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Extracted lipopolysaccharides (LPS) from one smooth, one semirough, and five
rough mutants of Salmonella typhimurium LT2 or LT7, for which the chemical
structure of the polysaccharide chain had been elucidated by using methylation
analysis, were characterized with passive hemagglutination inhibition and phage
inactivation experiments. Each addition of a sugar residue to a LPS from chemo-
type Rc was reflected in changed serological reactivity and phage-inhibiting activity
of a collection of bacteriophages of the isolated LPS. Thus, certain criteria can be
established for a classification of rough mutants of S. typhimurium. The observa-
tion that the serological RII specificity corresponds to a completed common core
polysaccharide was verified. The serological RI specificity was found in LPS with
terminal D-galactose I residues. One of the mutants, SL733, yielded a LPS which
cross-reacted with anti-05 factor serum although the polysaccharide was virtually
free from contaminating 0-specific material. The 05 reactivity was destroyed by
alkaline treatment of SL733 LPS. The smooth- and rough-specific Felix 0-1 (FO)
and the rough-specific 6SR and Br2 phages were shown to have their receptors in
the LPS. There was a good correlation between the adsorption rate constant to
whole cells and the phage inhibiting activity of isolated LPS suggesting that the
LPS exert the major influence on the attachment of these phages to the bacteria.
The polysaccharide structures in the LPS necessary for attachment of the 6SR and
Br2 phages were defined. It was found that measuring the phage-inhibiting proper-
ties of isolated LPS as PhI50 (LPS concentration required to inactivate 50% of the
phages under defined conditions) was a more sensitive method for alcharacteriza-
tion of the LPS than the serological and chemical assays used.

The lipopolysaccharides (LPS) of Salmonella
are known to consist of three different regions:
one outer region, the 0-specific side chain, com-
posed of polymerized repeating units linked to an
inner region, the basal core, which in turn is
linked to lipid A (for review, see 14, 16, 17).
Mutants defective in the synthesis of the repeat-
ing units (rjb mutants), the polymerization of
these units (rfc mutants), or in the synthesis of
the basal core (rfa mutants) have been used to
elucidate the structural features of the polysac-
charide part of the LPS.

Studies on LPS isolated from rough (R) mu-
tants resulted in the proposal of a partial struc-
ture for the core polysaccharide, suggesting the
sequential order of the monosaccharides in a pen-
tasaccharide (25). Some of the linkages were de-
termined as well. In a recent paper, Nikaido (19)

demonstrated that the 0 side chain is linked to
the subterminal glucose of the core polysaccha-
ride and not to N-acetyl-D-glucosamine as had
been inferred earlier. R mutants of S. typhimu-
rum have been further characterized by their
sensitivity to a collection of bacteriophages
(Wilkinson, Ph.D. Thesis, Univ. of London,
London, England, 1966), and by the specificity of
isolated LPS in serological tests. No clear-cut
relationships between the chemical composition
of the common core polysaccharide, its serologi-
cal specificity, and the sensitivity to bacterio-
phages could, however, be established when a se-
ries of R mutants of S. minnesota and S. ruiru
were studied (13).
We studied six mutants of S. typhimurium,

and the smooth parent strain S. typhimurium
LT2, which displayed different phage patterns
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when tested for susceptibility to the phages used
by Wilkinson, assuming that the differences in
phage sensitivity might be reflected by differ-
ences in serological specificity and chemical com-
position of the core polysaccharide. The LPS iso-
lated from five of the mutants were subjected to a
structural analysis using methylation analysis.
The results of the chemical investigation, in
which the structure shown in Fig. I was pro-
posed, will be published elsewhere (Hellerqvist
and Lindberg, Carbohyd. Res., in press). The
present paper describes the further characteriza-
tion of the selected mutants of S. typhimurium,
which included measurement of phage attach-
ment to whole bacteria, determination of the
phage-inhibiting capacity of isolated LPS, and
the inhibitory effect of the LPS preparations in
passive hemagglutination using red cells coated
with LPS and homologous antisera.

