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Abstract

Nonulosonic acids (NulOs) are a diverse family of 9-carbon a-keto acid sugars that are involved in
a wide range of functions across all branches of life. The family of NulOs includes the sialic acids
as well as the prokaryote-specific NulOs. Select bacteria biosynthesize the sialic acid A+
acetylneuraminic acid (Neu5Ac), and the ability to produce this sugar and its subsequent
incorporation into cell-surface structures is implicated in a variety of bacteria-host interactions.
Furthermore, scavenging of sialic acid from the environment for energy has been characterized
across a diverse group of bacteria, mainly human commensals and pathogens. In addition to sialic
acids, bacteria have the ability to biosynthesize prokaryote-specific NulOs, of which there are
several known isomers characterized. These prokaryotic NulOs are similar in structure to NeuSAc
but little is known regarding their role in bacterial physiology. Here, we discuss the diversity in
structure, the biosynthesis pathways, and the functions of bacteria-specific NulOs. These
carbohydrates are phylogenetically widespread among bacteria, with numerous structurally unique
modifications recognized. Despite the diversity in structure, the NulOs are also involved in
functions such as motility, biofilm formation, host colonization, and immune evasion.

The Biosynthesis and Role of Sialic Acids in Human Physiology

N-acetylneuraminic acid (NeuSAc sialic acid) is a 9-carbon acidic amino sugar first

identified in bovine submaxillary mucin in 1936. NeuSAc was the first described member of

a family of carbohydrates known as nonulosonic acids (NulOs). Decades of research have

been dedicated to characterizing the structural diversity and biological significance of NulOs

[1]. Within the sialic acids, there are over 50 different structural variations, including A~
glycolylneuraminic acid (Neu5Gc), found in most nonhuman mammals, and 2-keto-3-

deoxy-p-glycero-p-galacto-nononic acid (Kdn), typically found in lower ordered vertebrates,
all of which perform a wide range of functions in eukaryotes [2]. The sialic acids are most
commonly the terminal carbohydrate in oligosaccharide chains; thus, they are the first point
of contact for many molecular interactions. Neu5Ac, the predominant NulO in humans,
requires three enzymes for production. First, a UDP-N-acetylglucosamine (UDP-GIcNAC) is
epimerized to form A-acetylmannosamine (ManNAc), which is phosphorylated by the same
bifunctional enzyme UDP-GIcNAc epimerase (GNE), a hydrolyzing 2-epimerase, and a
ManNAc kinase, forming a 6-carbon sugar intermediate ManNAc-6P [3,4] Figure 1). This 6-
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carbon phosphorylated intermediate is condensed with 3-carbon phosphoenolpyruvate (PEP)
resulting in a 9-carbon A-acetylneuraminic acid-9P (Neu5Ac-9P) through the action of N-
acetylneuraminic acid 9-phosphate synthase (NANS) [3,4]. The phosphorylated Neu5Ac-9P
is dephosphorylated by A-acetylneuraminate 9-phosphate phosphohydrolase (NANP).
Neu5Ac is activated by cytidine 5-monophosphate (CMP) Neu5Ac synthetase resulting in
CMP-Neu5Ac, which is available for transfer to downstream targets [4] (Figure 1). For
humans, Neu5Ac is present on every cell type and is involved in self-recognition and cell-
cell communication. In the terminal position, sialic acids and various binding partners have
evolved to play a critical role in modulating the immune response in humans and is one of
the main mechanisms to distinguish self from non-self [5]. For example, the serum protein
Factor H will bind to sialic acid residues on host cells and prevent the activation of the innate
immunity complement cascade and cell lysis [5]. Additionally, a class of lectins, known as
the sialic-acid-binding-immunoglobulin-like lectins (Siglecs) will recognize surface sialic
acids in various number and linkages [6-8]. The masking effect of sialic acids is, in part,
why cancerous cells will typically become hypersialylated and thus undetectable by immune
cells [9,10]. In addition, sialic acids are an essential component of all mucous membranes,
where the negatively charged molecules will repel one another resulting in a sliding effect as
well as providing protection, particularly against bacteria [11].

