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Deletions which removed rfa genes involved in lipopolysaccharide (LPS) core synthesis were constructed in
vitro and inserted into the chromosome by linear transformation. The deletion Arfal, which removed rfaGPBI,
resulted in a truncated LPS core containing two heptose residues but no hexose and a deep rought phenotype
including decreased expression of major outer membrane proteins, hypersensitivity to novobiocin, and
resistance to phage U3. In addition, Arfal resulted in the loss of flagella and pili and a mucoid colony
morphology. Measurement of the synthesis of 13-galactosidase from a cps-lacZ fusion showed that the mucoid
phenotype was due to rcsC-dependent induction of colanic acid capsular polysaccharide synthesis. Comple-
mentation of lrfial with rfaG' DNA fragments resulted in a larger core and restored the synthesis of flagella
and pili but did not reverse the deep rough phenotype or the induction ofcps-lacZ, while complementation with
a fragment carrying only rfaP+ reversed the deep rough phenotype but not the loss of flagella and pili. A longer
deletion which removed rfaQGPBIJ was also constructed, and complementation studies with this deletion
showed that the product ofrfaQ was not required for the functions of fiaG and rifaP. Thus, the function ofrfaQ
remains unknown. Tandem mass spectrometric analysis of LPS core oligosaccharides from complemented
rfial strains indicated that rfaP+ was necessary for the addition of either phosphoryl (P) or pyrophospho-

rylethanolamine (PPEA) substituents to the heptose I residue, as well as for the partial branch substitution of
heptose II by heptose III. The substitution of heptose II is independent of the type of P substituent present on

heptose I, and this results in four different core structures. A model is presented which relates the deep rough
phenotype to the loss of heptose-linked P and PPEA.

The outer membrane of wild-type Escherichia coli and
Salmonella typhimunum acts as a permeability barrier to
hydrophobic compounds, providing these strains resistance
to hydrophobic antibiotics, detergents, and hydrophobic
dyes (35). The asymetric distribution of the lipid components
phospholipid and lipopolysaccharide (LPS) across the outer
membrane bilayer has been implicated in providing this
property, since in wild-type strains LPS is distributed almost
entirely in the outer leaflet of the bilayer where it must
interact with the environment, while phospholipid is con-
fined to the inner leaflet where it is protected (34, 35). The
LPS of enteric bacteria is composed of the glucosamine
disaccharide-based lipid A, to which is attached an oligosac-
charide core; additionally, in smooth strains about half of the
core molecules are substituted by a long, polymeric 0
antigen. The core oligosaccharide, with its many charged
substituents, is likely to be involved in the barrier function,
and although the assembly of this structure has been studied
for over 20 years, the exact nature of its biosynthesis and
role in the barrier function have not been completely deter-
mined.
Genes of the rfa locus, located between kbl and rpmBG at

81 min on the E. coli K-12 chromosome (43), code for the
core assembly enzymes. Evidence that the core region has a
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role in barrier function comes from a subset of rfa mutants
with a disrupted barrier function which are said to show a
deep rough phenotype. This phenotype is highly pleiotropic
and not only includes sensitivity to hydrophobic compounds
but also a decrease in the expression of outer membrane
proteins, an increase in phospholipids and their redistribu-
tion to the outer membrane, and an alteration of sensitivity
to LPS-specific and some protein-specific bacteriophage (30,
35, 46). In S. typhimurium, strains with mutations in genes
encoding functions for heptose transfer (rfaC, -D, -E, and
-F), glucose transfer to the heptose region (rfaG), and
decoration of the heptose region (rfaP) have been reported
to exhibit this phenotype, while strains with mutations in
rfaB, -I, -J, -K, and -L, which are genes encoding functions
involved in distal core assembly, do not and are simply
termed rough mutants because of their inability to add distal
sugars or O-polysaccharide (30).
To determine more accurately the cause of the deep rough

phenotype as well as the nature of the assembly of the distal
core, we have constructed and characterized deletion muta-
tions in the hexose region of the rfa locus which cause the
deep rough phenotype and we have used various DNA
fragments from this region to complement these mutations.
This follows our previous study (2) in which complementa-
tion of TnJO insertion mutants suggested involvement of
rfaG and rfaP in the deep rough phenotype and indicated
that genes of the hexose region were organized into a
complex operon. Complementation of a deletion can better
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define the functions of these genes, since it avoids questions
raised by incomplete genetic polarity.
During the course of studies on these deletion mutants, we

observed several phenotypes not always reported as deep
rough characteristics, including cell elongation, loss of pili
and flagella, and rcsC-dependent induction of capsular
polysaccharide synthesis. From the complementation anal-
ysis, we demonstrate more precisely the roles of rfaG and
rfaP in the various aspects of the deep rough phenotype and
show some of the functions of other genes in the hexose
region of rfa.

MATERIALS AND METHODS

Strains and genetic techniques. Strain CS180 (P1700 of P.
Reeves [3]) was used as the background strain unless other-
wise noted. This strain, a derivative of AB1133, was orig-
inally constructed for the selection of phage-resistant mu-
tants and carries a his-linked non mutation. However, as
described in this study, this non mutation does not com-
pletely suppress capsule formation. CS1031 (3) is like CS180
except rfaP ompA. Plasmid pHP45 carrying a chlorampheni-
col-resistant (Cmr) fl cassette (13) was obtained from J.
Frey. S. typhimunum SL4807 (rfaB707) was obtained from
K. Sanderson, and plasmid DNA isolated from E. coli K-12
was introduced into this strain by electroporation as previ-
ously described (36).

Transduction with P1 was performed as described by
Miller (31). Since strains carrying deletion mutations with a
deep rough phenotype became partially resistant to P1
because of the formation of capsule, strains used as P1
donors for transfer of these mutations were constructed in a
cps-S::TnJO (50) derivative of CS180, which substantially
improved growth of P1 on these strains. Mutations made on
plasmids in vitro were crossed onto the chromosome by
transforming the recBC sbcB strain VJS803 and rfaP::TnlO
or cps-S::TnlO derivatives of that strain with linear DNA
(52).
Unless otherwise stated, all cultures were grown on LB

broth or agar (31). Swarm plates were prepared as described
by Ingham et al. (22).

Analysis of cps-lacZ fusions. Isogenic strains carrying the
cpsB10-lacZ fusion were constructed from SG20781 (lon+
cpsB10-lac) and SG20780 (lon-S10 cpsB10-lac) (4). The
Arfal::fiCmr and rcsCIO::Kan mutations were introduced
by P1 transduction. The rcsCIO::Kan mutation is an inser-
tion early in rcsC (4). It was transferred to the chromosome
by linear transformation (52) and subsequently moved from
strain to strain by P1 transduction. For transfer of the Arfal
mutation, Cmr mutations were selected with chlorampheni-
col (15 ,ug/ml), and it was confirmed that these had acquired
sensitivity to bile salts. The rcsC allele was selected with
kanamycin (30 ,ug/ml). Strains were constructed either by
introduction of the rfa allele first followed by introduction of
the rcsC allele or by introduction in the reverse order, and in
both sets of strains the colors of the colonies on LB
containing X-Gal (5-bromo-4-chloro-3-indolyl-p-D-galacto-
pyranoside) were in complete agreement. Cells were grown
in glucose-Casamino Acids-M63 medium (45), and samples
were taken periodically and assayed for P-galactosidase
activity as described by Miller (31).