MATERIALS AND METHODS

The bacterial strains were derived from S. typhimu-
rium. The mutants SH777, SH180, SL733, TV 160, and
TV148 are derived from S. typhimurium strain LT2,
whereas the parent strain of SL3994 is S. typhimurium
strain LT7. The SH strains came from the collection of
P. H. Makelai, State Serum Institute, Helsinki, Fin-
land; the SL and TV strains were from the collection of
B. A. D. Stocker, Department of Microbiology, Stan-
ford University, Stanford, Calif. The characteristics of
the strains are given in Table 1. Each strain was reiso-
lated from a single colony and shown to behave as ex-
pected when tested for nutritional characteristics and
phage sensitivity before and after cultivation. The bac-
teria were grown as described earlier (4). The LPS was
extracted by the phenol-water procedure (27) from iso-
lated cell walls from the smooth (S) and semirough
(SR) strains, and with a mixture of aqueous phenol,
chloroform, and petroleum ether (PCP) from ethanol,
acetone, and ether-dried bacteria for the R mutants (2).

The serological specificity of the LPS preparations
was studied by passive hemagglutination inhibition. The
procedure was the same as described by Lindberg and
Holme (8). The serum dilutions used were two to eight
hemagglutinating units. The hemagglutination systems
were chosen to represent the various classes of R mu-
tants as well as the parent strain S. typhimurium LT2
(relevant 0 antigen factors 4, 5, and 12,).

The bacteriophages used consisted of the S-specific
S. typhimurium phage P22 (3), the S- and R-specific
Salmonella phage FO (Felix 0-1), and the R-specific
phages 6SR, Br2, and Br6O. The phages were obtained

through the courtesy of B. A. D. Stocker, Stanford
University, Stanford, Calif. They were propagated on
the appropriate host strains, and their lytic spectrum
was checked on selected S and R strains. Some of their
properties were described by Wilkinson and Stocker
(29). The phage sensitivity of the bacterial strains was
tested by spotting drops of phage containing approxi-
mately 108 plaque-forming units (PFU) per ml on sur-
face-inoculated nutrient agar plates. The plates were
examined after 5 and 18 hr of incubation at 37 C. The
Br2 bacteriophage was purified before use to avoid in-
terference with an inhibitor present in the phage lysate
(unpublished data). Since the 6SR phage is dependent
on the presence of Ca2+ in the medium for attachment
and infection (unpublished data), the spot test was also
done on CaCl2-supplemented nutrient agar.
The adsorption rate constant (ARC) for the P22,

FO, 6SR, and Br2 bacteriophages was estimated by
determination of (i) total attachment and (ii) number of
phage-infected bacteria (9). The only modification was
that the bacteria were washed in nutrient broth twice
and then suspended in salt-supplemented broth to a
concentration of about 2 x 108 cells/ml before the bac-
teriophages were added. The concentration of bacteria
was estimated by a determination of the total cell
count. Optimal attachment of the FO and Br2 bacterio-
phages occurred in nutrient broth (Difco) supplemented
with 0.15 M NaCl. For phage 6SR the broth was sup-
plemented with 0.01 M CaC12. In the determinations of
the ARC, by estimation of the number of phage-in-
fected bacteria, antiphage serum was used to neutralize
unattached phage (6). The antiphage sera were ad-
sorbed with the corresponding propagating strain so
that no agglutination was demonstrated when the serum
was diluted 1:10. The K values for the antiphage sera
were: phage P22, 46; FO, 890; 6SR, 299, and Br2, 320.

The phage-inhibiting capacity of the LPS prepara-
tions was measured as described earlier (7). Activity
was expressed as PhIM5, the concentration of LPS
(micrograms of total hexoses, i.e., anthrone-positive
material) per milliliter required to inactivate 50% of the
phages under defined conditions. The anthrone method
(28) was used for the determination of the total hexose
content of LPS preparations with D-glucose as the
standard.

RESULTS

Table I shows the behavior of the parent strain
S. typhimurium LT2 and various SR (rfc) and R
mutants of S. typhimurium LT2 och LT7. All R
mutants except S. typhimurium SH 180 were
found to have incomplete "leaky" defects in the

2 -OAC - - Ab oe-D - GNAcp X -D-GaIP
1 1 1

3 2 6
0 -D-Manp (1s4)-P-L-Rhap-(1st3)-6<-D-Gal-IP-(14)-D-Gp-(1-42)-D Galp (1S3)-D-Op-(143)- ftp

FIG. 1. Proposed chemical structure for the lipopolysaccharide of the semirough mutant strain Salmonella ty-
phimurium SH777 (4). Abbreviations: Hep, heptose; G, glucose; Gal, galactose; GNAc, N-acetyl-glucosamine;
Rha, rhamnose; Man, mannose; Abe, abequose; OAc, 0-acetyl unit. The dotted line indicates that not all of the
sugar residues carry the indicated substituent. Thep indicates that all the sugars are in the pyranosidicform.
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TABLE 1. Comparison ofsmooth, semirough, and rough strains ofSalmonella typhimurium

