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Abstract—The genus Providencia consists of eight species of opportunistic pathogenic enterobacteria that can cause enteric
diseases and urinary tract infections. The existing combined serological classification scheme of three species, P. alcalifa-
ciens, P. stuartii, and P. rustigianii, is based on the specificity of O-antigens (O-polysaccharides) and comprises 63 O-
serogroups. Differences between serogroups are related to polymorphism at a specific ggenome locus, the O-antigen gene
cluster, responsible for O-antigen biosynthesis. This review presents data on structures of 36 O-antigens of Providencia,
many of which contain unusual monosaccharides and non-carbohydrate components. The structural data correlate with the
immunospecificity of the O-antigens and enable substantiation on a molecular level of serological relationships within the
genus Providencia and between strains of Providencia and bacteria of the genera Proteus, Escherichia, and Salmonella.
Peculiar features of the O-antigen gene cluster organization in 10 Providencia serogroups and biosynthetic pathways of
nucleotide precursors of specific monosaccharide components of the O-antigens also are discussed.
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Bacteria of the genus Providencia from the
Enterobacteriaceae family reside in soil, wastewater, and
polluted water reservoirs; they also are isolated from a
broad range of living organisms. These opportunistic
pathogens can cause acute enteric and urinary tract dis-
eases, most often in young children and patients whose
immune system has been compromised by surgery or
burns. The bacteria first were described in 1920 by
Ornstein, who called them Bacillus inconstans. In 1943-
1946, Stuart isolated bacterial cultures of what he referred
to as “paracolon 29911” from patients suffering from
enteric diseases and characterized their biochemical

Abbreviations: Col, colitose; ECA, enterobacterial common
antigen; FucNAc4N, 2-acetamido-4-amino-2,4-dideoxyfu-
cose; GalA, galacturonic acid; Kdo, 3-deoxy-D-manno-oct-2-
ulosonic acid; LPS, lipopolysaccharide; OGC, O-antigen gene
cluster; Qui, quinovose; Qui4N, 4-amino-4-deoxyquinovose;
UndP, undecaprenyl phosphate.

* To whom correspondence should be addressed.

properties in detail. In 1944, Gomes described Eberthella
alcalifaciens bacteria, which later would be characterized
again and would become the Providencia type strain. In
1951, Kauffmann proposed to call Providence strains
from the “paracolon 29911” group after the town where
Stuart worked at Brown University, and in 1952,
Kauffmann and Edwards reclassified this group as the
genus Providencia. During the following decade, the posi-
tion of Providencia bacteria in the taxonomic classifica-
tion and their relationships with closely related genera
Proteus and Morganella were revised repeatedly, and
species were moved across these genera (for review see
[1]).

In 1962, the genus Providencia finally was accepted
as an independent genus and included, together with the
genus Proteus, to the Proteeae tribe; later, the genus
Morganella was appended to the tribe. Two Providencia
biogroups described by Ewing were recognized as the
species Providencia alcalifaciens and Providencia stuartii.
The most recent changes in the Providencia taxonomy
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occurred after introduction of DNA—DNA hybridization
to classification of bacteria. Based on similarities in the
genome, Proteus retigeri was reclassified as Providencia
rettgeri, and Providencia alcalifaciens biogroup 3 became
a separate species called Providencia rustigianii. In 1986,
Muiiller, while studying bacteria isolated from penguins’
feces, described a new species, Providencia heimbachae;
later, a strain of this species also was found in a patient
with idiopathic diarrhea [2]. In 2006, a new species,
Providencia vermicola, was proposed for strains that infect
juveniles of an entomopathogenic nematode [3]. In 2009,
representatives of two new species, Providencia sneebia
and Providencia burhodogranariea, were isolated from
hemolymph of fruit flies [4]; thereby, the number of
Providencia species increased to eight.

In 1954, Ewing et al. developed the first serological
classification scheme for P. alcalifaciens, P. stuartii, and
P. rustigianii [5]. He collected 631 strains, including
“paracolon 29911” cultures, and added strains from Italy
and the USA. Based on the serospecificity of the heat-
stable somatic O-antigens, heat-labile flagella H-anti-
gens, and capsular K-antigens, 56 O-serogroups, 28 H-
serogroups, and two K-serogroups were established,
which in various combinations gave rise to 125 serotypes.
From 543 smooth strains, ca. 40% were classified into six
serogroups (03, 04, 09, 019, 021, and 023), the O3
being the most common (15.5% strains). Later, Ewing
identified six more O-antigen forms, extending the num-
ber of O-serogroups to 62 [6].

In 1976, Penner et al. reconstructed Ewing’s scheme
[7]. From 62 original strains they received from Ewing, 52
strains showed biochemical reactions typical of
Providencia, and each had serological O-specificity dif-
ferent from type strains of all other O-serogroups. Ten
strains from Ewing’s collection were replaced by strains
from Penner’s personal collection, which could not be
classified into any of Ewing’s O-serogroups; the total
number of O-serogroups (62) remained thus unchanged.
Three original strains (serogroups 017, O18, O56) were
excluded based on biochemical reactions typical of
Providencia rettgeri (called Proteus rettgeri at that time),
three more strains (serogroups 057-059) displayed atyp-
ical positive reaction in the ornithine decarboxylase test.
Four strains (015, 024, 026, 039) were replaced based
on serological data. Antisera against serogroup O15
strains could not be used for serotyping as they showed a
low titer in the homologous reaction, while cross-reacting
with several heterologous strains. Absorption of antisera
against three pairs of strains (020/026, 024/042,
035/039) by heterologous antigens completely abolished
the reactivity with both homologous and heterologous
strains in each pair, thus suggesting that the O-antigens
are pairwise identical.

Later, Penner applied this scheme to serotyping of
829 clinical isolates of P. stuartii, and, as a result, one
more serogroup, 063, was added [8]. The most common
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serogroups were found to be 04, 017, 025, 052, 055,
056, and 063 (combined, they covered 91% isolates). A
similar serological screening of 86 clinical isolates of P.
alcalifaciens [9] revealed no additional O-antigen forms,
and the most common serogroup was O3. Strains of P.
stuartii and P. alcalifaciens possessed different O-anti-
genic determinants, and in most cases did not cross-react
between species [8].

Serological relationships within the genus
Providencia also were studied by Levina et al. [10]. They
used a collection of Providencia strains representing 61
serogroups (O1-061), which was obtained from Rauss
(Hungarian National Collection of Medical Bacteria,
National Institute of Hygiene, Budapest) and supposed to
be identical to the original Ewing’s collection. Data
obtained by Levina et al. confirmed the identity of the O-
antigens in the 020/026, 024/042, and 035/039
serogroup pairs and revealed yet another such pair,
055/057 (Penner has replaced the O57 strain in his col-
lection, and, hence, got no data for this pair). Later, our
biochemical testing confirmed that all but two strains
from the Hungarian collection belonged to P. alcalifa-
ciens, P. stuartii, or P. rustigianii, whereas strains of
serogroups O58 and 059 should be moved to the genus
Morganella, the species M. morganii.

The specificity of the immune response to a certain
O-serogroup is defined by the fine structure of the
O-antigen. From the chemical point of view, the O-anti-
gen or O-specific polysaccharide (O-polysaccharide) is a
polysaccharide chain of S-form (“smooth form”)
lipopolysaccharide (LPS). It is built up of oligosaccharide
repeating units or, less commonly, is a homopolysaccha-
ride. The lipid portion of LPS (lipid A) forms the outer
layer of the outer membrane of the bacterial cell wall and
anchors the LPS molecule to the cell surface by
hydrophobic interactions with inner layer phospholipids.
Lipid A also is responsible for manifestation of most bio-
logical activities of LPS, including its recognition by spe-
cific cell receptors of the host immune system that trig-
gers the innate immunity defense mechanisms. The O-
polysaccharide protruding towards the environment is
attached to lipid A through a so-called core oligosaccha-
ride. It bears immunodeterminants (epitopes or O-fac-
tors), which are binding sites for specific antibodies pro-
duced by the adaptive immune system in response to
infection and required for efficient phagocytosis.
Serological cross-reactions observed within species and
genera (sometimes even between genera and families) are
substantiated by the occurrence of identical or structural-
ly similar O-antigen epitopes.

The S-form of LPS is typical of the majority of wild-
type bacterial strains, which produce smooth colonies.
Bacteria that form rough colonies are either natural or
laboratory R-mutants whose R-form LPS lacks any O-
polysaccharide chain. In addition, there is a so-called
SR-form LPS having a short-chain O-antigen consisting
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of an oligosaccharide with the same structure as the
repeating unit of the O-polysaccharide.