Electron microscopy. Cells growing in LB were seeded at
different densities into 1-ml aliquots of LB in 24-well tissue
culture plates and grown with agitation at various tempera-
tures. The cells were allowed to grow until log phase and
were then processed as follows. A Formvar-coated 400 mesh

grid was transferred sequentially to wells containing the
culture, water, and 1% uranyl acetate and was air dried on
filter paper. Grids were examined at 60 kV with a Phillips
EM 200 microscope.

Gel electrophoresis. All cultures for analysis of protein or
LPS by gel electrophoresis were grown to the same culture
density. Outer membrane proteins were analyzed as de-
scribed previously (2), and gel loadings were normalized so
that each sample represented the same number of cells. For
analysis of LPS, proteinase K digests of outer membrane
fractions were separated on 18% polyacrylamide gels using a
sodium dodecyl sulfate (SDS)-tricine buffer system and
visualized by silver staining as described previously (39).

Isolation and purification ofLPS and oligosaccharides. LPS
was isolated by a modification (2) of the phenol-chloroform-
petroleum ether procedure of Galanos et al. (14) from 12-liter
cultures grown to late log phase at 30°C. The oligosaccharide
fraction was isolated after hydrolysis of the LPS in 1% acetic
acid for 90 min exactly as described for preparation B by
Gibson et al. (15). This involved chromatography on Seph-
adex G-50 in pyridinium acetate buffer (pH 4.3), after which
the included volume fractions were pooled, lyophilized, and
rechromatographed on a Bio-Gel P-4 column (1.5 by 50 cm;
fine mesh) in 0.1 M acetic acid. Fractions of 1 ml were
assayed for sugar by the phenol-sulfuric acid method (11),
and fractions of interest were pooled, lyophilized, redis-
solved in deionized water, and lyophilized again. Pooled
samples were assayed for 3-deoxy-D-manno-octulosonic
acid (KDO) by the thiobarbituric acid (TBA) assay (26), and
absorption spectra of the phenol-sulfuric acid products were
compared with those obtained with glucose, KDO, and
D-glycero-D-gulo-heptose (Aldrich Chemical Co., Milwau-
kee, Wis.) as standards.
Mass spectrometry. The oligosaccharide fractions from

Bio-Gel P4 were dissolved in H20, and aliquots (about 0.5 pl
out of 25 ,ul) were transferred to a stainless steel probe tip to
which had been added approximately 1 RI of a glycerol-
thioglycerol (2:1) matrix. Samples were analyzed with a
Kratos MS-50 double-focusing mass spectrometer operating
at a mass resolution of 1,500 to 2,500 (m/vm, 10% valley). A
Cs' ion primary beam of 10 keV was used to sputter and
ionize the samples with secondary ions accelerated at 6 kV
(12). Scans were acquired at 300 s/decade (m/z 2,000 to 300)
and recorded on a Gould electrostatic recorder. Ultramark
1621 was used to manually calibrate spectra to an accuracy
of better than +0.2 Da. In some samples, salt contamination
led to the formation of various sodium and potassium
adducts which complicated the spectra, and to eliminate
these effects the Bio-Gel fractions were dissolved in 100 p,l of
50 mM pyridinium-acetate buffer, pH 5.2, and chromato-
graphed over two TSK-125 Bio-Sil columns (600 by 7.5 mm)
connected in series. Detection was by refractive index, using
a Knauer RI detector. The total oligosaccharide fractions
were pooled and dried and then dissolved in water and
applied to the probe as described above. For these samples,
a Kratos Concept II HH mass spectrometer was used with
postacceleration detection after MS-1 at a scan rate of 30
s/decade (mlz 2,000 to 300). Scans were averaged, and mass
calibration was performed via a Mach 3 data system with an
external CsI calibrant. Possible compositions of the oli-
gosaccharides were determined from their mass spectromet-
rically determined molecular weights, using a locally devel-
oped computer program (20).
Tandem mass spectrometry (MS/MS) analysis. MS/MS

spectra were obtained on a four-sector Kratos Concept II
HH mass spectrometer with an optically coupled diode array
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detector on MS-2 as described elsewhere (37, 51). The
spectra were acquired in the negative mode, and a Cs'
primary beam energy of 18 keV was used to sputter and
ionize the oligosaccharides. The C-12 components of the
deprotonated molecular ions, (M-H)-, were selected in
MS-1, passed through to the helium collision cell floated at 2
keV, and pressure adjusted to attenuate the parent molecular
ion by approximately 65%. The daughter ions were sepa-
rated in MS-2 by using a magnet jump with successive 4%
mass windows and a constant B/E ratio. Daughter ions were
detected on a 1-in. (ca. 3 cm) optically coupled diode array
detector, and masses were assigned automatically by a
Kratos Mach 3 data system that used CsI as an external
reference for both MS-1 and MS-2 to an overall accuracy of
better than ±0.2 Da. The resulting MS/MS spectra were
manually interpreted.
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RESULTS

Construction and characterization of strains deleted for
rfaG and rfiaP. An overview of the rfa locus and restriction
maps of the deletion mutations and the complementing
fragments used in this study is shown in Fig. 1. The deletion
Arfal involved the removal of an approximately 5.0-kb NcoI
fragment extending from the 5' end of rfaG through the 3'
end of rfaL. This deletion was constructed in plasmid
pGEM4rfa8.51 (2), the insert of which is designated in Fig. 1
as SG9.0 (we designate DNA fragments by single-letter
abbreviations for the sites at their ends followed by the size
in kilobases). After removal of the NcoI fragment, the ends
were filled in and blunt ended with BamHI linkers, and an Q1
Cmr cassette was inserted into the resulting BamHI site. The
plasmid was linearized and transformed into a recBC sbcB
strain with a mini-TnlO insertion (insertion rfaP81::TnlO) in
rfaP. Cmr transformants were screened for U3 resistance
(U3r), ampicillin sensitivity, and tetracycline sensitivity, the
latter indicating that the chromosomal rfaP insertion had
been crossed out. When one of the resulting isolates,
CS1956, was used as the P1 donor to transduce CS180 to
Cmr, 100% of the transductants also became U3r. One of
these transductants, CS1959, was used to characterize the
phenotype of the deletion. When a gel of restriction-digested
chromosomal DNA from CS1959 was probed with the la-
beled DNA fragment XA2.1 (Fig. 1), which lies within the
deletion, no hybridization was detected by autoradiography,
indicating that the deletion had been transferred to the
chromosome (data not shown).