Per cent Phage sensitivityc ARCd Phl,,'
Strain Chemo- yield - - 6 - - -typ

S
o 'P22 FO 6SR Br2 Frfm C21 P22 FO. 6SR Br2 P22 FO 6SR Br2

LT2 XIV 2.2 + + - - - - 312 (118) 6 (3.8) <5 (0) <5 (0) 0.08 16 > 100 > 100
SH777 XIV 1.5 - + - - - - 9 (0.2) 350 (1.0) <5 (0) 44 (0.02) > 100 0.08 > 100 4.0
SH 180 Ra 2.0 - + + + + - <5 (0) 145 (1.8) 252 (3.6) 421 (0.7) > 100 0.02 0.08 0.008
SL3994 Ra 1.8 - + + + + - < 5 (0.15) 202 (1.5) 276 (3.1) 154 (0.9) > 100 0.09 0.09 0.03
SL733 Rb 1.1 - - + + + - 12 (0.8) <5 (0) 24 (0.2) 72 (1.1) > 100 > 100 14 0.02
TV160 Rb 0.8 - _ -/+ + + - 8 (1.0) <5 (0) <5 (0.1) 38 (0.05) > 100 > 100 > 100 3.5
TV 148 Rb 0.8 _ _ - _ + < 5 (1.0) < 5 (0) < 5 (0) < 5 (0) > 100 > 100 > 100 6.9

Hemagglutination inhibition
systemst Further description
---- - - - - ~~~~~~~~~Chemicalstrcture' of the strain and reference

04 0122 05 TV SL TV R6 R9119 733 160

LT2 l 0.5 OAc ... Abe G Abe Structure according to Hellerqvist
I I1 etal.(5).

(Man - Rha Gal) Man -Rha Gal _ core

SH777 4 OAc ... Abe GNac Gaill Derived from a cross S. monte-
video S. typhimurium LT2. (P.

Man _Rha _Gal - Gil _Gall - GI _Hep-. H. Makela)

SH180 2 GNac GallI rjb-deletion mutant his-658 (20)
1 1
Gl- Gall- GI Hep-

SL3994 4 32 Same as for SH 180 amber rfa L mutant of S. typhimu-
rium LT7 (B. A. D. Stocker)

SL733 8 l Galll

Gl- Gall - GI - Hep -Strain st/22 of Yamamoto and
Anderson (30)

TV160 64 1 Gauil

Gall - GI Hep- (24)

TV148 2 GaillI

GI -, Hep -.(24)

aNomenclature according to LUderitz et al. (16).
Expressed as per cent by weight of lipopolysaccharides (LPS) of the bacterial mass.

e Determined by the standard method of applying drops of phage (10' PFU/ml) on surface-inoculated nutrient agar plates. The symbol "-/+" indi-
cates lysis only when Cal+-supplemented nutrient agar was used.

d Attachment rate constant (ARC) determined by adding chloroform to the phage and bacterium mixture. This measures total attachment to the bac-
teria. The figures in parentheses represent the ARC estimated by counting the number of phage-infected bacteria. Values expressed as 1011 ml/min.

eThe concentration (ug/ml) of hexoses in the LPS (estimated by the anthrone method with D-glucose as standard) required for inactivation of 50% of
added bacteriophage (2 x 10' PFU/ml).

' Data recorded on the minimal concentration of LPS [micrograms (dry weight) of LPS/ml] from the strains needed for inhibition of four to eight
hemagglutination units of the homologous system. Entries left blank indicate that LPS concentrations higher than 256 ug/ml were needed for the inhibi-
tion. 04, 0122, and 05 are antigens of the smooth parent strain S. typhimurium LT2 of chemotype XIV. The mutant TVI 19 is of chemotype Ra; the
strains SL733, TV160, and R6 represent different mutants of chemotype Rb; st,ain R9 is of chemotype Rc.