Recently, serological methods for typing of bacteria
are largely supplanted by more precise molecular detec-
tion methods, such as polymerase chain reaction and
microarray. Depending on the primers or probes targeting
the specific genes, molecular typing can differentiate
between genera, species, and serotypes of microorgan-
isms. On the genetic level, differences between O-antigen
structures are due to variations in O-antigen gene clus-
ters, which map at different genomic loci in various bac-
terial genera. The clusters for O-antigens that are synthe-
sized by the Wzx/Wzy-dependent pathway, which is most
common for bacterial polysaccharides, include: i) genes
necessary for synthesis of nucleotide-activated monosac-
charides that are specific components of O-antigens; ii)
genes for glycosyltransferases involved in the assembly of
a biological repeating unit on an undecaprenyl diphos-
phate carrier, and iii) O-antigen processing genes, which
are responsible for translocation of the repeating unit
through the inner membrane and its polymerization.
Knowledge of the O-antigen structures combined with
DNA sequence data for the O-antigen gene clusters allow
assignment of putative functions of O-antigen biosynthe-
sis genes, which, if necessary, can be verified biochemi-
cally. These data also enable designing specific markers
for molecular typing of strains and development on their
basis of methods for molecular diagnostics of infectious
diseases.

The present review is devoted to chemical, biologi-
cal, and genetic characterization of O-antigens of repre-
sentatives of three Providencia species: P. alcalifaciens, P.
stuartii, and P. rustigianii.

CHEMICAL COMPOSITION
AND STRUCTURES OF O-ANTIGENS

For structural analysis, LPS were subjected to mild
acid or mild alkaline hydrolysis to yield a lipid-free poly-
saccharide or an O-deacylated LPS, respectively. Studied
were LPS from 56 O-serogroups from the Hungarian
National Collection of Medical Bacteria that includes
strains of 59 Providencia O-serogroups (from 62 original
Ewing’s serogroups; O58 and O59 were moved to the
genus Morganella, and 062 was absent from the
Hungarian collection). Strains from 14 serogroups stud-
ied (O1, 010, O13, 015, 017, 037, 041, 042, 050,
053-056, 061) produced R-form LPS lacking any O-
polysaccharide chain, which could result from an S—>R
dissociation of strains during their storage for a long time.
High molecular mass polysaccharides from strains of four
serogroups (O11, 024, 038, 045) were not bound to lipid
A and were substantially different in structure and com-
position from the O-antigens of other serogroups.
Particularly, the O11 polysaccharide contained deriva-
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tives of 2,4-diamino-2,4,6-trideoxyglucose and 2-amino-
2-deoxygalacturonic acid, which do not occur in
Providencia O-antigens [11]. Strains of serogroups 024,
038, and 045 share a polysaccharide that strikingly
resembles the carbohydrate chain of bacterial cell wall
peptidoglycan [12]. It has a disaccharide repeating unit
that is smaller than repeating units of any Providencia O-
antigens (Table 1). These polymers were supposed to be
capsular polysaccharides (K-antigens) and are not cov-
ered in this review. Therefore, LPS of serogroups Ol11,
024, 038, and 045 also were present in the R-form.

The O-polysaccharides were obtained from strains
representing 38 O-serogroups and studied by chemical
methods combined with one- and two-dimensional
NMR spectroscopy. In accordance with the serological
data (see introductory section), structural analysis con-
firmed the identity of the O-antigens in the 020/026 and
035/039 serogroup pairs. LPS of strains representing the
third pair with serologically identical O-antigens,
024/042, as well as LPS of O55 strain of the O55/057
pair, occurred in the R-form and possessed no O-poly-
saccharide chains. The unique structures established for
the O-polysaccharides of 36 O-serogroups are shown in
Table 1.

All  Providencia O-antigens studied are het-
eropolysaccharides built up of linear or branched
oligosaccharide repeating units ranging from tri- to hep-
tasaccharide. A common feature of most O-polysaccha-
rides (~90%) is their acidic or (in case of the presence of
FucNACc4N or an amino acid of the opine family) zwitte-
rionic character.

Sugar and non-carbohydrate components found in
Providencia O-antigens are listed in Table 2 and are typi-
cal of enterobacteria [53, 54]. For example, the most
common monosaccharides are 2-acetamido-2-deoxy-D-
glucose and 2-acetamido-2-deoxy-D-galactose; D-glu-
curonic acid, D-galactose, and D-glucose also are fairly
abundant. Less common are D-mannose, L-rhamnose, L-
fucose, D-galacturonic acid, various 6-deoxyamino sug-
ars, and 4-amino-2-acetamido-2,4-dideoxy-D-fucose. In
addition, the following monosaccharides that occur
rarely in O-antigens were identified: 6-deoxy-L-glucose
(L-quinovose), 6-deoxy-L-talose, 3,6-dideoxy-L-xylo-
hexose (colitose), and two aldulosonic acids, 3-deoxy-D-
manno-oct-2-ulosonic acid (Kdo) and di-N-acetyl-8-
epilegionaminic acid (Fig. 1). Kdo is a common compo-
nent of the LPS core but found in O-polysaccharides of
only a few bacteria.

The carboxyl group of hexuronic acids is present
either in the free form or as an amide. The primary amide
of D-GalA was found in two O-polysaccharides
(serogroups O3 and O21) but more commonly are amides
of D-GIcA and D-GalA with amino acids, including L-
alanine, L-serine (serogroups 043, 057, and 060), and
amino acid derivatives of the opine family: N°-[(R)-1-
carboxyethyl]-L-lysine and N®-[(S)-1-carboxyethyl]-L-
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Fig. 1. Unusual components of Providencia O-antigens.
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Table 1. Structures of the O-antigens of P. alcalifaciens, P. stuartii, and P. rustigianii

Species and Strain O-antigen structure Reference
serogroup
1 2 3 4
P. alcalifaciens 3300/ —53)-0i-D-GalpAN-(1—4)-0-D-GalpNAc-(1-4)--D-Galp-(1—3)-B-D-GalpNAc-(1—° [13]
O3:H3 P25 | 4-p-Quip3NFo-(1->4)]
P. stuartii 884 —3)-B-D-Galp-(1-6)-B-D-GlcpNAc-(1—6)-B-D-Galp-(1—3)-B-D-GlcpNAc-(1—> [14, 15]
O4:H4 (64~1)-B-D-Quip4N~(4-4)-L-AspAc
P. alcalifaciens 3236 | —4)-B-D-Quip3NAc-(1-3)-a-D-Galp-(1—3)-B-D-Galp-(1—3)-B-D-GlcpNAc-(1-> [16]
O5:H5
P. alcalifaciens 2634 —4)-B-D-GlcpA-(1-3)-B-D-GlepNAc-(1— [17]
06:H6 0-Colp-(1-52)-B-D-Galp-(1-33)-B-D-GlcpNAc-(1-6)
P. alcalifaciens 34346 | —3)-a-D-GlcpA-(1—4)-0-D-GlepNAc-(1—3)-B-L-Rhap-(1-4)-B-D-GlepNAc-(1— [18]
O7:H7 AcO-2
P. alcalifaciens 1598/50 —3)-B-D-GlcpNAc-(1—3)-B-D-Galp-(1-2)-D-Gro-3-P-(0—3)-B-D-FucpNAc4N-(1— [19, 20]
08:H23 (28,4R)-Dpa-(2-4)
P. alcalifaciens 5032 | -2)-B-p-Glep-(1—6)-0-D-Galp-(1-6)-0-D-GalpNAc-(1—4)-0-D-GalpNAc-(1—3)-a-D-GalpNAc-(1-* [21]
0O9:H8 [3—D—Glcp—(1—>3)J
P. alcalifaciens 81 B-D-GlepNAc-(1-3) [22]
O12:HI5 —34)-B-D-Galp-(1—3)-0-D-GalpNAc-(1—4)-B-D-Galp-(1—33)-B-D-GalpNAc-(1—>
B-D-GlepNAc-(1—2)-B-D-Glep-(1—2
P. rustigianii 1588 —3)-a-D-GalpA-(1-4)-o-D-GalpNAc-(1-3)-a-D-GlepNAc-(1-2 [23]
O14:K1:H12 (25, 8S)-alaLys-(2-6)
P. rustigianii 19394 | —6)-0-D-GlcpNAc-(1—3)-B-L-Rhap-(1—4)-p-D-GlcpNAc-(1-° [24]
O16:H24 (R)-lac-3
P. stuartii H89 | —4)-B-D-Quip3NAc-(1-36)-0.-D-GlepNAc-(1->4)-B-D-GlepA-(1—3)-a-D-GalpNAc-(1—> [25]
Ol18:H14°
P. alcalifaciens 691 —2)-B-D-Fucp3NAc-(1-3)-0-D-GlepNAc-(1—4)-a-D-Galp-(1—4)--D-Galp-(1—3)-B-D-GlepNAc-(1-* [26, 27]
O19:H2 AcO-4 (S)-pyr-4.6
P. stuarti 247 —8)-0-8¢Legp5AcTAc-(2—4)-B-D-GlcpA-(1—4)-B-D-GlepA-(1-3)-a-D-GlepNAc- (1> [28]
020:H4
P. alcalifaciens 5241/50 —3)-0-D-GalpAN-(1—4)-ai-D-GalpNAc-(1—4)-0-D-GalpNAc-(1-3)-B-D-GalpNAc-(1-¢ [29]
021:H23 o-D-Fucp3NFo-(1—4)
P. alcalifaciens 166/49 —4)-B-D-GalpNAc-(1—-4)-B-D-Galp-(1—3)-B-D-FucpNAc4N-(1-* [30]
022:H21 D-GroAN-(2-P-3)
P. alcalifaciens 738/49 —4)-B-D-GlepA-(1—6)-B-D-Galp-(1—6)-B-D-Glep-(1—3)-B-D-GalpNAc-(1— [31]
023:H13 (25, 8R)-alaLys-(2-6)
P. alcalifaciens 5350/50 —6)-B-D-GalpNAc-(1-4)-B-D-GlcpA-(1-3)-B-D-GlepNAc-(1-> [32]
025:K2:H4 (2S,8R)-alaLys-(2-6)-a-D-GalpA-(1—4)
P. alcalifaciens 5824/50 | —2)-a-D-Quip4NFo-(1-4)-a-D-GlepA-(1—4)-B-D-Glep-(1—-3)-B-D-GalpNAc-(1— [33]
027:H17 AcO-6)] ~70%
P. alcalifaciens 945/49 —3)-B-D-GlcpNAc-(1-3)-a-L-Fucp-(1-3)-B-D-GlepNAc-(1— [34]
O28:H18 0-D-GlepA-(1-33)-a-1-Fucp-(1-4)
P. alcalifaciens 575/48 | —6)-0-D-GlcpNAc-(1—3)-a-L-FucpNAc-(1-3)-a-D-GlepNAc-(1— [35]