In addition to resistance to U3, CS1959 was also sensitive
to phage C21 and resistant to K20. The mutant was hyper-
sensitive to novobiocin and did not grow on eosin-methylene
blue (EMB) agar or MacConkey agar. When outer mem-
brane proteins were examined by SDS gel electrophoresis,
the mutant exhibited a significant reduction in porins and
OmpA protein (data not shown), identical to that reported
for deep rough insertion mutants (2). It should be noted that
one consequence of the reduction in porins (particularly
OmpF) was a significant decrease in sensitivity on plates to
antibiotics such as ampicillin and kanamycin which require
porins for entry. The mutant exhibited partial resistance to
phages P1 and X.

A second, somewhat larger deletion, designated Arfa3,
was constructed from a slightly longer rfa insert (Fig. 1) by
removal of three contiguous HindIII fragments extending
from the HindIII site at the 5' end of rfaQ through the
HindIII site in the 3' end of rfaJ and insertion of an Q1 Cmr
cassette. The strategy for construction of Arfa3 and its
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FIG. 1. Restriction fragments from the kdtA-rfaJ region of the
rfa locus. The top portion shows an overview of the rfa region at the
81-min region of the E. coli K-12 chromosome (43), with the
expanded portion showing a partial restriction map of the region
from kdtA through rfaJ. The genes which have been identified from
DNA sequence (36, 38) are drawn to scale. The lower portion of the
figure shows the various restriction fragments used in this study.
Some fragments are the same as those described previously (2) but
have been renamed to reflect the true size deduced from the DNA
sequence. The dashed portions indicate deletions, and Fl indicates
an rfaP frameshift mutation introduced by filling in and blunt-end
ligating a BglII site. Restriction sites are as follows: A, AccI; B,
BamHI; E, EcoRI; G, BglII; H, HindIII; N, NcoI; P, PstI; S, Sall;
U, PvuII; V, AvaI; and X, XbaI.

transplacement into the chromosomal rfa locus was similar
to that described above for Arfal. The phenotypic properties
of strains carrying Arfa3 were identical in every respect to
those of strains carrying Arfal, including migration of LPS
on gels, acquisition of a mucoid colony appearance (see
below), and sensitivity to novobiocin and other hydrophobic
compounds. Thus, additional removal of rfaQ had no dis-
cernible effect. Because the mutations have the same phe-
notype, the remainder of the studies reported here, except as
noted, will deal with Arfal.

Capsule induction. Deletion mutants such as CS1959 ex-
hibited characteristics which are not always associated with
the deep rough phenotype. One of these was the induction of
production of a colanic acid capsular polysaccharide. When
freshly transduced into a rfa' background, Arfal mutants
exhibit a characteristic dry, brittle colony morphology we
term "crunchy." Upon storage, these colonies acquired a
mucoid appearance. The time required for expression of the
mucoid phenotype depended upon the temperature of

- - -
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TABLE 1. Effect of A4fal on capsule expression

3-Galactosidase' (U)

Genotypea 32°C 37°C 39°C

rcsC+ rcsC rcsC+ rcsC rcsC+ rcsC

lon+ rfa 2.0 2.0 1.9 1.9 1.7 1.8
lon+ Arfal 368 1.9 65 1.6 11 1.9
lon-510 rfa+ 277 198 159 72 15 4.3
ion-510 Arfal 620 151 355 25 107 3.8

a All strains are isogenic derivatives of SG20781 (lon') and SG20780
(lon-510) carrying a cpsB1O-lac fusion. The rcsC1O and Arfal mutations were
introduced by transduction.

" Cells were grown in M63 with glucose and Casamino Acids (45), and
enzyme units are as described by Miller (31). All values represent averages of
three to five samples taken at different optical densities from logarithmically
growing cultures.

growth or storage. At 30°C and below, mucoidy was ob-
served almost immediately, while colonies were not mucoid
after growth for 24 h at 37°C. However, storage of such
plates at room temperature overnight resulted in all colonies
becoming mucoid.

Transduction of a cps-5::TnlO mutation into CS1959 re-
sulted in a loss of the mucoid phenotype, and introduction of
cps-5::TnlO into strains prior to the introduction of Arfal
prevented the appearance of the mucoid phenotype. These
results indicated that the mucoidy was indeed due to pro-
duction of colanic acid. The presence of cps-5::TnlO in
strains carrying Arfal also eliminated the partial resistance
to X and P1, indicating that the resistance to these phages
was due to the production of capsule and was not a primary
effect of the rfa mutation.
These results suggested that Arfal directly affected co-

lanic acid production. To test this hypothesis, the mutation
was transferred into strains carrying a cps-lacZ operon
fusion to permit a quantitative estimation of the expression
of capsule biosynthetic genes. Expression of this fusion
correlates well with expression of colanic acid (16). As
shown in Table 1, in a lon+ strain, Nifal increased the
expression of the cps-lacZ fusion dramatically at 32°C. In a
lon mutant strain which normally expresses capsule at high
levels at 32°C but less well at 39°C, the rfa deletion increased
expression at both temperatures but most noticeably at the
nonpermissive temperature.
We were interested in defining the step at which the rfa

deletion acts to increase capsule expression. A pathway for
capsule biosynthesis in which one branch of the pathway
uses a membrane protein kinase, RcsC, to signal the RcsB
regulator has been proposed (47). It seemed possible that the
alteration in the LPS would act by signaling the RcsC
membrane protein. We tested this hypothesis by introducing
an rcsC null mutation into the cps-lacZ fusion strains carry-
ing A4al. In both lon+ and lon hosts, the rcsC insertion
mutation abolished the rfa-dependent increase in cps expres-
sion. Therefore, the rfa mutation acted entirely via the RcsC
membrane sensor. Note that the rcsC mutation alone had
essentially no effect on cps expression in a Ion background.
This has been interpreted as being due to an alternative
pathway for the induction of capsule synthesis (48). The rfa
deletion provides the first example of a signal for the
regulation of capsule synthesis which is transduced through
the RcsC membrane sensor.

Cell elongation and loss of flagella and pili. Ames et al. (1)
reported that deep rough mutants lacked flagella and pili.

FIG. 2. Loss of flagella and pili due to lack of rfaG. (A) Cells of
strain CS1977, which is Arfal/XSG3.4 (rfaG+P-). The appearance of
these cells is identical to that of the rfa' parent CS180. (B and C)
Strain CS1959, which is Arfal (rfaG-P-). The cell in panel C is an
example of the filamentation which is sometimes seen with this strain.

This was true also for strains carrying Arfal. Under phase-
contrast microscopy, individual cells were nonmotile, and
the mutant showed no motility on swarm plates. As seen in
Fig. 2, electron microscopy indicated that the mutant cells
lacked both flagella and pili.
The mutant often grew as filaments, and this was indepen-

dent of the presence of cps mutations. In some experiments,
this filamentation appeared to be enhanced by growth at
temperatures below 37°C and cultures exhibited a cold-
sensitive growth phenotype. Conversely, cultures formed
fewer filaments and more cells of normal length when grown
at 42°C. The poor reproducibility of these results suggests
that this growth phenotype is under control of other factors
besides temperature. The Arfal mutants grew well at 42°C.