' Proposed chemical structure for the polysaccharide part of the LPS of S. typhimurium (Hellerqvist and Lindberg, Carbohyd. Res., in press). The
roman numerals refer to the sequence of addition of the sugar. Abbreviations: OAc, 0-acetyl unit: Abe, abequose; G, glucose; iMan, mannose; Rha,
rhamnose; Gal, galactose; GNac, N-acetyl-glucosamine; Hep, heptose; dotted line, not all of the sugar residues carry the indicated substituent.

mutation leading to roughness. As a result, the
LPS of these strains contained various amounts
of 0-specific sugars, a fact reflected in both sero-

logical specificity and sugar analysis of the cell
wall LPS. The LPS of all R mutants therefore
were extracted with the PCP procedure to avoid
contamination with 0-specific material (2). The
yield of LPS varied between 0.8 and 2.0% of the
bacterial cell mass (dry weight). The yield of LPS

from isolated cell walls from the S strain LT2

and the SR mutant SH777, which were extracted
with hot phenol-water, was 1.5 and 2.2%, respec-
tively. The LPS preparations used in the serologi-
cal and phage experiments were the same as

those studied by chemical analysis (5, Hellerqvist
and Lindberg, Carbohyd. Res., in press).

Strain LT2 showed a S-specific phage pattern,
i.e., lysed by the P22 and FO bacteriophages but
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not by any of the R-specific phages. Phage P22
was adsorbed at a high rate and FO to some ex-
tent, whereas no measurable attachment of 6SR
and Br2 occurred. The LPS displayed a high P22
and a low FO phage-inhibiting capacity. No inac-
tivation of the R-specific phages in concentra-
tions up to 100 pg/ml was observed. In passive
hemagglutination inhibition, 04, 05, and 0122 ac-
tivity was demonstrated.
The SR (rfc) strain SH777 was defective in the

polymerase which assembles the repeating units,
therefore the 0 side chain consisted of only one
repeating unit. In spot tests the strain was sensi-
tive only to the FO phage and adsorbed it with a
high ARC (350). The measurements of attach-
ment in salt-supplemented broth revealed, how-
ever, that the P22 and Br2 phages had adsorbed
to some extent. Phage Br2-inhibiting capacity was
also demonstrated with isolated LPS. The attach-
ment of the Br2 bacteriophage to SH777 was un-
expected since rfc mutants are not sensitive to this
phage in spot test. Br2 attachment to rfc mutants
has, however, been observed earlier (1 1). The
SH777 LPS inhibited the 05 factor system,
whereas no inhibition of the anti-04 and anti-
0122 factor systems was observed. The 05 activ-
ity of the LPS is attributed to the 0-acetyl lo-
cated on C2 of abequose in the repeating unit.
Upon mild alkaline hydrolysis the 0-acetyl was
split off with concomitant disappearance of 05
activity. At the same time inhibition of the anti-
04 system with 128 ,ug of LPS/ml was observed.
The lack of 0122 activity was in accordance with
the observation that no D-glucosyl branch was
found on C4 of the D-galactose residue of the re-
peating unit.
The two following strains, SH180 and SL3994,

displayed a R-sensitive phage pattern. The meth-
ylation analyses showed that both strains con-
tained a complete common core polysaccharide
with no 0-specific sugars present in the LPS.
Determination of the ARC revealed that the FO,
6SR, and Br2 bacteriophages were adsorbed with
high rate constants. In addition, measurements of
the number of phage-infected cells showed that
the mutant SL3994 also adsorbed the P22 phage.
Since no revertants could be detected in the
batch, the most probable reason for the observed
attachment of P22 should be that SL3994 has a
leaky defect. For most mutants the ARC values
obtained when measured by infective centers were
about 100-fold reduced compared to the ARC
values for the total attachment measurements. 0-
specific sugars were also demonstrated in the
sugar analysis performed on a LPS preparation
obtained by phenol-water extraction of isolated
cell walls. The material that sedimented at
105,000 x g and which did not show any adsorp-

tion at 260 nm had a mannose + rhamnose to
heptose ratio of 0.3. This material also showed
serological 0 reactivity. PhI,0 determinations on
the LPS extracted with the PCP procedure
showed that both SH 180 and SL3994 yielded
LPS preparations with a high phage-inhibiting
capacity. The PhIl. concentrations for the FO,
6SR, and Br2 phages were less than 0.09 ,ug/ml.
In passive hemagglutination inhibition both LPS
inhibited the homologous TVI19 LPS/antiserum
system (24), the concentrations for complete inhi-
bition were 2 and 4 gg/ml, respectively. The LPS
preparations also inhibited the homologous
LPS/antiserum systems for SH180 and TV 163
(8) in equal concentrations. The LPS from
SL3994 cross-reacted with the homologous
SL733 system.