029:H2

B-D-Glop-(1—>4)/
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Table 1 (Contd.)

1 2 3 4
P. alcalifaciens 19372 | —2)-B-D-QuipdNFo-(1-2)-B-D-Ribf-(1->4)-B-D-GlepA-(1->4)-B-D-GlepA-(1—3)-a-D- [36]
030:H19 FucpNACc4N-(1-*
P. alcalifaciens 5867 —3)-a-D-Galp-(1—4)-B-D-GalpNAc-(1-3)-B-D-GalpNAc-(1— [20, 37]
O31:H- (2R, 4R)-Dpa-(2-4)-B-n-Manp-(1—4))
P. alcalifaciens 1853/49 | —6)-a-D-GlcpNAc-(1-3)-a-L-FucpNAc-(1-3)-a-D-GlepNAc-(1— [38]
032:H11 (S)-lac-3 B-D-Glep-(1—4)
P. rustigianii Hart —54)8-D-GlopA-(1—4)-0-L-Fugp-(1—2)-0-D-Manp-(1-2)-0-L-Fugp-(1—2)-B-D-Glp-(1—3)-B-D-GlpNAc-(1—* [39]
034:H- 0-D-GalpNAc-(1—-3)
P. alcalifaciens 901/49 —4)-a.-D-GalpNAc-(1—6)-a.-D-Glcp-(1—4)-B-D-GlcpA-(1—3)-B-D-GalpNAc-(1— [40, 41]
O35:H18 (64~1)-B-D-QuipdN-(4-2)-(2S, 4)-alaAla
P. alcalifaciens 1757/7 —7)-B-Kdop-(2—3)-a-L-6dTalp-(1—3)-o-D-GlcpNAc-(1—> [42]
036:H- AcO-20~70%
P. alcalifaciens 3261/51 | —4)-B-p-Quip3NFo-(1-3)-a-D-Galp-(1—3)-B-D-GlcpA-(1—3)-B-D-GalpNAc-(1->° [43]
040:H23
P. stuartii 1746/51 | —2)-a-D-Quip4NAc-(1—-4)-B-D-GlcpA-(1—-3)-B-GalpA-(1—-3)-B-D-GlcpNAc-(1— | [33, 44]
043:H28 L-Ser-6
P. stuartii 3768/51 | —4)-a-D-GalpNAc-(1-3)-a-L-Fucp-(1-3)-0-D-Glep-(1—4)-a-L-Quip-(1-3)-0-D-GlepNAc-(1— [45]
044:H4 B-D-GlepA-(1-4)
P. alcalifaciens 1035/49 | —3)-B-D-GlepA-(1—4)-a-L-Fucp-(1-4)-a-L-Fucp-(1-2)-B-D-Glep-(1-3)-0-D-GlepNAc-(1— [46]
046:H18 a-D-Glep-(1-3) AcO-67~80%
P. stuartii 3646/51 AcO-6,~35% [47]
047:H4 —52)-B-D-Galp-(1—34)-B-D-Manp-(1—-3)-B-D-Manp-(1-4)-B-D-GlepA-(1—3)-0-D-GlepNAc-(1—>
o-L-Rhap-(1-3)
P. alcalifaciens 918/49 —3)-a-D-Manp-(1-2)-a-L-Fucp-(1-2)-B-D-GlcpA-(1—3)-a-D-GalpNAc-(1—> [48]
048:H25 AcO-4]
P. stuartii 5875/52 | —4)-a-p-Galp-(1—6)-B-D-Galp-(1-3)-B-D-GalpNAc-(1— [49]
049:H4
P. stuartii 5982/52 —53)-B-D-QuipdN-(1-56)-0-D-GlepNAc-(1->4)-0-D-GalpA-(1->3)-0-D-GlepNAc- (1 [15, 50]
052:H4 D-AspAc-(4-4)
P. stuartii 2615/53 | —2)-a-D-Galp-(1-3)-a-L-Rhap-(1-4)-0-D-Glep-(1—4)-a-D-GalpA-(1—3)-B-D-GlepNAc-(1— [51]
057:H29 Ac0-2) ~80% L-Ala-6
P. alcalifaciens 1068/56 | —>4)-B-D-Glep-(1—3)-0-D-Galp-(1—4)-B-D-GalpNAc-(1—4)-B-D-GlepA-(1-3)-B-D-GalpNAc-(1—> [52]
060:H24
L-Ser-6

Note: Abbreviations for monosaccharides and non-carbohydrate components are listed in Table 2.

2 The structure represents the biological repeating unit of the O-antigen.

® Published as the structure of P. alcalifaciens O16 but later it was found that the strain studied belonged to P. rustigianii O16.

¢ In the Penner’s classification scheme, strains from Ewing’s serogroups O18 and O57 used for structural analysis were replaced, and it remains
unclear which of Penner’s serogroups the presented O-antigen structures belong to.

4 The occurrence of GalA as amide was overlooked in structural studies of the O-polysaccharide [29] and demonstrated later by mass spectro-
metric analysis of an SR-form LPS-derived oligosaccharide consisting of the core with one O-antigen repeating unit attached.

¢ The O-antigen contains a small amount of O-acetyl groups, whose position(s) was not determined.

f Published as the structure of P. stuartii 033, but later it was found that the strain studied belonged to P. stuartii O52.

BIOCHEMISTRY (Moscow) Vol. 78 No. 7 2013



804

OVCHINNIKOVA et al.