Single-copy complementation. Single-copy complementa-
tion was performed by transducing Arfal into strains lyso-
genic for Xgt4.0 carrying the rfa restriction fragments de-
scribed in Fig. 1. The phenotypes resulting from this
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TABLE 2. Single-copy complementation of Arfal by rfa restriction fragments cloned into X

Phenotype

Genotype'
Phage U3 Phage K20 Novobiocin on EMB Outer membrane Motility

rfa+ (CS180) SC S Rd + + +
rfaQ20::TnlOe R R S - DR
Arfal R R S - DR
ArfalI/XSG3.4 (rfaG+) R R S - DR +
Arfal/ASA4.9 (rfaG+P+) S S R + + +
Arfal/XSV5.8 (rfaG+P+) S S R + + +
ArfalIXSG9.0 (rfaG+P+B+I+J+) S S R + + +

a Restriction fragments cloned into X are as in Fig. 1.
b A plus sign indicates wild-type outer membrane profile, and DR indicates a reduction in porins and OmpA proteins characteristic of deep rough mutants (2).
c S, sensitive.
d R, resistant.
e This mini-TnlO insertion was previously designated rfa-2 (2).

complementation are shown in Table 2. The defect in the
formation of flagella and pili was fully complemented by
XSG3.4 which supplied rfaG' (Fig. 2), although the comple-
mented strain retained all of the other characteristics of the
deep rough phenotype. This indicates that the loss of flagella
and pili is due to the loss of rfaG activity and is independent
of the deep rough phenotype. However, the induction of
capsule expression by Arfal was not complemented by
rfaG+. Lysogenization of SG20781 carrying Arfal and the
cpsB1O-lac fusion with a Kanr_marked derivative of XSG3.4
did not effect the high-level expression of ,-galactosidase by
this strain, although the electrophoretic mobility of its LPS
indicated that it had become rfaG' (data not shown).
Complementation with the shortest fragment tested which

supplied both rfaG and rfaP, SA4.9, restored sensitivity to
U3 and K20, a nearly wild-type outer membrane protein
profile, and growth on EMB agar. Fragment SA4.9 also
eliminated novobiocin hypersensitivity, although the con-
centration of novobiocin to which cells were resistant con-
tinued to increase in strains with larger complementing
fragments in proportion to the decrease in LPS gel mobility.
These observations confirm previous findings with insertion
mutations (2) that the deep rough phenotype can result from
the loss of function of a single gene located in the hexose
region, identified here as rfiaP, as well as from the loss of
genes such as rfaC, -D, and -F which affect synthesis or
attachment of heptose and which are located at the other end
of the rfa locus (43).

Figure 3 is a comparison of the LPS gel phenotypes of the
Arfal strains shown in Table 2 to those of TnlO insertions in
genes rfaQ, -G, and -P. The uncomplemented Arfal LPS
(lane J) comigrated with the LPS from strains with Tn1O
insertions near the 5' end of rfaQ and in rfaG (lanes K and
L). As expected, Arfal complemented with the rfaG+ frag-
ment SG3.5 (lane H) comigrated with LPS from a strain with
a TnlO insertion in rfaP (lane I).
Complementation of Arfal with the rfaG+P+ fragments

SA4.9 and SV5.8 resulted in only a slight reduction in LPS
migration compared with that of LPS from the deletion
complemented only with rfaG+ (compare lanes E and G with
lane H), despite the other rather large differences in pheno-
type noted in Table 2. It was also unexpected that the LPS
from deletion strains complemented with SA4.9 and SV5.8
would be identical, since the sequence of this region indi-
cates that there is a gene encoding a 36.7-kDa protein
between rfaP and rfaB (Fig. 1) which is present in SV5.8 but
interrupted in SA4.9 (38). These aspects of the LPS pheno-

type are discussed in more detail in the section below dealing
with rfaB.
There is a striking difference between the complemented

phenotypes of Arfal and rfaQ20::TnlO. This is particularly
evident in comparing the two mutations complemented by
SV5.8 (compare lanes D and E), although it is also seen
when both mutations are complemented by SA4.9 (lanes F
and G) and SG9.0 (lanes B and C). These results confirm our
previous conclusions concerning the incomplete polarity of
the rfaQ20::TnlO insertion. Another interesting aspect of the
LPS phenotype is that Arfal gave multiple bands only when
complemented by SG9.0 (lane C), not when complemented
by shorter fragments. This indicates that the production of
multiband LPS requires the participation of genes distal to
theAvaI site at the end of SV4.9. We have recently reached
the same conclusion by examining the phenotype of inser-
tions in rfaI and rfaJ (39).

Identification of rifaB. The chemical studies described in
the next section below and sensitivity to phage C21 indicated
that the LPS produced by Arfa1/XSA4.9 was of the Rc
chemotype, in which the core is truncated after glucose I and
lacks the branch galactose (41). As noted above and in Fig.
3, LPS of identical mobility was produced by Arfal/XSV5.8,
which has a longer insert, indicating that a gene distal to the
AvaI site between rfaI and rfaP (Fig. 1) was necessary for
the next step in the enlargement of the core. The fact that Rc
LPS is produced by rfaB mutants of Salmonella spp. (53)

A B C D E F G H I J K L M

FIG. 3. Silver-stained LPS gel showing single-copy complemen-
tation of Arfal. Lanes: A and M, LPS from CS180, the rfa+ parent;
J, Arfal; K and L, rfaQ20::TnlO and rfaGll::TnlO; F and G,
rfaQ20::TnlO/XSA4.9 and Arfal/XSA4.9; H and I, Arfal/XSG3.4 and
rfaP81::TnlO; B and C, rfaQ20::TnlO/XSG9.0 and Arfal/XSG9.0; D
and E, rfaQ20::TnlO/ASV5.8 and Arfal/XSV5.8. The complementing
X phage are Xgt4.0 carrying the fragments shown in Fig. 1, and the
TnlO insertions are those described previously (2); they have been
renamed to reflect the genes in which they are located (36).
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and by a AgalETK mutant of E. coli which has an RfaB
phenotype (42) suggested that the gene distal to the AvaI
might be rfaB.