Bacterial Biosynthesis of N-acetylneuraminic Acid

Due to the clear significance of NeuSAc in humans, there has been considerable research to
understand the role of sialic acid in microbes. Many bacteria will decorate their cell surface
structures with sialic acid either by de novo biosynthesis or scavenging from the surrounding
environment [12]. De novo biosynthesis of sialic acid has been demonstrated in
Campylobacter jefuni, Escherichia coli, Neisseria meningitidis, and Streptococcus agalactiae
or Group B streptococci (GBS) [13-21]. Scavenging of sialic acid for incorporation into
surface structures was shown for Haemophilus ducreyi, Haemophilus influenzae, Pasteurella
multocida, and Pseudomonas aeruginosa [22-33]. The first example of bacterial biosynthesis
of sialic acid is the polysialic capsular polysaccharide of £. coli[22]. Since then, Neu5Ac
has been identified in the outer-membrane lipopolysaccharide (LPS) or low-molecular-
weight outer-membrane component lipooligosaccharide (LOS) and/or capsule
polysaccharide (CPS) of many Gram-negative and Gram-positive bacteria that produce them
(Figure 2) [13-19].

These surface structures perform a variety of functions for the bacteria as well as serving as
potential virulence factors. The LPS is generally a defining feature of Gram-negative
bacteria and is composed of three components: the O-antigen, core oligosaccharide, and the
lipid A. The O-antigen is a repeating unit oligosaccharide and is the outermost exposed
feature of the LPS. Following the O-antigen is the inner core, which is a shorter
oligosaccharide domain that links directly to the lipid domain known as lipid A. Some
bacteria will lack the outermost O-antigen and have only the core and lipid A domains,
which together constitute the LOS. The bacterial capsule is composed of organized
polysaccharides secreted from the cell and is not easily dissociated.
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At the biochemical and genetic level, the NeuSAc biosynthesis pathway has been extensively
studied. Biosynthesis of sialic acid in bacteria begins with the metabolite UDP-GIcNAc, a
substrate of bacterial cell wall biosynthesis, which can be converted to ManNAc through the
action of UDP A-acetylglucosamine hydrolyzing 2-epimerase (NeuC) (Figure 1) [4,34]. The
function of NeuC is to hydrolyze the UDP moiety and isomerize the carbohydrate [35].
Where bacteria and humans differ is through the action of Aacetylneuraminate synthase
(NeuB), which can directly convert ManNAc, with the addition of PEP to Neu5Ac and no
phosphorylated intermediates [4,34] (Figure 1). The final step is performed by N~
acetylneuraminate cytidylyltransferase (NeuA), which activates NeuSAc by adding a CMP
moiety to the hydroxyl group on C-2 of the sialic acid in a reaction homologous to the
enzyme present in humans [34] (Figure 1). This step is required for the NeuSAc to be
recognized by sialyltransferases and incorporation into bacterial surface structures (Figure
1). Sialic acids can be modified, typically via NeuD within the neu gene cluster, which G-
acetylates monomeric sialic acid. NeuD was first described in GBS strains but
bioinformatics analysis also suggested that the O-acetyltransferase was present in £. coli, C.
Jejuni, and N. meningitidis [36-39]. In E. coli K1, the neuO gene, which is within a
prophage, is required for C-acetylation of polymeric sialic acid [37].

Sialic Acids as Bacterial Virulence Determinants

Neu5Ac biosynthesis has been demonstrated in a growing list of bacterial species, which
includes host-adapted commensals and pathogens. Most of the research has focused on the
ability of this carbohydrate to act as a molecular mimic for invading bacterial human
pathogens [40]. Ultimately, pathogen surface sialylation camouflages the bacteria from the
host. The presence of sialylated surface structures in pathogens affects susceptibility to
bactericidal antibodies and phagocytosis, as well as resulting in decreased complement
activation and neutrophil adherence [18,41,42]. A model system for NeuS5Ac bacterial
modification is GBS, a leading cause of neonatal pneumonia, septicemia, and meningitis.
GBS produce a capsular polysaccharide in which sialic acids present as terminal caps are
considered essential for evading the host’s immune response and promoting survival /in vivo
[14]. The mechanisms include interference with the host’s complement system and engaging
the host’s immune receptor Siglecs to dampen the innate immune response [41 —43].
Specifically, GBS sialylated capsular polysaccharide interacts with the inhibitory Siglec-9 to
blunt neutrophil activation and bacterial activity [41]. C. jejuniis a leading cause of
gastroenteritis, and many strains have a sialylated LOS that is required for invasion and
serum resistance [24,44]. In addition, some C. jejuni strains expressing specific sialic
linkages that are structurally similar to human gangliosides are associated with the
neurological disorder Guillain— Barré syndrome [45].