Table 2. Composition of Providencia O-antigens

Component Abbreviation Frequency
of occurrence
1 2 3
Monosaccharides®
D-Ribose (furanose form) D-Ribf 1
D-Glucose D-Glc 14
D-Galactose D-Gal 21
D-Mannose D-Man 5
L-Quinovose (6-deoxy-L-glucose) L-Qui 1
L-Rhamnose (6-deoxy-L-mannose) L-Rha 4
L-Fucose (6-deoxy-L-galactose) L-Fuc 8
6-Deoxy-L-talose L-6dTal 1
2-Acetamido-2-deoxy-D-glucose D-GIcNAc 33
2-Acetamido-2-deoxy-D-galactose D-GalNAc 27
2-Acetamido-2-deoxy-L-fucose L-FucNAc 2
3-Acylamino-3-deoxy-D-quinovose D-Qui3NAcyl 4
3-Acylamino-3-deoxy-D-fucose D-Fuc3NAcyl 2
4-Acylamino-4-deoxy-D-quinovose D-Qui4NAcyl 6
2-Acetamido-4-amino-2,4-dideoxy-D-fucose D-FucNAc4N 3
Colitose (3,6-dideoxy-L-xylo-hexose) Col 1
D-Glucuronic acid D-GIcA 20
D-Galacturonic acid D-GalA 6
D-Galacturonamide D-GalAN 2
3-Deoxy-D-manno-oct-2-ulosonic acid Kdo 1
Di- N-acetyl-8-epilegionaminic acid (5,7-diacetamido-3,5,7,9-tetra- | 8eLegSAc7Ac 1
deoxy-L-glycero-D-galacto-non-2-ulosonic acid)
Non-carbohydrate substituents
O-Acetyl AcO 8
N-Formyl Fo 5
N-(N-Acetyl-4-D- and -L-aspartyl) D-AspAc, L-AspAc 2
N-{N-[(S)-1-Carboxyethyl]-L-alanyl} (N-alanopyl) (258,4S)-alaAla 1
L-Alanine L-Ala 1
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1 2 3
L-Serine L-Ser 2
N°-[(S)- and (R)-1-Carboxyethyl]|-L-lysine (alaninolysine) (258,8S5)-alaLlys, (2S,8R)-alaLys 3
(25,4R)- and (2R,4R)-2,4-Dihydroxypentanoic acid (25,4R)-Dpa, (2R,4R)-Dpa 2
(5)- and (R)-Lactic acid (8)-lac, (R)-lac 2
Pyruvic acid, (.S)-acetal (S)-pyr 1
Glycerol Gro 1
D-Glyceramide D-GroAN 1
Phosphate P 2

#Monosaccharides occur in the pyranose form unless stated otherwise.

lysine (so-called alaninolysines) (serogroups O14, 023,
and 025). Amino groups of amino sugars usually are
acetylated, while 6-deoxyamino sugars with an amino
group at position 3 or 4 may be N-formylated. Some
O-antigens contain other N-acyl substituents, such as
N-acetyl-L-aspartyl and N-acetyl-D-aspartyl groups
(serogroups O4 and O52) or a residue of another repre-
sentative of the opine family, N-[(S)-1-carboxyethyl]-L-
alanine (alanopine) (serogroup 035). 2-Acetamido-4-
amino-2,4-dideoxy-D-fucose (FucNAc4N) is an excep-
tion as in the O-antigens of Providencia (serogroups OS,
022, and 030) as well as in all other known FucNAc4N-
containing bacterial polysaccharides it has a free amino
group at position 4.

In addition to amino acids, O-polysaccharides may
contain oxo acid and hydroxy acids. Pyruvic acid is pres-
ent as an (S)-acetal attached at positions 4 and 6 of D-
GIlcNAc (serogroup O19). (R)- and (S)-lactic acids are
ether-linked at position 3 of D-GIcNAc giving rise to
N-acetylmuramic and N-acetylisomuramic acids, respec-
tively (serogroups O16 and 032). Stereoisomeric
(25,4R)- and (2R,4R)-2,4-dihydroxypentanoic acids
(serogroups O8 and O31) are unique components of bac-
terial polysaccharides. They form ethers between their 2-
hydroxy group and the 4-hydroxy group of D-GIcNAc
and D-Man (Fig. 2, a and b), partially being present as
1,4-lactones (¢ and d).

Although phosphorylation is not typical of
Providencia O-antigens, phosphate-containing O-poly-
saccharides are found in two O-serogroups. In the OS8
polysaccharide, glycerol phosphate is present in the main
chain so that monomers are linked together not only by
glycosidic but also by phosphodiester bonds. This struc-
tural feature is characteristic for glycerol teichoic acids of
Gram-positive bacteria and some capsular polysaccha-
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rides but occurs rarely in LPS of Gram-negative bacteria
(among a few examples are O-polysaccharides of Proteus
[55], Morganella morganii [56], and Hafnia alvei [57]).
The other phosphorylated O-antigen (serogroup 022)
contains 2-phospho-D-glyceric acid with the carboxyl
group in the amide form. A number of O-antigens are
decorated with O-acetyl groups, which in some
serogroups occur in non-stoichiometric amounts, thus
masking the regularity of the O-polysaccharides.

The O-antigens of Providencia are similar in both
sugar and non-carbohydrate composition to O-antigens
of Proteus [55]. For example, isomuramic acid,
alanopine, and N-acetylaspartic acids hitherto have been
found only in these two bacterial genera, and alaninoly-
sine, apart from the O-antigens of Providencia and
Proteus, has been identified in the O-polysaccharide of
Shewanella fidelis only [58].

Most Providencia strains produce not only S-form
LPS but also certain amounts of R- and SR-form LPS. As
a result, in addition to an O-polysaccharide, mild acid
degradation of LPS afforded oligosaccharides that corre-
spond to the core and the core with one repeating unit
attached. The latter was a key to identification of the bio-
logical repeating unit of the O-antigen, i.e. the oligosac-
charide whose polymerization gives a high molecular
mass O-polysaccharide. Its structural analysis allowed
determination of the first monosaccharide in the repeat-
ing unit that is attached directly to the LPS core and
whose transfer to a lipid carrier initiates the O-antigen
synthesis. Like in other enterobacteria (Salmonella,
Escherichia coli, Shigella, Proteus, Hafnia), in five
Providencia O-antigens studied in this respect
(serogroups O3, 09, O14, 019, and O34; Table 1), the
first monosaccharide is N-acetylhexosamine (D-GIcNAc
or D-GalNAc). Notably, formation of the glycosidic bond
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Fig. 2. Ethers of D-GlcNAc and D-Man with 2,4-dihydroxypentanoic acids and their lactones — components of the O-antigens of P. alcalifa-

ciens O8 (a and c) and O31 (b and d).

of HexNAc that connects the O-antigen to the core is
catalyzed by ligase, and this linkage has the B-configura-
tion in all LPS studied. However, polymerization of the
repeating unit involves O-antigen polymerase and,
depending on its specificity, the glycosidic bond of
HexNAc connecting the repeating units to each other
may have either a- or B-configuration. For instance, in
the O-antigen of P. rustigianii O14, the GIcNAc residue is
B-linked in the first repeating unit and a-linked in all
other repeating units.

Table 1 shows established (for five serogroups) or
putative structures of the biological repeating units. Most
commonly (in 20 O-serogroups), the reducing end of the
polysaccharide chain is occupied by GIcNAc, and in the
other O-serogroups (except for O8, 022, and 030) by
GalNAc. The O-antigen of P. alcalifaciens O30 contains
no HexNAc, while in the O-antigens of P. alcalifaciens
08 and 022, HexNAc residues bear non-carbohydrate
substituents, which makes unlikely their involvement in
the initiation of the O-antigen synthesis. However, all
three O-antigens contain a diamino sugar FucNAc4N,
which has been reported as the first monosaccharide in
the repeating unit of the O-antigen of Shigella sonnei [59]
and some other bacteria. Therefore, it was suggested that

FucNACc4N is located at the reducing end in the three
exceptional Providencia O-antigens. For serogroups 022
and O30, this suggestion was confirmed by functional
analysis of genes responsible for the O-antigen biosynthe-
sis (see below).

Arrangement of the O-antigens structures in accor-
dance with their putative biosynthetic pathways as shown
in Table 1 reveals the location of the least common com-
ponents at the non-reducing end of the polysaccharide
chain. These caps are most readily available for interac-
tion with other biological objects, including the immune
system. Their uniqueness increases the antigenic diversity
of bacteria, which helps pathogens to evade the adaptive
immune response of the host.

IMMUNOCHEMISTRY OF O-ANTIGENS

The O-antigenic relationships within the genus
Providencia were systematically studied by Ewing et al.,
Penner et al., and Levina et al. and are summarized in
Table 3. A higher sensitivity of the passive hemagglutina-
tion test used by Penner et al. and Levina et al. as com-
pared with tube agglutination test used by Ewing et al.
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evidently accounts for the better agreement between
results obtained by the first two research groups. Later,
enzyme immunosorbent assay and Western blot were
employed, the latter being especially informative as it
shows which part of LPS, O-antigen or core or both,
binds antibodies.

A comparison of structures of serologically related
O-antigens revealed common structural fragments that
are presumably associated with cross-reactive epitopes
(Table 3). The fragments do not have to be identical; for
instance, two-way serological cross-reactions of P. alcali-
faciens O3 and O21 could be accounted for by the pres-
ence of similar branched tetrasaccharide fragments,
whose terminal monosaccharide has either D-gluco or D-
galacto configuration, respectively. O-Antiserum against
P. alcalifaciens 040 reacted with LPS of P. alcalifaciens
OS5 and P. stuartii O18 due to sharing of di- and trisac-
charide fragments, respectively [43].

As little as one common monosaccharide may be
sufficient for cross-reactivity, provided that it occupies
the terminal non-reducing end in the O-antigen. For
example, cross-reactions of serogroups O4, O35, and 052
evidently are due to the presence of a D-Qui4N derivative
at the end of the polysaccharide chain, while its N-acyl
substituents are different (N-acetyl-D-aspartyl, N-acetyl-
L-aspartyl, or alanopyl).