Strain SL733 had lost the FO sensitivity and
displayed a phage pattern which was recognized
as stt-i by Wilkinson (Ph.D. Thesis, Univ. of
London, England, 1966). The methylation analy-
sis revealed that this mutant lacked the terminal
N-acetyl-D-glucosamine of the common core poly-
saccharide, the polysaccharide chain ending with
the D-glucose II residue. The ARC for the 6SR
phage to SL733 was found to be lower than to
the SH180 and SL3994 mutants. This difference
was also evident in the PhIl0 determination, the
concentration of SL733 LPS required for 6SR
inhibition was 100-fold higher. Bacteriophage Br2
attached to SL733 with a lower ARC than to
SH180 and SL3994, whereas the phage-inhibiting
capacity of the LPS was high. The lack of the
terminal amino sugar in the core polysaccharide
apparently made the bacteria resistant to the FO
phage since neither attachment to whole cells nor
inactivation by isolated LPS could be demon-
strated. The presence of 0-specific side chains
was demonstrated by the attachment of the P22
phage. No smooth revertants were detected in the
batch. In passive hemagglutination inhibition, the
LPS of this strain failed to inhibit any of the sero-
logical systems tested previously (8). The ho-
mologous SL733 system was inhibited by its own
LPS, but cross-reacted with the LPS of SL3994
and TV160. Although the LPS preparation ob-
tained by the PCP procedure did not contain any
demonstrable 0-specific sugars (less than 0.3% of
detected sugars), a significant inhibition of the
anti-05 factor system was observed. This finding
demonstrated the presence of structures cross-
reacting with 2-0-acetyl-a-abequosyl groups in
this LPS (4). An alkali-treated preparation of
SL733 did not inhibit the anti-05 factor system.
The chemical basis of the 05 reactivity of SL733
LPS remains to be established.
The next mutant strain, TV160, had lost the

6SR sensitivity when tested on nutrient agar; the
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phage pattern was termed R resistant-i. If the
spot test were performed on Ca2+-supplemented
agar, this strain was lysed by the 6SR phage.
Chemical analyses showed that this mutant
lacked the D-glucose II residue, the polysaccha-
ride chain ending with the terminal D-galactose I
and D-galactose II residues. The phage adsorp-
tion measurements revealed that only a limited
attachment of the Br2 phage occurred. In accord-
ance with this, the isolated LPS had a low Br2
phage-inhibiting capacity, the amount required
(3.5 gg/ml) was more than 100-fold higher than
for the three other R mutants discussed. The ob-
served P22 attachment to the bacteria was proba-
bly because the TV 160 strain is "leaky." Serolog-
ically, the LPS inhibited the homologous TV160
system as well as other representatives of the RI
system (8).

Strain TV148 displayed a R resistant-2 phage
pattern, which means that it was lysed only by
the Br60 and Ffm bacteriophages. This strain has
a leaky mutation too, as a measurable adsorption
of P22 was observed when assaying for phage-
infected cells. No attachment was detected by
any method for the FO, 6SR, and Br2 bacterio-
phages. The Br2 phage, however, was inactivated
to 50% by 6.9 ug of the TV148 LPS per ml.
Structurally, the polysaccharide chain of this
mutant is built by D-galactose II linked to C6 of
D-glucose I. The LPS inhibits the homologous S.
typhimurium 395M R6 LPS/antiserum systems
as well as it inhibits the homologous TV148 sys-
tem. The R6 system was also inhibited by 5
Mmoles of the synthetic disaccharide melibiose (a-
galactose 1, 6-glucose), whereas no inhibition
could be demonstrated with 20 jsmoles of lactose
(#-galactose 1,4-glucose). The LPS did not show
any cross-reactions with the other hemagglutina-
tion systems tested in concentrations up to 256
gg/ml, nor did it inhibit the homologous R9 sys-
tem which is representative for mutants of chem-
otype Rc (8).

DISCUSSION
The data presented show that there exists an

obvious correlation between the phage sensitivity,
serological specificity, and chemical structure of
the common core polysaccharide of the cell wall
LPS in R mutants of S. typhimurium. Starting
from the structure of a LPS with only D-glucose I
linked to the heptose residue (chemotype Rc),
each addition of a monosaccharide is reflected in
a changed specificity both in the sensitivity to cer-
tain bacteriophages, and in serological specificity
of the LPS in passive hemagglutination inhibi-
tion. Such a subdivision of various mutants has
not been achieved earlier, probably due to the

lack of structural studies on the three possible
classes of chemotype Rb mutants. Certain cri-
teria can thus be established for a classification of
R mutants of S. typhimunum.