Genetic mapping in Salmonella spp. has yielded the gene
order rfaGBIJ (25). The fact that rfaP is adjacent to and
downstream from rfaG (36) indicates that rfaB should lie
between rfaP and rfaL. Sequencing indicates that there are
two contiguous open reading frames in the comparable
region of E. coli K-12, one of 42,060 Da adjacent to rfaI
which extends across theAvaI site and another of 36,730 Da
adjacent to rfaP (38, 43). To determine whether either of
these was rfaB, we examined the ability of pGEM plasmids
carrying the rfa restriction fragments shown in Fig. 1 to
complement the rfiaB mutation of the S. typhimurium
rfaB707 strain SL4807. The rfaB mutation of this strain was
completely complemented by a plasmid carrying fragment
NN5.0, which includes genes for both open reading frames,
as indicated by the restoration of wild-type sensitivity to
phages Felix 0 and P22 and resistance to C21. However, no
complementation was observed with a plasmid carrying
fragment SV5.8; which carries only the gene for the
36,730-Da open reading frame. This agrees with two other
observations which indicate that the gene for the 42,060-Da
product is rfaB. First, the restriction fragment complemen-
tation data for Salmonella spp. of Kadam et al. (25), together
with the sequences of rfaI and rfaJ of Carstenius et al. (5),
position rfaB close to rfaI, and, given the similarity of the
physical maps of the rfa loci of these organisms (43), it is
expected that these genes would have a similar location in E.
coli K-12. Second, a TnLacZ insertion within and near the 5'
end of the coding region of the 42,060-Da protein resulted in
the production of type Rc LPS (39). Finally, the 42,060-Da
protein shares a region of homology with the products of
rfaG and rfaK (36), proteins which are thought to be sugar
transferases (30), while the product of the 36,730-Da open
reading frame does not show significant homology to any of
the other rfa genes which have been sequenced thus far in E.
coli or Salmonella spp.
The product of the 36,730-Da open reading frame is

probably the 38-kDa protein previously identified by in vitro
transcription-translation (2). Although it is likely that this
gene is involved in LPS synthesis, we have not assigned it an
rfa designation because it shares no homology with other Rfa
proteins and there is no direct evidence for rfa function. The
complementation experiments described above do not rule
out the possibility that the products of both the 36,730- and
the 42,060-Da open reading frames are required for RfaB
function.

Dissociation of rfaG, -P, and -Q functions. The following
experiments were designed to determine whether rfaQ, -G,
and -P must act in a particular sequence. Since these
experiments involved complementation by short fragments
which may not contain physiological promoters, we used rfa
fragments in multicopy pGEM plasmids. Previous studies
indicated that fortuitous promoters in such constructions
provided enough transcription to give detectable comple-
mentation (2).
To determine whether rfaQ+ was required for rfaG func-

tion, a Arfa3 strain (AQ-J) was transformed with pGEM
carrying the rfaQ-G+ fragment UG1.5. As shown in lane A
of Fig. 4, this resulted in LPS which comigrated with the
major component of LPS produced by a AgalETK strain
(Fig. 4, lane C) which has an Rc chemotype. In addition, the
UG1.5 plasmid restored motility on swarm plates to the
A&fa3 strain. These results indicate that RfaG function does
not require rfaQ+. It should be emphasized that this applies

A B C D E F

FIG. 4. Silver-stained LPS gel showing complementation of
Arfa3 by rfa restriction fragments in multicopy plasmids. Restriction
fragments are as in Fig. 1. Lanes: A, Arfa3 transformed with pGEM
carrying fragment UG1.5 (rfaG+); B, CS180 (rfa'); C, SA758
(AgalETK [42]); D, CS1031 (rfaP point mutant); E, Arfa3 trans-
formed with pGEM carrying SG9.Oi; F, Arfa3 transformed with
pGEM carrying SG9.0.

only when the rfaG product is supplied in trans, since the
rfaQ20: :TnlO mutation is strongly cis-acting (2) and since we
have preliminary evidence for other cis-acting mutations
within the coding region of rfaQ which affect the expression
of downstream genes.

In order to ask whether rfaP was required for the function
of rfaG and more distal genes, Arfa3 transformed with a
plasmid carrying fragment SG9.0 was compared with the
same strain transformed with plasmid carrying fragment
SG9.Oi, which is identical to SG9.0 except that it has a
frameshift mutation near the 5' end of the rfaP coding
sequence resulting from a fill-in and blunt-end ligation of the
BglII site. The Arfa3 strain complemented by the SG9.Oi
plasmid was sensitive to novobiocin and resistant to phage
U3, while the same strain complemented by the SG9.0
plasmid was resistant to novobiocin and sensitive to U3,
indicating that the SG9.Oi fragment was rfaP. LPS produced
by the two strains is shown in Fig. 4, lanes E and F. The only
difference observed in the strain with the rfaP plasmid is the
appearance of a faster-migrating band which comigrates with
Rc LPS. The LPS produced by the Arfa3 strain with the rfaP
plasmid (lane E) is nearly identical to that produced by a
spontaneous rfaP mutant of CS180 (lane D). The faster
migration of the larger bands seen in lane E is due to the fact
that the fl cassette inserted into the Arfa3 deletion is polar on
the distal genes of the operon (rfaYZK) which are necessary
for core completion (38) and are not present on the plasmid
insert. These results indicate that rfaP is not required for the
action of rfaG or for the addition of distal core sugars,
although its absence may make completion of the core
beyond the Rc stage less efficient than in rfaP+ strains. This
kind of "leaky" effect on the expression of distal genes has
been noted with rfaP mutants of S. typhimunium, which
express some 0 antigen with a complete core (19).
To test whether rfaG' and rfaQ+ were necessary for rfaP

action, Arfa3 was transformed with a plasmid carrying the
XA2.1 insert which carries only rfaP. The plasmid restored
U3 sensitivity and ability to grow on EMB agar and resulted
in a significant increase in resistance to novobiocin. This
indicates that rfaQ+ and rfaG' are not required for rfaP
action.
Although novobiocin hypersensitivity is associated pri-

marily with the loss of rfaP function, other factors appear to
mediate the absolute level of sensitivity to novobiocin in
both rfaP and rfaP+ strains. The sensitivity of Arfal strains
to novobiocin on plates appeared to be greatest when the
mutation was freshly transduced into a new background and
to diminish with storage or prolonged manipulation of the
culture. We interpret this as the acquisition of unlinked
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FIG. 5. Effect of rfaP and rfaG on novobiocin sensitivity. No-

vobiocin was added at zero time to log-phase cultures growing in LB
broth with shaking at 33'C. The final drug concentration was as

follows: open triangles, no drug; open circles, 10 ±Lg/ml; closed
triangles, 20 ,ug/ml; closed circles, 40 ±Lg/ml; closed squares, 80
p,g/ml. (A) CS180 (rfa+); (B) Afal transformed with pGEM carrying
fragment XA2.1 (rfaG-P+); (C) CS1977 (ArfalASG3.4, rfaG+P-);
(D) CS1959 (Arfal, rfaG-P-).

suppressor mutations or other regulatory changes. Likely
mechanisms include changes in charged substituents added
to the lipid A moiety.
The level of sensitivity also appeared to be determined by

whether rfaG' was present. To study this in more detail,
fresh strains were constructed by transducing Arfal into
various backgrounds, and these transductants were assayed
immediately for novobiocin sensitivity to minimize the ac-
cumulation of suppressor mutations. Sensitivity was assayed
by adding different levels of the drug to sets of identical
liquid cultures, as shown in Fig. 5. The rfaG-P+ strain
exhibited wild-type growth at concentrations of up to 40
,ug/ml and grew at about half the wild-type rate at 80 ,ug/ml.
While both the rfaG+P- and the rfaG-P- strains were
almost completely inhibited at 40 ,ug/ml, the rfaG+P- strain
was significantly more sensitive than the rfaG-P- strain at
concentrations of 10 and 20 ,ug/ml. This is the opposite of
what would be expected if loss of rfaG contributed to the
severity of the deep rough phenotype. One possible expla-
nation is that the loss of rfaG triggers compensatory changes
in the cell surface which have the effect of reducing the
penetration of novobiocin.