The O-antigens of serogroups 029 and O32 have the
identical carbohydrate backbone and differ in the pres-
ence of a non-carbohydrate substituent, (S)-lactic acid,
in the latter. LPS of P. alcalifaciens 029 reacted with O-
antiserum against P. alcalifaciens 032 significantly weak-
er than the homologous LPS, thus showing the impor-
tance of lactic acid in manifestation of the O32 serospeci-
ficity. A weak cross-reaction between O-antiserum
against P. alcalifaciens 032 and LPS of P. rustigianii 016
was accounted for by the presence of GIcNAc ethers with
(R)- and (S)-lactic acids (N-acetylmuramic and N-
acetylisomuramic acids, respectively) [38].

Serological relatedness of serogroups 014, 023, and
025 evidently is due to the occurrence of amides of N°-
(1-carboxyethyl)-L-lysine (alaninolysine) with hexuronic
acids in their O-antigens. The pivotal role of the amino
acid in manifestation of the O14 serospecificity was con-
firmed by the loss of the serological reactivity between the
homologous LPS and O-antiserum after destruction of
alaninolysine by deamination with nitrous acid. The
inability of a synthetic antigen, polyacrylamide-linked o.-
GalA amide with L-lysine, to inhibit O-antiserum against
P. rustigianii O14 demonstrated the key role of the 1-car-
boxyethyl group in alaninolysine. However, its absolute
configuration does not seem to be important for recogni-
tion of alaninolysine-associated epitopes [23, 60].

Serogroup O35 is serologically related to serogroup
014 but not related to serogroups 023 and 025, which
led Penner to a conclusion that the O14 and O35 O-anti-
gens shared an epitope that is absent from the 023 and
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025 O-antigens [7]. All four O-antigens contain 1-car-
boxyethyl group as a part of alanopine (serogroup O35) or
alaninolysine (serogroups 014, 023, and O25), but it has
the (S)-configuration in cross-reacting serogroups O14
and O35, whereas in serogroups 023 and O25 the config-
uration is R. One can speculate that in this case, antibod-
ies recognize a smaller common 1-carboxyethyl-associat-
ed epitope, and therefore the absolute configuration of
the 1-carboxyethyl group is crucial.

Serological cross-reactions have been reported for
strains of Providencia and bacteria of other genera,
including Proteus, Morganella, Escherichia, Shigella, and
Salmonella [6, 61]. Table 4 exemplifies those pairs of
cross-reactive strains whose O-antigen structures are
known and fragments associated with common epitopes
can be putatively identified.

Serological cross-reactions of a group of Providencia
and Proteus strains could be accounted for by the pres-
ence of common amino acid components, such as amides
of uronic acids with N-(1-cabroxyethyl)-L-lysine in the
O-antigens of P. rustigianii O14, P. alcalifaciens 023,
Proteus mirabilis O13, and Proteus myxofaciens 060. A
pronounced serological cross-reactivity was demonstrat-
ed for the O-antigens of P. stuartii O52 and Proteus
mirabilis O38, which share a disaccharide fragment
including an N-acetyl-D-aspartyl derivative of D-Qui4N.
However, only a weak serological cross-reaction was
observed for the O-antigens of P. stuartii O52 and P. stu-
artii O4 containing an N-acetyl-L-aspartyl derivative of
D-Qui4N, thus showing that also in this case the absolute
configuration of aspartic acid is important.

The O-antigens of P. alcalifaciens O21 and Proteus
vulgaris O47 share a trisaccharide fragment and, accord-
ingly, O-antiserum against the former cross-reacted with
LPS of the latter. The O-antigens of P. alcalifaciens 060
and Proteus vulgaris O44 have the identical carbohydrate
backbone and differ only in the nature of the amino acid
that amidates glucuronic acid, which is L-serine in P.
alcalifaciens 060 and L-alanine in P. vulgaris O44.
Antiserum against the former bacterium reacted with
both homologous and heterologous LPS to the same
titer.

In Western blot, O-antiserum against P. alcalifaciens
035 recognized slowly migrating bands of the LPS of
Proteus 016, 034, 057, and O76 as well as rapidly
migrating bands of the LPS of Profeus O6 and 057, thus
indicating the location of cross-reactive epitopes in the
O-polysaccharide or LPS core, respectively. One of the
epitopes is evidently associated with the alanopyl deriva-
tive of Qui4N, which is common for the O-antigens of P.
alcalifaciens O35 and P. vulgaris O76 and core oligosac-
charides of P. mirabilis O6 and O57. The cross-reactivity
of the LPS of Proteus 016, O34, and O57 could be
accounted for by sharing of the B-D-GalpNAc-(1—4)-D-
GalpNAc disaccharide fragment of the O-polysaccha-
rides with P. alcalifaciens O35.



808 OVCHINNIKOVA et al.

Table 3. Serological relationships between Providencia O-serogroups and putative structures within O-antigens associ-
ated with cross-reactive epitopes

Sero- Positive reaction Sharing Common O-antigen fragment(s) presumably related
group® with antiserum a fragment to cross-reactive epitopes
to O-serogroup with O-antigen
of O-sero-
Ewing Penner Levina group
et al. et al. et al.
[5] (7] [10]
1 2 3 4 5 6
Ol 3,21 21 21 O1 structure was not determined
03 1,21 21 21 21 —3)-B-D-GalpNAc-(1—3)-a-D-GalpAN-(1—>4)-a-D-GalpNAc
a-6dHexp3NFo-(1—4)
04 35, 52 29, 59 35 B-D-Quip4NAcyl
52 B-D-Quip4NAspAc
05 58%* 40 40 —4)-B-D-Quip3NAcyl-(1-3)-a-D-Galp
o7 27 27 no common fragment was revealed
010 7, 50 50 50 010 structure was not determined
Ol11 30, 41 30 30 O11 structure was not determined
013 10 013 structure was not determined
014 25 23, 25, 35 23, 25, 23 D-HexpA6alalys
35, 39 25 a-D-GalpAb6alaLys
35, 39 L-Ala
O15* 6,7, 10, O15 structure was not determined
18, 19
016 32° D—GlcpNAc—(1—>6)—oc—D—Glj:pNAc
lac-3
018* 53 23,29 40°¢ B-D-GlcpA-(1—-3)-D-GalpNAc-(1—4)-B-D-Quip3NAcyl
020 26 26 O-antigen structures are identical
021 1,3 1,3 1,3 3 —3)-B-D-GalpNAc-(1—-3)-a-D-GalpA-(1—4)-a-D-GalpNAc
a-6dHexp3NFo-(1—4)
023 14, 25, 29 25,29 14 D-HexpA6alalys
25 D-HexpA6(2S,8R-alaLys)
024* 42 024 structure was not determined
025 14, 23 23 14 a-D-GalpAb6alaLys
23 D-HexpA6(2S,8R-alaLys)
026* 20 20 O-antigen structures are identical
027 7,43 7,58 43 —2)-0-D-Quip4NAcyl-(1-4)-D-GlcpA
029 23,32,45 | 23,32,45 32 carbohydrate backbone structures are identical
030 36 11 011 structure was not determined
032 29, 38 29, 45 13, 29, 45 29 carbohydrate backbone structures are identical
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1 2 3 4 5 6
034 40, 44 44, 46 44, 46 44 B-D-GlcpA-(1—4)-a-L-Fucp
a-D-GalpNAc-(1-3)
46 B-D-GlcpA-(1—4)-a-L-Fucp
035 4,14 39 4 B-D-Quip4NAcyl
14 L-Ala
39 O-antigen structures are identical
037 18 49 49 037 structure was not determined
039* 27, 35 27 D-Quip4NAcyl
35 O-antigen structures are identical
041 6 041 structure was not determined
042 37,45 24 042 structure was not determined
043 27 31 27 —2)-a.-D-Quip4NAcyl-(1—-4)-D-GlcpA
044 34 34, 46 34 B-D-GlcpA-(1—>4)-a-L-Fucp
o-D-GalpNAc-(1-3)
46 B-D-GlcpA-(1—4)-a-L-Fucp
045 29, 32 29 045 structure was not determined
046 34 34, 44 34, 44 B-D-GlcpA-(1—>4)-a-L-Fucp
049 37 23 037 structure was not determined
050 10 10 050 structure was not determined
052 4 4 B-D-Quip4NAspAc
055 57 055 structure was not determined
O57* 55 055 structure was not determined
0O58* 5 058 structure was not determined

? No serological cross-reactions were observed for serogroups that are not included in Table 3.

b Positive reaction with antiserum against serogroup 032 was revealed by authors [38].

¢ Positive reaction with antiserum against serogroup O40 was revealed by authors [43].