Information about the sequence of the mono-
saccharides in the common core polysaccharide
had previously been obtained in studies on the
biosynthesis of the core (22), whereas some of the
linkages had been determined by graded hydroly-
sis of the LPS followed by the isolation and iden-
tification of oligosaccharides (25). The LPS used
in the hydrolysis experiments were derived from
mutants showing the serological RI and RII
specificities (1, 12). The main features of the
structure proposed in Fig. I verifies what was
earlier known about the structure of the outer
pentasaccharide of the common core polysaccha-
ride (13, 15, 22, 25), but it is more detailed with
respect to some linkages. The nonstoichiometri-
cal amounts of the D-galactose II and N-ace-
tyl-D-glucosamine substituents and the presence
of alkali-labile groups linked to the monosaccha-
rides, however, was not observed earlier. The
chemical data together with the serological tests
of this communication established that the RII
specificity corresponds to a completed core poly-
saccharide and the RI specificity to a polysaccha-
ride ending with the D-galactose I residue (Fig.
1), not with the D-glucose II residue as had been
proposed (25).
The LPS isolated from the SR mutant SH777

neither inhibited the anti-04 nor the anti-012,
factor system in passive hemagglutination inhibi-
tion. Immunochemical studies have revealed that
the a-linked abequosyl residue is the immuno-
dominant sugar of 0 factor 4 (23). The fact that
no inhibition was observed with 256 Mg of SH777
LPS per ml, although a deacetylated preparation
showed weak inhibitory properties, suggests that
abequose on only one repeating unit is not suffi-
cient for reaction with anti-04 antibodies. Pre-
sumably, part of the second repeating unit is nec-
essary. The presence of 0-acetyl groups on abe-
quose in the SH777 LPS, however, was sufficient
to cause an inhibition of the anti-05 factor sys-
tem. D-Glucose linked to C4 of D-galactose in the
repeating unit has been shown to be the immuno-
dominant sugar of 0-antigen 12, (26). This anti-
genic specificity may or may not be present in S.
typhimurium strains. Where present, not all D-
galactose residues carry the D-glucose substi-
tuent, the percentage of substitution varied be-
tween 8 and 48 in two investigated strains (4, 5).
The SR mutant did not contain any D-galactose
residues substituted at C4 as revealed by the
methylation analysis (Hellerqvist and Lindberg,
Carbohyd. Res., in press). This was explained by
the observation that the D-galactose of the first re-
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peating unit of the 0 side chain is 0-linked to the
core, whereas all other D-galactose residues are a-

linked (G. Hiammerling, 0. LUderitz, and 0.

Westphal, Eur. J. Biochem., in press). Since the
D-glucose transferring enzyme is expected to be
specific for an a-linked D-galactosyl acceptor, no
glucosylation should occur in the SH777 mutant
where the galactose residue is 6-linked.
The mutants SH180 and SL3994 showed the

same phage pattern and yielded LPS with the
same specificity (for SL3994, unpublished chemi-
cal data). Also in the methylation analysis, the
polysaccharides proved to be identical. SH 180 is
a mutant which has deletions in the his operon
extending into the rjb gene cluster, causing the
loss of several of the enzymes involved in nucleo-
tide-sugar synthesis (20). SL3994 is mutated in
the rfa gene cluster. Like other rfa mutants and
unlike rJb mutants, it accumulates the 0-anti-
genic hapten (B. A. D. Stocker, personal commu-
nication). Although the mutants had their defects
in different gene clusters, the resulting pheno-
types were shown to be identical.

Strain SL733 yielded a LPS which in passive
hemagglutination inhibition neither reacted with
the RII nor with the RI serological system. The
chemical data indicated that the defect concerns
the N-acetyl-D-glucosamine LPS transferase.
This mutant is rather leaky; the LPS extracted
from cell walls by the phenol-water method con-
tained approximately 0.5 0-specific repeating
units per core stub (11). The SL733 mutant was
investigated by Naide et al. (18), who found that
its phenol-water-extracted LPS cross-reacted
strongly with anti-RII serum in complement fixa-
tion test. No cross-reactions with anti-RII sys-
tems were observed with the SL733 LPS prepara-
tion used in the present work which was obtained
by extraction of the bacteria by the PCP proce-
dure (2). Except for the serological 0 specificity
of the phenol-water-extracted LPS (11), both
preparations were identical in passive hemagglu-
tination inhibition and phage-inactivating experi-
ments.
From partial hydrolysates of RI LPS, it was

suggested that a mutant with the serological RI
specificity lacks the N-acetyl-D-glucosamine of
the core polysaccharide and thus should be defi-
cient in the amino sugar transferase (25). The
mutant with RI specificity studied here, TV160,
was found to lack not only the amino sugar but
also the D-glucose II residue.
The structure of the polysaccharide chain of