Sialic acid is present in surface structures of the human pathogens N. meningitidis, Neisseria
gonorrhoeae, H. influenzae, Helicobacter pylori, and Salmonella enterica amongst others
[13,24,46-49]. Nontypeable H. influenzae (NTHi), a host-adapted pathogen, causes
respiratory tract infections and can cause major complications in and exacerbation of chronic
obstructive 115 pulmonary disease (COPD). NTHi does not biosynthesize Neu5Ac and must
scavenge it from 116 its host [50]. Incorporation of Neu5Ac into the LOS in NTHi is an
important mechanism for 117 protection against host adaptive and innate immune factors as
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well as bacterial biofilm formation 118 [51-53]. Incidentally, NTHi can acquire human
dietary Neu5Gc to decorate its outer membrane, 119 and it was demonstrated to have
evolved to preferentially incorporate NeuS5Ac into its LOS [54]. 120 Similarly, the host-
adapted pathogen Streptococcus pneumoniae also preferentially targets and 121 utilizes
Neu5Ac over Neu5Gc [55]. This bias against Neu5Gc incorporation into LOS makes 122
evolutionary sense given that Neu5Gc is recognized as foreign in the human host and thus
123 would target the bacterial cell for the host’s immune response.

Beyond biosynthesis, select bacteria can catabolize sialic acid and use it as a nutrient for
niche expansion [56-59]. The ability to catabolize Neu5Ac is widespread among commensal
and pathogenic species, and this ability is an important phenotype for host-bacteria
interactions [57-61]. This is exemplified by the pandemic pathogen Vibrio cholerae, which
secretes a sialidase that cleaves sialic acids from host intestinal glycans, exposing the
cholera toxin receptor to cause the diarrheal disease cholera [62]. V/ cholerae catabolizes
free sialic acid as a sole carbon source by uptake via a specialized transporter, and this
catabolic ability is essential for optimal intestinal colonization [57,60,63].

Prokaryote-specific NulOs

While sialic acid is present in eukaryotes and some prokaryotes, it is not the predominant
NulO present on bacterial cell surfaces. This domain of life produces prokaryote-specific
NulOs (Figure 3). These carbohydrates bear a strong resemblance to Neu5Ac but are derived
from 5,7-diamino-3,5,7,9-tetradeoxynon-2-ulosonic acids (Figure 3). The first described
prokaryotic NulO was discovered in the LPS of both Ps. aeruginosa and Shigella boydii,
opportunistic and gastrointestinal pathogens respectively [64]. This NulO, named
pseudaminic acid (Pse), is the L-glycero- L-manno isomer of the bacteria-specific NulOs
and is present in various bacterial cell-surface structures, including the LPS and CPS, as well
as glycosylated proteins of the surface layers (S-layers), flagellin, and pili (Figure 2, Table
1). The S-layer is a proteinaceous cell-envelope component, present in many bacteria, in
which the proteins are frequently glycosylated [65,66]. The S-layer serves numerous
functions in bacteria, including: protection, adhesion, resistance against abiotic stressors,
and cell-membrane stabilization among others [65,66]. The 5,7-A-acetyl form of Pse
appears to be the predominant molecule used for bacterial glycosylation of ace structures
(Table 1), although several derivatives are known and utilized, which include 147 :amidino
and acetylated forms, as well as a hydroxyproprionyl substituted form and a form 148 to
which an A-acetylglutamine residue is attached (Table 1) [ 67,68].

The p-glycero-o-galacto NulO isomer named legionaminic acid (Leg) was first identified in
Legionella pneumaophila, the causative agent of the respiratory infection Legionnaires’
disease (Figure 3) [69]. Similar to Pse, Leg is present in the LPS of various bacteria as well
as in CPS and the flagellin protein of the flagellum (Figure 2, Table 2). Furthermore, the first
example of a legionaminic biosynthesis pathway in Archaea was the recent demonstration of
N-linked glycosylation of the S-layer from Halorubrum sp. PV6 [67]. Pse biosynthesis
previously had been demonstrated in the archaean Methanobrevibacter smithii [16]. Several
epimers of Leg have been characterized - 4-epi legionaminic acid and 8-epi legionaminic
acid - which are much more limited in their distribution (Figure 3, Table 2). More recently, a
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novel isomer named acinetaminic acid was identified in the CPS of the multidrug-resistant
pathogen Acinetobacter baumannii. ThisNulO is the 7,8-epimer of Leg taking on the .-
glycero--altro confirmation (Figure 3, Table 3) [70]. In another A. baumannii strain, an 8-
epiacinetaminic acid, the 7-epimer of Leg, was present 161 in the CPS (Figure 3, Table 3)
[ 71]. A novel NulO, described as fusaminic acid, is present in the LPS of Fusobacterium
nucleatum strain 25586, a bacterium that is associated with periodontitis. Fusaminic acid
was proposed to have the L-glycero-L-gluco confirmation, but lacked the amino group of
C-7; rather, this position is occupied with a hydroxyl group (Figure 3, Table 3) [ 72]. This
was the first description of a 9-deoxynonulosonic acid with a hydroxyl group at C-7 [72].