* Serogroups whose strains were replaced by Penner et al. and differed from the original Ewing’s collection and the Hungarian collection, making
impossible substantiation of serological cross-reactions observed by Penner et al. by O-antigen structures.

Serological relationships between Providencia and
Escherichia coli were studied by Ewing. A comparison of
O-antigen structures in related strains shows that as little
as a glycerol phosphate or lactic acid residue may be suf-
ficient for providing serological cross-reactivity.

Escherichia coli O55 and Salmonella enterica O50
have the identical O-antigens. Their serological cross-
reactivity with O-antiserum against P. alcalifaciens 06
could be accounted for by the presence of a common
trisaccharide fragment terminated with colitose. This
fragment also is shared by the O-antigens of
Pseudoalteromonas tetraodonis 1AM 14160T [74] and
Aeromonas trota [75] and a capsular polysaccharide of
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Vibrio cholerae 0139 [76]. Although no serological
investigation has been undertaken, it is likely that P.
alcalifaciens O6 and these bacteria also are serologically
related. One can speculate that the occurrence of this
particular trisaccharide fragment (or a related tetrasac-
charide fragment with two colitose residues) is associat-
ed with molecular mimicry that allows bacteria to evade
the adaptive immune response of the host. Indeed, coli-
tose is a 3-deoxy analog of L-fucose, and therefore the
a-Col-(1-2)-p-Gal-(1->3)-B-GlcNAc trisaccharide
fragment of the O-antigens simulates the o-L-Fuc-
(1->2)-B-Gal-(1-3)-p-GIlcNAc H type 1 antigenic
determinant.
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Table 4. Serological cross-reactions between O-serogroups of Providencia and other enteric bacteria and putative
structures within O-antigens associated with cross-reactive epitope

Bacterium Providencia Common fragment Reference | Reference
serogroup of O-antigens to serology | to structure
Proteus mirabilis O13 014, 023 D-HexpA6alaLys [23, 60] [55]
Proteus mirabilis O16 035 B-D-GalpNAc-(1—4)-a-D-GalpNAc [41] [55]
Proteus penneri O31 032 o-D-GlcpNAc-(1—6)-a-D-GlepNAc [38] [55]
Proteus vulgaris O34 035 B-D-GalpNAc-(1—4)-a-D-GalpNAc [41] [55]
Proteus mirabilis O38 04 B-D-Quip4NAspAc [50] [55]
052 a-D-GlcpNAc-(1—-3)-B-D-Quip4N(D-AspAc)
Proteus vulgaris 039 032 o-L-FucpNAc-(1—-3)-a-D-GlcpNAc [38] [55]
Proteus vulgaris 042 032 o-D-GlepNAc-(1-3)-a-L-FucpNAc-(1-3)- [38] [55]
a-D-GlcpNAc
Proteus vulgaris 044 060 common carbohydrate backbone [52] [55]
Proteus vulgaris 047 021 D-GalpNAc-(1—-4)-a-D-GalpNAc-(1-3)-- [29] [55]
D-GalpNAc

Proteus genomospecies 4 (056) 018 B-D-Quip3NAc-(1—-6)-D-GlcpNAc [25] [55]
Proteus mirabilis O57 035 B-D-GalpNAc-(1—4)-D-GalpNAc [41] [55]
Proteus myxofaciens 060 014, 023 D-HexpA6alaLys [23, 60] [55]
Proteus vulgaris O76 035 B-D-Quip4N(2S,4S-alaAla) [41] [55]
Escherichia coli O5 05 B-D-Quip3NAc [6] [62, 63]
Escherichia coli 037 08 Gro-3-P [6] [64]
Escherichia coli 055, 06 a-Colp-(1-2)-B-p-Galp-(1—-3)-B-D-GlcpNAc [6] [65-67]
Salmonella enterica 050

Escherichia coli 058 016 (R)-lac [6] [68]
Escherichia coli 065 018 B-D-Quip3NAc [6] [69]
Escherichia coli O70 05, 018 B-D-Quip3NAc [6] [70]

040 D-GalpNAc-(1—-4)-B-D-Quip3NAcyl

Escherichia coli O88 36 o-L-6dTalp [6] [71]
Shigella boydii O5 47 O-antigen structures are identical [6] [72, 73]

Serologically related strains of P. stuartii O47 and
Shigella boydii O5 share the O-antigen structure, includ-
ing the pattern and the degree of non-stoichiometric O-
acetylation.

The Kdo-containing O-antigen of P. alcalifaciens
036 and an acidic polysaccharide of Pseudoalteromonas
flavipulchra NCIMB 2033" [77] have similar structures
differing only in one monosaccharide residue, position of
O-acetylation, and anomeric configuration of Kdo, but
serological relationship of these bacteria has not been
examined.

ORGANIZATION OF O-ANTIGEN
GENE CLUSTERS

Analysis of full genome sequences of P. alcalifa-
ciens, P. stuartii, and P. rustigianii revealed a polymor-
phic locus with genes associated with polysaccharide
synthesis on a chromosome between two conserved
housekeeping genes cpxA and yibK, which encode a two-
component system sensor kinase and tRNA/rRNA-
methyltransferase, respectively [78]. A tentative assign-
ment of these regions to the O-antigen gene cluster
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(OGC) was confirmed by further bioinformatic and bio-
chemical studies.

To date, the cpxA-yibK region has been sequenced in
13 Providencia strains, including strains of serogroups 06,
019, 022, 028, 030, 036, 038-040, 044, 045, and
047 as well as non-typed strain P. rustigianii DSM 4541.
As in other enterobacteria studied, OGC of Providencia is
distinguished by a lower GC% content compared to the
average genome level (31-36% versus ~41%), the lowest
GC% content within the cluster being reached by O-anti-
gen processing genes wzx and wzy. However, two sugar
synthesis genes, namely ugd and galF, have higher GC
content of ~47 and ~43%, respectively. GC% contents
that are higher or around the average genome level also is
characteristic for wza, wzb, and wzc genes located at the
3’-end of OGC (see below).

Functions of most genes in the Providencia OGC
were predicted in silico based on their homology to anno-
tated genes for surface polysaccharide synthesis in other
bacteria [43, 78, 79]. Genes responsible for synthesis of
nucleotide-activated monosaccharides, genes for glyco-
syltransferases, and processing genes were identified. The
gene clusters of most O-acetylated O-antigens also
included genes for O-acetyltransferases. The presence of
the wzx and wzy genes in the OGC showed that all
Providencia O-antigens studied are synthesized by the
Wzx/Wzy-dependent pathway, which is typical of het-
eropolysaccharides.

The assignment of the glycosyltransferase genes to a
certain glycosidic bond based on homology only is com-
plicated by a huge diversity of these enzymes, from which
only few have been characterized biochemically. This was
not performed in Providencia OGC with the exception of
orf5 in the OGC of P. alcalifaciens 036, which was pro-
posed to encode B-Kdo transferase [78]. The orf5 gene is
a homolog of kpsS encoding predicted 3-Kdo transferase
for synthesis and/or addition of the lyso-phosphatidyl-
glycerol-poly-B-Kdo anchor to K-antigens of E. coli and
Neisseria meningitidis [80], as well as of wepM in the OGC
of Cronobacter sakazakii O6, whose O-antigen contains
B-Kdo [81]. Remarkably, all these predicted $-Kdo trans-
ferases have no significant homology to well-character-
ized inverting o.-Kdo transferases of the LPS core biosyn-
thetic pathway [82] and to any glycosyltransferase encod-
ed in OGC of C. sakazakii O5 with an a-Kdo-containing
O-antigen [81].

Synthesis of O-antigens with GIcNAc or GalNAc at
the reducing end of the biological repeating unit is initi-
ated by a transfer of GIcNAc-1-phosphate from UDP-
GIcNAc to an undecaprenol phosphate (UndP) lipid
acceptor by glycosylphosphatetransferase WecA, which
differs from glycosyltransferases in the presence of trans-
membrane segments. When GalNAc is the first sugar of
the repeating unit, the UndPP-GIlcNAc is then converted
to UndPP-GalNAc by specific 4-epimerase [83]. As both
UndPP-GIcNAc 4-epimerase [83] and UDP-GIcNAc 4-
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epimerase [84, 85] originally have been called Gne, to
distinguish between them it was suggested to rename the
former Gnu (P. R. Reeves, unpublished data).