TV148 with D-galactose II linked to C6 of D-glu-

cose I is identical to that proposed for the galac-
tosyl I transferase-negative mutants SL1033 and
SL1060 (21, 29). However, SL1033 and SL1060
were sensitive to the phages Br2 and C21,
whereas TV148 was resistant. A subculture of the

strain of TV 148 was resistant to the Br2 and C21
phages also when tested by B. A. D. Stocker
(personal communication). Support for the pro-
posed TV148 polysaccharide structure was ob-
tained by the observation that the disaccharide
melibiose inhibited the same passive hemagglu-
tination inhibition system as the TV148 LPS did.
The mutation leading to roughne.ss is, however,
leaky since the P22 phage attached to TV 148
bacteria.

Further proof of the proposed structures of the
three chemotype Rb mutants studied, SL733,
TV160, and TV148, could be obtained by testing
for (i) the N-acetyl-D-glucosamine, D-glucose II,
and D-galactose I LPS transferase activities of
the mutants and (ii) the ability of their isolated
LPS to act as acceptors for the nucleotide-sugars
in biosynthetic experiments.

In the methylation analysis on the fully acety-
lated polysaccharides of the SH777 and SL733
mutants alkali-labile groups were demonstrated
(Hellerqvist and Lindberg, Carbohydr. Res., in
press). In SH777, these groups were linked to C2
in the abequose and the D-glucose residues; in the
SL733 polysaccharide, they were linked to C2 in
D-glucose and C4 in D-galactose residues. The
structural significance of these findings, except
for the 0-acetyl linked to C2 of the abequose res-
idue, remains to be elucidated. It must be
stressed, however, that the passive hemagglutina-
tion inhibition test using red blood cells coated
with alkali-treated LPS does not reveal the even-
tual immunological significance of these alkali-
labile groups.
From ARC determinations, it appears that the

access of the FO phage to its receptor is blocked
by the long 0 side chains in the parent strain S.
typhimurium LT2, whereas the one repeating unit
in a SR mutant does not constitute a hindrance.
The R-specific bacteriophages, 6SR and Br2,
seem to be even more susceptible to interference
by 0 side chains (11). Even the single repeating
unit in the SR mutant greatly reduced the acces-
sibility to the respective receptors as measured by
attachment rate. There was a good correlation
between the ARC measurements (total attach-.
ment) and the phage inhibition determinations; a
high ARC with bacteria was followed by a high
phage-inhibiting capacity of the isolated LPS and
a low ARC by a LPS with a low phage-inhibiting
capacity. However, exceptions to this statement
are expected to be found, the more "leaky" the
mutation is, leading to roughness. The com-
pleted 0 side chains will then interfere with the
attachment of the FO, 6SR, and Br2 bacterio-
phages to whole bacteria, whereas this inter-
ference will not be observed in the PhI50 deter-
minations on PCP-extracted LPS. The interaction
between Br2 and SL733 whole cells and LPS is
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an example of this. The good agreement between
the adsorption rate determinations to whole bac-
teria and the phage-inhibiting capacity of the LPS
indicates that the LPS is the only cell surface
structure that exerts any significant influence on
the FO, 6SR, and Br2 phage attachment
processes.
The attachment rates were estimated in salt-

supplemented broth under optimal conditions for
the FO, 6SR, and Br2 bacteriophages. The LPS
preparations, however, are precipitated with the
concentration of CaCl2 found optimal for 6SR
phage attachment. Since no precipitation oc-
curred in phosphate-buffered saline, in which the
NaCl concentration for FO and Br2 attachment
was optimal, this medium was used throughout in
the PhIl0 determinations. The PhIl0 values re-
ported for 6SR thus are not obtained under opti-
mal attachment conditions. Characterization of a
LPS by its PhI50 value is a sensitive method for
evaluating those preparations; the concentrations
needed to inhibit 50% of the phages investigated
varied between 0.05 and 0.66 ,g of LPS/ml.