Structural analysis of LPS. In order to determine the
chemical basis for the deep rough phenotype, we examined
the structure of the LPS core oligosaccharides from the
Arfal strain CS1959 (rfaG-P-) and the complemented
strains CS1977 (fal/ASG3.4, rfaG+P-) and CS1981 (Wt-fall

t 1.5 B II

C')

CID 1.0 C
0

-0 IV

oL0.5
0

0

IV
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0.5

60 80 100 120 140

Fraction
FIG. 6. Gel filtration chromatography of core oligosaccharides.

The figure shows the elution of oligosaccharides from a Bio-Gel P4
column as measured by the phenol-sulfuric acid method. The VO of
the column was at fraction 45, and VI was at fraction 140. (A)
CS1959 (Afal, rfaG-P-); (B) CS1977 (Arfal/XSG3.4, rfaG+P-);
(C) CS1981 (Arfal/ASA4.9, rfaG+P+). Horizontal bars with roman
numerals indicate fractions pooled for mass spectrometric analysis.

ASA4.9, %faG+P+). The linkage of the oligosaccharides to
lipid A was cleaved with 1% acetic acid, and after prelimi-
nary chromatography on Sephadex G-50 in pyridinium ace-
tate buffer to remove any remaining uncleaved material or
lipid A which had failed to sediment, the oligosaccharide
fractions were separated on Bio-Gel P4 in 0.1 M acetic acid
(Fig. 6). In contrast to the results seen with gel electropho-
resis, gel filtration showed significant differences in the
apparent sizes of oligosaccharides from rfaP and rfaP+
strains (Fig. 6B and C). We interpret the discrepancy be-
tween the apparent sizes seen by gel filtration and gel
electrophoresis as due to an increase in the electrophoretic
mobility of rfaP+ LPS resulting from the addition of charged
substituents, which compensates for the increase in size.
TBA-reactive material was detected in all fractions from

all three strains. However, the last fraction from each strain
which eluted from the column (fractions IV or V; Fig. 6)
appeared to consist of KDO decomposition products, since
the ratio of absorbances in the TBA and phenol-sulfuric acid
assays was identical to that of authentic KDO. In addition,
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TABLE 3. Masses of oligosaccharide (M-H)- ions derived from LPS

Strain m/zz Proposed composition' Structure from MS/MSC

CS1981 (rfaG+P+) 1,178.4 Hex Hep3 PPEA KDO Hex-Hep(Hep)-Hep(PPEA)-KDO
1,160.4 Hex Hep3 PPEA KDO* Hex-Hep(Hep)-Hep(PPEA)-KDO*
1,055.4 Hex Hep3 P KDO Hex-Hep(Hep)-Hep(P)-KDO
1,037.4 Hex Hep3 P KDO* Hex-Hep(Hep)-Hep(P)-KDO*
986.4 Hex Hep2 PPEA KDO Hex-Hep-Hep(PPEA)-KDO
968.4 Hex Hep2 PPEA KDO* Hex-Hep-Hep(PPEA)-KDO*
863.3 Hex Hep2 P KDO Hex-Hep-Hep(P)-KDO
845.3 Hex Hep2 P KDO* Hex-Hep-Hep(P)-KDO*
711.2

CS1977 (rfaG+P-) 1,037.3
927.2
783.2 Hex Hep2 KDO Hex-Hep-Hep-KDO
765.2 Hex Hep2 KDO* Hex-Hep-Hep-KDO*
603.2 Hep2 KDO* Hep-Hep-KDO

CS1959 (rfaG-P-)d 621.2 Hep2 KDO
603.2 Hep2 KDO*

a In all cases, the experimental masses were within ±0.2 Da of the predicted masses based on the proposed compositions. Boldface indicates abundant ions.
bAbbreviations: Hex, hexose; Hep, heptose. Blank areas indicate uncertain composition or structure. Asterisks indicate the anhydro form of KDO.
c Parentheses indicate branch substituents.
d Since the fractions from this strain were analyzed without desalting, only the major abundant ions are shown. Much less abundant ions were seen at mlz 685,

707, 805, 823, 861, and 879.

the absorbance spectrum of the phenol-sulfuric acid reaction
showed the two peaks characteristic of KDO. This was
confirmed by mass spectrographic analysis (data not shown),
in which the fragments which were observed in these frac-
tions could be interpreted as being derived from KDO and its
breakdown products. These fractions appear to be identical
to the PII fraction of Prehm et al. (40), which was proposed
to arise from hydrolytic cleavage of branch KDO residues.
A compilation of the larger ions which were detected in

significant amounts by liquid secondary ion mass spectrom-
etry (LSIMS) is shown in Table 3. A preliminary composi-
tion of each ion was assigned by computerized fitting of the
sums of the masses of "generic" components such as the
various sugars and of substituents such as pyrophospho-
rylethanolamine (PPEA) and P which have been reported as
components of enteric core oligosaccharides (21, 23, 41). In
the samples which were analyzed without desalting, addi-
tional ions representing various sodium and potassium ad-
ducts, i.e., ions such as (M+Na-2H)-, (M+K-2H)-,
(M+2Na-3H)- etc., were also observed (data not shown).
In the cases where it was possible to use tandem (MS/MS)
analysis to verify the structures, these are also shown in
Table 3.

Figure 7 shows three partial LSIMS spectra, and Fig. 8
and 9 show representative MS/MS spectra of some of the
major ions. Spectra A and B of Fig. 7 show LSIMS of two
different Bio-Gel fractions from the rfaP+G+ strain CS1981.
The predominant ions in these spectra are pairs of ions of
m/z 1,160 and 1,178, 1,037 and 1,055, 968 and 986, and 845
and 863. The members of each pair are redundant in that
they represent the same parent molecule with either the
native or anhydro form of KDO at their reducing terminii.
MS/MS analysis (Table 3 and Fig. 9) indicated that these four
pairs differed in whether P or PPEA was attached to heptose
I and whether a third branch heptose residue was present.
The two pairs of ions which contained PPEA were much
more abundant in fraction II from the Bio-Gel column, while
the two pairs which contained P were more abundant in
fraction IV. This indicates that the heterogeneity between P
and PPEA substitution was present when the samples were
separated on Bio-Gel and was not due to fragmentation

during mass spectrometry. The fact that the presence of
PPEA had a much more significant effect on elution from
Bio-Gel than the presence of an additional heptose residue
indicates the bulky hydrodynamic property of the ethanol-
amine substituent. These spectra also indicate that the four
pairs of ions are present in comparable amounts and that the
presence or absence of the third heptose substituent at-
tached to heptose II appears to be independent ofwhich kind
of phosphoryl substituent is present on heptose I.
The oligosaccharides from the rfaG+P- strain CS1977

were very different from those of CS1981 in that the major
component observed with LSIMS was a single (M-H)- ion
of mlz 765 (Fig. 7C). MS/MS analysis of this ion indicated
that much of the apparent homogeneity resulted from the
absence of the phosphoryl substituents on heptose I and the
absence of partial heptose III substitution of heptose II (Fig.
8).