In Providencia, like in other enterobacteria, the
wecA gene is located in the enterobacterial common anti-
gen (ECA) gene cluster and is involved in synthesis of
both O-antigen and ECA. In OGC of serogroups 022
and 030, homologs of the wbgY gene encoding another
initiating glycosylphosphatetransferase were found.
WbgY of Providencia shares 55% identity with WbgY of
Shigella sonnei, whose putative function is to initiate the
O-antigen biosynthesis by transfer of FucNAc4N-1-
phosphate to UndP [86] (that FucNAc4N occupies the
reducing end of the O-antigen of S. sonnei was confirmed
chemically [59]). The O-antigens of both P. alcalifaciens
022 and 030 contain FucNAc4N too, and it can be sug-
gested that this diamino sugar also is the first monosac-
charide in their repeating units, the more so that the O-
antigen of the latter lacks any other 2-acetamido D-sugar
that might have acted as the initiating monosaccharide
(Table 1).

In OGC of 9 from 10 Providencia strains with known
O-antigen structures, the putative gene functions are in
accordance with the structures of the repeating units [43,
78, 79] (Fig. 3; see color insert). The exceptional OGC of
P. alcalifaciens 039 is identical (>99% similarity) to the
functional OGC of P. alcalifaciens O6, whose O-antigen
is quite different from that of serogroup O39. Therefore,
it was suggested that P. alcalifaciens O39 clone was
derived from P. alcalifaciens O6 by inactivation of OGC
between cpxA and yibK and acquirement of another gene
cluster located in another genome locus for synthesis of
the existing O-antigen [78].

Providencia alcalifaciens O38 and 045 produce R-
form LPS and a peptidoglycan-like polysaccharide (pre-
sumably a capsule component). They possess different
OGC, and neither of the OGC corresponds to the poly-
saccharide synthesized [12], whereas O-polysaccharides
that would correspond to the OGC are not expressed.

An intriguing feature of P. alcalifaciens and P. stuar-
tii is the presence at the 3’-end of the OGC of a conserved
set of genes that are homologs of wza, wzb, and wzc [43,
78, 79]. In E. coli, these genes are involved in synthesis
and translocation of group 1 and 4 K-antigens, which can
be expressed in a lipid A-linked form (so-called K-LPS)
[87]. In addition to the three genes, OGC of serogroups
044 and 047 contain a homolog of wzi, which encodes a
membrane protein specific for group 1 K-antigens [87,
88]. The occurrence of homologs of these genes in OGC
suggests a relationship between the O-antigens and K-
antigens in Providencia too, but the exact role of these
genes in the expression of surface polysaccharides
remains to be determined. Noteworthy, in Proteus, OGC
maps to the same locus on the chromosome downstream
from cpxA but contains no homologs of wza, wzb, and
wze.
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BIOSYNTHESIS OF SUGAR
NUCLEOTIDE PRECURSORS

Biosynthetic pathways of specific monosaccharide
components of Providencia O-antigens whose gene clus-
ters have been sequenced are presented in Fig. 4. Genes
for synthesis of nucleotide precursors of common sugars
(UDP-Glc, UDP-GIcNAc, and ADP-Rib) are house-
keeping genes and are not duplicated in Providencia
OGC. UDP-Gal and UDP-GalNAc are synthesized via
reversible 4-epimerization of UDP-GIlc and UDP-
GIlcNAc catalyzed by GalE and Gne, respectively. In bac-
teria that are capable of utilizing exogenous galactose, the
galE gene maps together with gal/T and galK in the galac-
tose operon. Outside the gal-operon, it is difficult to dis-
tinguish between ga/E and gne based on homology alone.
The reason lies in a limited number of the enzymes that
are characterized biochemically and the capability of the
4-epimerases to possess both activities with a better speci-

RmlA RmIB*
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ficity towards either UDP-Glc/Gal or UDP-GIcNAc/
GalNAc, or the same specificity for both substrates [89].

Full genome search for homologs of UDP-Glc and
UDP-GIcNAc 4-epimerases in P. alcalifaciens, P. stuar-
tii, and P. rustigianii retrieved three genes: ga/FE in the gal-
operon (except for P. alcalifaciens), galE in OGC, and a
gene with <27% homology to all genes listed in Table 5 (a
putative gene for UDP-GIcA 4-epimerase). A homolog of
galF is located at the 3'-end of all sequenced OGC next to
wza, wzb, wzc in a conservative region, which is distin-
guished by GC% content close to the average genome
level [43, 78, 79]. In P. alcalifaciens O19, whose genome
lacks the gal-operon while the O-antigen contains Gal,
this gene evidently encodes UDP-Glc 4-epimerase. In
serogroups 022 and 044, Gne is necessary for the syn-
thesis of GalNAc-containing O-antigens, and again galF
is the only possible candidate in OGC for assignment of
the gne function. galFE together with the wz genes also
retains in serogroups that do not request the UDP pre-

D-Glc-1-P —— dTDP-D-Glc —— dTDP-6- deoxy-D-xylo -hexos-4-ulose

RmiC

FdtA
thA

VioA

D-Glc-1-P GLIU) UDP-p-Glc —% UDP-p-Gal

Ugd
——> UDP-D-GlcA

b

GImU Gne
D-GIcN-1-P—— UDP-D-GIcNA¢c——> UDP-D-GalNAc
WecA”

WbgZ

> dTDP-6-deoxy-L-lyxo-hexos-4-ulose —

RmID i TDP-L-Rha

L dTDP-L-6dTal

FdtB FdtC
——> dTDP-6-deoxy-D-xylo-hexos-3-ulose ——> dTDP-D-Fuc3N —— dTDP-D-Fuc3NAc

QdtB

dTDP-6-deoxy-D-ribo-hexos-3-ulose —— dTDP-D-Qui3N Qd :di dTDP-p-Qui3NFo

VioF
—— dTDP-D- Qu14N—> dTDP-p-Qui4NFo

Gnu

—— UndPP-D-GIcNA¢c —— UndPP-p-GalNAc

L- -5 UDP-2-acetamido-2,6-dideoxy-D-xylo-hexos-4-ulose \_’V_lzg_)_() UDP-D-FucNAc4N

ManA” ManB ManC
D-Fru-6-P —— D-Man-6-P —— D-Man-1-P —— GDP-D-Man

|

|
GDP-p-Man G_md) GDP-6-deoxy-D-lyxo-hexos-4-ulose —% GDP-L-Fuc —QP——> GDP-L-Qui

ColD . ColC
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D-Ribulose-5 P@) D-Ara-5-P @) Kdo-8-P K;)dsc Kdo @) CMP-Kdo

Fig. 4. Biosynthetic pathways for nucleotide-activated monosaccharides involved in synthesis of Providencia O-antigens. Putative pathways
are denoted by dash lines. * The enzyme is encoded by a gene located in the ECA gene cluster and is duplicated in OGC only as a part of the
rmIBDAC operon. ® The enzyme is encoded by the gene located outside OGC.
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Table 5. Homology of putative Providencia Glc/GlcNAc 4-epimirases and related E. coli proteins with defined func-

tions
% identity to
Bacterium Enzyme (GenBank
accession number) Gnu (UndPP-GIcNAc | Gne (UDP-GIcNAc GalE in gal-operon
4-epimerase) 4-epimerase) (UDP-GIc 4-epimerase)
E. coli 086 E. coli 086 E. coli O157 | P. stuartii O47
(AAO37706) (AAO37708) (EFX22315) | (EDU60138)
P. alcalifaciens Gnu in OGC (AEB61521) 51 25 28 27
040 GalE in OGC (AEB61522) 26 53 61 72
P. stuartii 047 GalE in OGC (EDU61601) 28 54 59 71
GalE in gal-operon 26 54 64 100
(EDU60138)
P. rustigianii Gnu in OGC (EFB70733) 50 26 28 28
DSM 4541 GalE in OGC (EFB70732) 27 53 59 71
GalE in gal-operon 26 53 65 79
(EFB73183)

Table 6. Homology of CMP-Kdo biosynthesis enzymes encoded in OGC of P. alcalifaciens 036 to those encoded in
P. alcalifaciens genome outside OGC and most similar proteins in other bacteria

Protein encoded in OGC of P. alcalifaciens 036
(GenBank accession number)

KdsA (AEB61502)

KdsB (AEB61503)

KdsD (AEB61504)

Similar proteins % identity
(GenBank accession number)
KdsA P. alcalifaciens (EEB45026)* 42
KdsA Vibrio cholera (EFH72971) 85
KdsA Marinomonas sp. (EAQ66008) 84
KdsB P. alcalifaciens (EEB47138)* 36
KdsB Marinomonas sp. (EAQ66006) 56
KdsB Vibrio splendidus (EGU40395) 54
KdsD P. alcalifaciens (EEB45781)% 45
KdsD Vibrio fischeri (AAW84674) 68
KdsD Pseudoalteromonas sp. (ADT67411) 67

* Encoded outside OGC.

cursors of Gal and GalNAc for the O-antigen synthesis,
while the rest of OGC varies from serogroup to serogoup.