Generally, the ARC values obtained by mea-
suring either total attachment or the number of
phage-infected cells differed. The total attach-
ment values were about 100-fold higher. This
means that only a fraction of the phages that at-
tach to the cells under the experimental condi-
tions evoke a lytic cycle.
The S-specific P22 bacteriophage attached with

a high ARC to the S parent strain S. typhimu-
rium LT2. Attachment was noted to all other
strains studied, except the rfb deletion mutant
SH 180; the rate constants obtained, however,
were low. None of these mutants were lysed by
the P22 phage in spot test. The most probable
reason for the observed P22 attachment is that
the mutations in these strains are "leaky." Most
side chains in these strains are stopped at the site
of the block in the core polysaccharide but some
are completed yielding the full 0 side-chain com-
plement fulfilling the requirements of the P22
receptor. The P22 attachment to the SR mutant
SH777 can also be explained by the presence of
rfc+ revertants in the adsorption batch of this
strain. The phenol-water-extracted LPS prepara-
tion of strain LT2 also showed a high phage-in-
hibiting capacity. It is to be noted, however, that
not all LPS preparations of LT2 or other S. ty-
phimurium strains show P22-inhibiting capacity.
Extraction with either a 0.02 M phosphate buffer
at pH 7.2 at 68 C for 25 min or 0.25 M trichlo-
roacetic acid at 4 C for 3 hr yield protein-LPS
preparations from smooth S. typhimurium strains
which invariably show P22 phage-inhibiting prop-
erties.
As has been shown earlier, the S- and R-spe-

cific FO phage has its receptor in the LPS, the

terminal N-acetyl-D-glucosamine of the common
core polysaccharide being essential for the recep-
tor activity of the bacteria and the LPS (7, 9).
The attachment rate to the SR mutant (SH777)
and to mutants containing the terminal amino
sugar was high. No FO attachment to the other
mutants could be demonstrated by any method.
The "leaky" mutants do contain terminal N-ace-
tyl-D-glucosamine residues, since a completed
core is a prerequisite for the attachment of the 0-
specific side chains. The amount of terminal
amino sugars in these mutants does not, however,
suffice to fulfill the requirements for FO attach-
ment under the experimental conditions.
The 6SR and Br2 bacteriophages are both

small, tailless icosahedral phages with large cap-
somers (unpublished data). No definite conclu-
sions about the structure of the attachment sites
could be obtained for any of the bacteriophages.
Several of the R mutants were lysed by both
phages but nevertheless great differences in ARC
and Phl0 values were observed between the mu-
tants. Obviously, the structure of the polysac-
charide side chain of the LPS molecule deter-
mines the receptor activity of the LPS for the
6SR and Br2 phages as it does for the P22 and
FO phages. As judged from the PhIM0 values,
the phage-inhibiting measurements are more
sensitive than the serological and chemical assays
used. This can explain attachment to and in-
activation of the Br2 bacteriophage by the LPS
of the SR mutant SH777. Optimal attachment
of this phage takes place to a LPS structure
where the polysaccharide side chains terminate
with either D-glucose 1I (SL733) or N-acetyl-D-
glucosamine residues (SH 180 and SL3994).
Within the limits of the serological and chemical
methods used, all core stubs in the SH777 LPS
are capped by repeat units but some might be
left free and accessible to the Br2 phage. The
highest ARC and phage-inhibiting activity for
the 6SR bacteriophage was seen in mutants where
the polysaccharide side chains terminate with
N-acetyl-D-glucosamine (SH180 and SL3994).
For both the 6SR and the Br2 bacteriophages,
low ARC values and low phage-inhibiting activ-
ity was observed in mutants (TV148 and TV160)
in which the block affects early steps in core
biosynthesis (Table I). Several reasons can ac-
count for the low but observable activity: (i)
presence of "leaky" products in the LPS, i.e.,
serologically and chemically undetected D-glucose
II or N-acetyl-D-glucosamine residues, or both,
in these mutants; (ii) the specificity of each phage
is broad enough not to require terminal D-glucose
II or N-acetyl-D-glucosamine residues, or both,
for attachment; and (iii) groups in the polysac-
charide side chains of the TV 148 and TV 160
mutants might serve as weak 6SR and Br2 sites.
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It is impossible from the data available to favor
any of the suggestions.
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