Figures 8 and 9 illustrates the way MS/MS under collision-
inducing conditions was used to elucidate the structures of
major ions. Figure 8 shows a relatively simple spectrum
arising from the glycosidic and ring cleavages of the un-
branched m/z 765 oligosaccharide from the rfaG+P- strain
CS1977. Figure 9 shows the more complicated spectra from
(M-H)- ions observed in oligosaccharides from the
rfaG+P+ strain CS1981. In addition to the types of fragments
seen in Fig. 8, spectrum A of Fig. 9 shows abundant low
mass ions at mlz 79 and 97, corresponding to P03 and
H2PO4-, respectively. Ions were also seen at high mass
which likely arose from the neutral loss of P from the
molecular ion, for example, mlz 765 (M-H-HPO3)- and
m/z 747 (M-H-H3PO4) . In spectrum B, analogous low
mass ions arising from PPEA were observed at m/z 79
(PO,-), m/z 97 (H2P04), mlz 220 (deprotonated PPEA), and
m/z 202 (PPEA-H20), as well as those arising from neutral
loss of PPEA (labeled with asterisks) at m/z 1,037
(M-H-PEA)- and mlz 1,019 (mlz 1,037-H20). An addi-
tional complexity of spectrum B is due to the third branch
heptose which presents more possible glycosidic and ring
cleavage cleavage sites identified in the Fig. 9 as ot and 1B.
As was observed with the rfaG+P- CS1977, the LSIMS

spectra of Bio-Gel fractions from the rfaG-P- strain CS1959
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FIG. 7. Partial LSIMS spectra of oligosaccharide Bio-Gel fractions 1981-Il (A), 1981-IV (B), and 1977-I (C). The major (M-H)- ions-i.e.,
mlz 765, 845, 968, 986, 1,037, 1,055, 1,160, and 1,178-are labeled in boldface. Less abundant "satellite ions" 22, 28, and 44 Da larger in mass
are seen at lower abundancies and correspond to sodium and potassium adducts. In addition, other high mass ions similar to those observed
in other LPS-derived oligosaccharides (15, 24) correspond to matrix-derived adducts such as at m/z 973 and 1,245 (+208 Da) and m/z 1,269
(+thioglycerol). Accompanying most molecular ions are peaks 28 Da lower in mass which almost certainly arise from loss of CO from the
reducing terminal KDO moiety. In panel C, the abundance of the major ion at mlz 765 resulted in the appearance of Y-type fragment ions (see
Fig. 8) at m/z 603 and 411 that correspond to losses of hexose (-162, Y3) and hexose-hepose (-[162+192], Y2), respectively, from the
nonreducing terminus. Inserts in panel C show a 5 x scale expansion.

were relatively simple (spectra not shown). The most abun-
dant ion observed from strain CS1959 was at mlz 603 (Table
3), which is consistent with the major ion from CS1977 at mlz
765 (Fig. 7C and 8) minus a hexose. This suggests that the
structure of the major oligosaccharide of CS1959 is Hep-
Hep-KDO. This is in agreement with chemical data indicat-
ing that LPS from an rfaG insertion mutant lacks glucose (2).
The fractions from CS1959 were not characterized by MS/
MS.
KDO substituted by phosphorylethanolamine (PEA) was

not detected in this study, although it has been reported as a

partial substituent in LPS from rfa+ E. coli K-12 (21) and in
type RcP- LPS from Salmonella spp. (21, 28). However, it

should be noted that the fractions consisting primarily of free
KDO were not characterized extensively and that the cul-
tures from which the LPS was obtained were grown at 30°C.
Either of these might have prevented detection of KDO-
PEA. KDO-KDO disaccharides which are characteristic
mild acid hydrolysis products of cores containing three KDO
residues were also not detected, but these were not antici-
pated, since studies with Salmonella spp. indicate that the
third KDO residue is added at a late stage of core completion
(41).
On the basis of the scheme used for chemotypes in

Salmonella spp. (41), the data presented above indicate that
the LPS of the rfaP-G- strain CS1959 is of type RdlP-, that
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FIG. 8. Tandem collision-inducing (MS/MS) spectrum of (M-H)- ions at mlz 765.4 from CS1977 (Fig. 7C). The insert (top left) shows the

carbohydrate fragmentation nomenclature based on that proposed by Domon and Costello (9). The mass difference between fragments of the
same type, such as Y1 and Y2, define the residue weight, identity, and sequence position. The nominal mass residue masses for the isotopically
pure 1 C component of common monosaccharides and other moieties in the inner core LPS identified in these studies are 162 Da (hexose),
192 Da (heptose), 202 Da (anhydro KDO), 220 Da (KDO), 80 Da (P), and 203 Da (PPEA). In the case of branched structures, the main branch
is defined as a and the secondary branch is defined as ,B. The origin of the ion at mlz 675 is not known, but it is likely to be a nonreducing
terminal fragment originating from ring cleavage of KDO.

of the rfaP-G' strain CS1977 is of type RcP-, and that of
the rfaP+G' strain CS1981 is of type RcP+.

DISCUSSION

Effect of rJka mutations on expression of flagella and cap-

sules. The lack of flagella observed with Arfal appears to be
due specifically to the loss of rfaG function, suggesting that
it results from the absence of glucose I in the LPS core and
is not a consequence of the deep rough phenotype. This is in
agreement with the results of Komeda et al., who found that
galU mutants could not synthesize flagella (27). It can be
speculated that this is due to a down-regulation of flagellar
genes triggered by the change in LPS rather than a problem
in the export or assembly of flagellar structures, for two
reasons. First, it affects both flagella and pili, which are not
known to share a common assembly pathway. Second,