Another GalNAc precursor, namely UndPP-
GalNAc, is necessary for the synthesis of the O-antigen of
serogroup 040, in which GalNAc is the first monosac-
charide in the biological repeating unit. Accordingly, a
homolog of the gnu gene responsible for the synthesis of
UndPP-GalNAc from UndPP-GIcNAc (see above) was
found in OGC of this bacterium [43] as well as in OGC of
P. rustigianii DSM 4541, whose O-antigen structure is
unknown (Table 5).
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The rmiA and rm/B genes encode enzymes for two
initial steps of synthesis of dTDP-L-Rha and a number of
other 6-deoxy sugars, which are activated as dTDP-
monosaccharides. Both genes are located in the ECA
gene cluster as RmlA and RmlB are involved in synthesis
of an ECA component, D-Fuc4NAc. In Providencia,
rmliA is always duplicated in OGC, whereas rm(B is dupli-
cated only as a part of the rm/BDAC operon for synthesis
of dTDP-L-Rha [78].

Four genes kdsABCD are necessary for all enterobac-
teria, including Providencia, for synthesis of CMP-Kdo, a
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substrate of Kdo-transferase, which participates in the
assembly of LPS core. These genes are usually scattered
around the chromosome. In P. alcalifaciens O36 that con-
tains Kdo not only in the core but also in the O-antigen,
three from the four genes are duplicated in OGC [78].
Notably, kdsA, kdsB, and kdsD in 036 OGC showed a
higher degree of amino acid similarity to the homologous
genes in marine bacteria (Marinomonas, Pseudoaltero-
monas, Vibrio sp.) than to those for the Providencia core
Kdo synthesis located outside OGC (Table 6). This finding
and a close structural similarity between the polysaccha-
rides of P. alcalifaciens O36 and Pseudoalteromonas flavip-
ulchra suggest that kds genes in OGC of Providencia have
been acquired by horizontal transfer. Remarkably, in two
strains of Cronobacter sakazakii, whose O-antigen struc-
tures are not related to that of P. alcalifaciens 036, no gene
for synthesis of CMP-Kdo is duplicated in OGC [81, 90].

Biosynthetic pathways for 14 from 17 monosaccha-
rides shown in Fig. 4 were verified by biochemical studies
[91]. Particularly, the last step of - TDP-D-Qui4NFo syn-
thesis, transfer of a formyl group to the amino group of
dTDP-D-Qui4N, was demonstrated in vitro using formyl-
transferase VioF cloned from OGC of P. alcalifaciens O30
[79]. Cloned enzymes from P. alcalifaciens O39 were used
to reproduce the three-step synthesis of GDP-Col from
GDP-Man [78], which had been elucidated first in
Yersinia pseudotuberculosis [92, 93].

UDP-D-FucNAc4N presumably is synthesized from
UDP-GIcNAc in two steps involving UDP-GIcNAc 4,6-
dehydratase (WbgV or WbgZ) and aminotransferase
WbgX [86, 94]. In two Providencia serogroups that con-
tain D-FucNAc4N (022 and 030), OGC includes
homologs of wbgZ and wbgX. The absence of wbg) sup-
ports the suggestion of Xu et al. to revise the UDP-
GIlcNAc 4,6-dehydratase function from WbgV to WbgZ
[94]; however, the final decision on this matter requires
biochemical confirmation.

In contrast to many other 6-deoxy sugars, the
biosynthetic pathway of L-quinovose (Qui) in bacteria
remained unknown until recently, probably, owing to a
low abundance of this monosaccharide in polysaccha-
rides. For the first time, L-Qui was reliably identified in
bacteria as a component of the O-antigen of P. stuartii
044 (earlier, L-Qui had been tentatively identified in
Legionella feeleii [95]). Recent discovery of L-Qui in the
O-antigen of Yersinia pseudotuberculosis O12 and analysis
of OGC of this bacterium, including its comparison to
OGC of P. stuartii 044, enabled suggestion that GDP-L-
Qui is synthesized in one step from GDP-L-Fuc by GDP-
L-Fuc 4-epimerase called Qui [96]. Earlier, the qui gene
in OGC of P. stuartii O44 was identified erroneously as
the gne gene for UDP-D-GIcNAc 4-epimerase [78].

Providencia is a genus of ubiquitous opportunistic
Gram-negative bacteria from the Enterobacteriaceae
family, which may be a part of normal microflora of
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human intestines. The taxonomic position of Providencia
has been revised repeatedly. The genus is closely related to
the Proteus and Morganella genera, and the three were
considered for a while as members of the Profeaee tribe.
Providencia alcalifaciens and P. stuartii were the first
Providencia species classified serologically by Ewing.
Later, some P. alcalifaciens strains were reclassified as P.
rustigianii, and currently the Ewing’s classification
scheme includes the three species.

Later studies revealed discrepancies in the original
Ewing’s collection of 62 Providencia O-serogroup type
strains. Thus, strains of four serogroup pairs 020/026,
024/042, 035/039, and O55/057 possessed pairwise
identical O-antigens, and strains of serogroups O58 and
059 were found to belong to the genus Morganella. The
mistakes in classification and serotyping were corrected
by Penner, who replaced strains of 10 serogroups and
added a new serogroup, 063. However, the original
Ewing’s type strains do remain in some other collections,
including the Hungarian Collection of Medical Bacteria,
which was used in structural and genetic studies of
Providencia O-antigens. It is advisable to use in further
studies the revised Penner’s typing scheme, which is most
comprehensive at present.

The unique O-antigen structures have been estab-
lished for 36 from 63 Providencia O-serogroups. O-Anti-
gens of 9 serogroups have not been studied, and strains
from 18 other serogroups from the Hungarian collection
have lost the ability to produce O-polysaccharide-con-
taining S-form LPS. Their replacement by strains from
Penner’s collection would allow further structural studies
of Providencia O-antigens.

Providencia O-polysaccharides studied to date are
distinguished by structural diversity due to variations in
constituent monosaccharides (neutral sugars, amino and
diamino sugars, their 6-deoxy derivatives, uronic and
aldulosonic acids) and non-carbohydrates components
(amino and hydroxy acids, pyruvic acid, phosphates of
glycerol and glyceramide), the way they are arranged in
repeating units, and the mode of the linkage between the
repeating units. In some serogroups, a regular O-antigen
structure is masked by non-stoichiometric O-acetylation
of a sugar residue.

Most O-polysaccharides are acidic due the presence
of carbohydrate or non-carbohydrate organic acids
and/or phosphate groups. Some O-antigens contain both
positive (amino group of FucNAc4N, alaninolysine or
alanopine) and negative (carboxylate or phosphate)
charged groups, i.e. have zwitterionic character. In con-
trast to neutral and acidic polysaccharides, which induce
a T-independent response and no immune memory, zwit-
terionic polysaccharides are immunomodulating T-
dependent antigens. The unique feature of zwitterionic
repetitive patterns useful for design of vaccines first was
described for capsular polysaccharides [97] but recently
has been demonstrated for O-antigens too [56].
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Some Providencia O-antigens display a marked
structural similarity to O-antigens of Proteus, Shigella,
and Pseudoalteromonas, and O-antigens of P. stuartii O47
and Shigella boydii O5 are even identical. A combination
of structural and serological data allowed identification of
putative common epitopes responsible for the cross-reac-
tivity of strains within the genus Providencia and between
Providencia and other enterobacteria. Most often it is
associated with non-carbohydrate substituents and
monosaccharides (usually 6-deoxyamino sugars or aldu-
losonic acids) that occupy the terminal non-reducing end
of a polysaccharide chain, where they are most readily
available for interactions with cells of the immune system
and antibodies.

A polymorphous O-antigen gene cluster was found
between the housekeeping genes cpxA and yibK and
sequenced in 13 strains of Providencia, including 10 strains
with known O-antigen structure. Bioinformatic analysis of
genes in OGC has shown the necessity of, and opened the
way for, further studies of Providencia O-antigens in vari-
ous directions. Putative biosynthetic pathways suggested
for D-FucNAc4N and L-Qui have to be verified biochem-
ically. In P. alcalifaciens 039, OGC between cpxA and
yibK is evidently inactivated, and search for the function-
al genes necessary for synthesis of the existing O-antigen
should be based on the full genome sequencing. Of partic-
ular interest is examination of the roles of the wza, wzb,
wze homologs found in all Providencia OGC sequenced so
far except for P. rustigianii. These genes are responsible for
synthesis of capsular polysaccharides, and their location in
OGC has been reported for no other bacteria. A compari-
son of gene clusters for related O-antigens in various bac-
teria will provide insight into the evolutionary history of
the O-antigen diversification. From a practical point of
view, data of OGC are necessary for development of a
molecular typing method for Providencia strains based on
genes specific for each O-serogroup.
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