradiation mitore ellectively (lest roys properties of a uriduic diphosphate galactossz 4.cpiimeras"cless

the specific determinants of LPS that are responsible for 16 alns C. (19~75) Physical~ staead bilgia athetyo lipid
specific antibody!' production (nicastired by protection ~ oy~cl~r~ oiiyadimngnct

A"after challenge 6 days post- vacc ination) thtan those wvhich component. Z. i~nuinun- ur,.ch... 149. 2 14.
elicit "nonspecific resistance" production (measured by 17. Goldnman, R. C. and Loeie L. (1980). Heterogeneity of antigenic-
protection after challenge I day post-vaccinati'ti). sidc-chairt length in lipopulysacelaridc fromn E.wherichica coib 0111

andl Salmione'lla %phimutiiriumi LT2. lEur. J. flinchlwm,. 107. 145.
18. Palva. E. 1'. and Makela. 1P. HI. I1980). L~ipopolysaccha rde
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