Komeda et al. found a decrease in flagellin mRNA in galU
strains.
The observation that rfa-dependent mucoidy is reflected in

an rfa-dependent increase in cps-lac expression demon-
strates that it is synthesis of capsule, and not simply its
export, which is increased in the rfa strain. It is not clear
how the rfa status of the strain is sensed by RcsC. The RcsC
protein has a short periplasmic domain, spans the inner
membrane, and has a sizable cytoplasmic domain (47),
indicating that it senses something in the periplasm or the
cytoplasmic membrane. Sensing may involve intermediates
in outer membrane assembly which are thus far unknown.
A number of workers have observed an increase in cap-

sular polysaccharide in rfa mutant hosts, and it is thus likely
that a variety of mutations which provide early blocks in
LPS synthesis generate signals which are ultimately sensed
by RcsC. We have observed mucoidy in rfaP point mutants
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but not in strains with an insertion in rfaB. This, together
with the observation that the induction of cps expression by
Arfal was not complemented by a phage supplying rfaG,
indicates that rfaP mutations are sufficient to induce capsule
synthesis. It is not clear whether other mutations affecting
LPS which result in expression of capsule do so by interfer-
ing with heptose I phosphorylation or by affecting a more
general property, such as the physical state of the outer
membrane.
The functions ofrfaG and rfaP in determining the LPS inner

core structure. The observation that restriction fragments
carrying rfaG, -P, and -B from E. coli K-12 efficiently
complement Salmonella mutants with defects in these genes
(reference 36 and this study) suggests that the inner core
structures on which these gene products act are identical
between these organisms. This identity is also supported by
mass spectrometric studies on the type RcP+ core oligosac-
charides from the rfaG+P+ strain CS1981, which indicated
that E. coli K-12 LPS has structures identical to those
reported by Lehmann et al. (28) and Hammerling et al. (17)
for RcP+ oligosaccharides from agalE mutant of Salmonella
minnesota. Thus, it is possible to compare the results of this
study with previous work done with Salmonella spp. to
examine the role these genes play in determining the struc-
ture of the LPS inner core and to explore the relationship
between LPS structure and the phenotype of deep rough
mutants.
Complementation of rfa insertions (2) and deletions with

restriction fragments carrying known genes indicates that
the deep rough phenotype can result from the loss of
function of a single gene, rfaP. Mass spectrometric analysis
of core oligosaccharides from E. coli K-12 confirmed studies
with Salmonella spp. (10, 17, 28, 32) which showed that the
most dramatic LPS structural defect in rfaP mutants was the
loss of P or PPE from the heptose I residue. The additional
loss of rfaG appears to alter the sensitivity of cells towards
novobiocin, as seen in Fig. 7A and B, but this may be an
indirect effect of the lack of the glucose I residue. Muhlradt
has shown that the transfer of P to the heptose I residue of
the core in vitro is more than twice as efficient if the core
already contains glucose I (33).
Our results show that the branch heptose III residue is

also absent in LPS from an rfaG+P- strain, and thus we
cannot strictly rule out the lack of heptose III as the cause of
the deep rough phenotype. However, the observation that
this residue is present as a partial substituent which varies in
amount in different strains (17) and the mass spectrometric
data which indicate that the heptose I residue carries at least
one phosphate in all RcP+ core molecules argue strongly
that it is heptose phosphorylation and not the heptose III
residue which is critical with respect to the deep rough
phenotype.
A working model to explain the deep rough phenotype. A

model for the deep rough phenotype must explain the
sensitivity towards detergents and other hydrophobic com-
pounds, the decrease in porins and other major outer mem-
brane proteins, and the increase in phospholipid in the outer
leaflet of the outer membrane. The model proposed here is
derived from our data and from the data and models regard-
ing outer membrane permeability presented by Nikaido and
Vaara (35). We propose that the detergent resistance and the
impenetrability towards other hydrophobic compounds ex-
hibited by the outer membrane of enteric bacteria depend
upon the presence of at least one set of negatively charged
substituents on the LPS core which are positioned so that
they can participate in cross-linking of the LPS by divalent

metal cations or polyamines. These negatively charged
groups might also allow LPS to form intramolecular ionic
bonds with positively charged groups on proteins or other
LPS molecules. In the chemotype Rc LPS produced by the
mutants we have studied, this need is met by phosphate-
containing substituents on heptose I. The importance of
heptose phosphorylation is supported by the fact that hep-
tose-deficient mutants also exhibit a deep rough phenotype.
There are negatively charged groups in the inner core-lipid

A region of LPS which are not affected by deep rough
mutations, including phosphoryl and/or pyrophosphoryl
groups attached to lipid A (49), PEA attached to some of the
branch KDO residues (21, 28), and the carboxyl groups of
KDO. However, these either do not participate in divalent
cation-mediated cross-linking or do so at very low efficiency,
since high levels of divalent cations do not rescue the
detergent sensitivity of deep rough mutants. This favors the
idea that LPS molecules must pack in the outer membrane in
a very specific way so that only some of the charged
substituents are capable of being cross-linked by divalent
cations. This raises the question ofwhether P and PPEA, the
two charged substituents of heptose I, are both effective in
participating in cross-linking.
P and PPEA were found in roughly equal amounts in

oligosaccharides from purified RcP+ LPS. P is likely to be
a component of the native LPS and not an artifact due to
acid hydrolysis of PPEA. The evidence for this is that
acid cleavage sufficient to cleave the pyrophosphoryl group
internally would also be expected to attack the pyrophos-
phoryl-sugar linkage to release PPEA, but we did not ob-
serve a significant number of rfaP+ core oligosaccharide
molecules in which heptose I was completely dephosphory-
lated. An identical conclusion was reached by Lehmann et
al. (28), who found that acid treatment of KDO-PPEA
released only PPEA. Thus, the question is whether the
heterogeneity in the substitution of heptose I is due to an
inefficient attachment of PEA to P during synthesis or to
enzymatic removal of PEA to generate P during maturation
of the LPS. If the latter possibility is correct, the bulky
ethanolamine moiety might serve as a blocking group to limit
cross-linking of the LPS by divalent cations until after its
assembly in the outer membrane. There is no direct evidence
to support this, but it is attractive as a hypothesis since it
provides an explanation for the observation by Levy and
Leive (29) that LPS of E. coli is synthesized in a form which
is resistant to EDTA treatment but is then rapidly converted
to a form which can released from the cell by EDTA.

Native porin trimers contain bound LPS (8), and the very
specific reduction in major outer membrane proteins such as
the porins observed in deep rough mutants could be ex-
plained if heptose-PPEA or heptose-P makes up part of the
site on LPS which is recognized by newly synthesized outer
membrane proteins. Failure to recognize this site might
reduce the rate of translocation of proteins to the outer
membrane or affect the efficiency of folding or trimerization
(44). In deep rough mutants, this could slow the export
process, resulting in translational inhibition similar to that
which is observed when a defective outer membrane protein
is synthesized (6) or when the export machinery is over-
loaded by overproduction of a single protein (7).

Finally, we propose that the elevated phospholipid con-
tent in the outer membrane characteristic of deep rough
mutants may result at least in part from a decrease in
turnover of phosphatidyl ethanolamine (PE). If the PPEA
attached to heptose I arises from the transfer of P and
ethanolamine from PE as proposed by Hasin and Kennedy
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(18), then LPS synthesis in an rfa cell must be accompanied
by a significant amount of PE turnover. The removal and
recycling of diacylglycerol resulting from this turnover might
represent an important part of the process of segregating PE
and LPS which must occur during the insertion of LPS into
the outer leaflet of the outer membrane. The insertion of
outer membrane proteins and the cross-linking of LPS by
cations may also play a role in the dynamics of exclusion of
PE from the outer leaflet (35), and in deep rough mutants it
is likely that these processes act synergistically with the
reduction in PE turnover to generate the abnormal distribu-
tion of PE which is observed.
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