Biosynthesis of Prokaryotic NulOs

The biosynthetic pathways for both Leg and Pse acid are characterized fully in a number of
bacterial species [73-76]. The complete pathway for Pse was first demonstrated in its
entirety via chemienzymatic synthesis from H. pylori (Figure 4) [75]. The pathway initiates
with a UDP-GIcNACc and requires six enzymes: PseB (a dehydratase/epimerase), PseC (an
aminotransferase), PseH (an N-acetyltransferase), PseG (an NDP-sugar hydrolase removing
UDP), Psel (which condenses the product of PseG with pyruvate to generate pseudaminic
acid), and finally PseF (which activates Pse with a CMP moiety allowing for incorporation
of the carbohydrate in downstream targets) (Figure 4) [68,77]. Not long after the
characterization of the pseudaminic acid pathway, the total biosynthesis of legionaminic acid
was described in its namesake bacterium L. pneumophilaand in C. jejuni [73,74].
Interestingly, the biosynthesis of Leg in C. jejuni proceeds via a GDP-nucleotide linkage
opposed to the more typical UDP carrier [74]. The authors speculated that utilizing multiple
nucleotide carriers is a mechanism to separate similar biosynthetic pathways within a given
cell. In addition to the difference in nucleotide carrier, there are multiple alternative
epimerization reactions, accounting for the hallmark sterecisomers of Leg and Pse (Figure 4)
[74].

The more recent discovery of acinetaminic acid and 8-epiacinetaminic acid in A. baumannii
has provided further insight into the alternative biosynthetic pathways of these unique
carbohydrates [70,71]. Based on carbohydrate content and genetic analysis, pathways for
both 8-epilegionaminic acid and acinetaminic acid were proposed (Figure 4) [70]. In both
cases it is expected that biosynthesis proceeds through Leg prior to a series of dehydration/
reduction reactions to change the stereochemistry (Figure 4). Specifically, ElaA is proposed
to act as a C-8 dehydrogenase forming the keto group on CMP-legionaminic acid prior to
the reduction proposed to be catalyzed by ElaC resulting in CMP-8-epilegionaminic acid
(Figure 4). A biosynthetic route for 4-epilegionaminic acid has yet to be proposed; however,
it is likely dependent on dehydrogenase/reductase activity, and the gene candidates are likely
clustered with the other NulO biosynthesis genes. Similar to 8-epilegionaminic acid, the
generation of CMP-acinetaminic acid is predicted to depend on the dehydrogenase/reductase
activity of AciB, dehydrogenase activity of AciC, and reductase activity of AciD (Figure 4).
It will be of interest to characterize these enzymes to fully assign their functions and role in
the biosynthesis of 8-epilegionaminic acid and acinetaminic acid.

Trends Microbiol. Author manuscript; available in PMC 2022 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McDonald and Boyd

Page 6

Following the identification of Aci, a second novel isomer, 8-epiAci, was characterized from
the CPS from an additional strain of A. baumannii[71]. The authors characterized the NulO
biosynthetic genomic region between the strains and found that a single gene was variable
between 220 two [71]. Specifically, the gene ac/B, annotated as a dehydrogenase and
predicted to be involved in the formation of Aci, was replaced with ac/k, a gene predicted to
encode a nonorthologous dehydrogenase. It can be surmised that the formation 8-epiAci is
via a similar pathway as predicted for Aci proceeding first through Leg and the
epimerization is due to the action of AciE rather than AciB. Within A. baumannii, a wide
array of NulOs have been identified, including Pse, Leg, 8-epiLeg, as well as the
aforementioned Aci and 8-epiAci, which to date have only been identified within this
species [68,70,71]. The array and prevalence of NulOs within the species suggests that this
class of carbohydrates is an important feature for this clinical nosocomial pathogen.

Genomic and metabolic profiling of NulOs from members of the family Vibrionaceae
showed that these carbohydrates were phylogenetically widespread, highly diverse, and that
many species produced di- V-acetylated NulOs [78,79]. In addition, in the marine genera
Vibrio, Aliivibrio, and Photobacterium, genes with homology to rneuD are present within the
NulO gene clusters, suggesting that O-acetylation is likely to be an important modification
of these molecules. Within one species, Vibrio vulnificus, a deadly opportunistic pathogen of
humans, several divergent NulO gene clusters were described [78,80]. These data suggested
that NulOs have diverse roles in environmental persistence and/or virulence of these species.
It was demonstrated that, in V/ vuinificus, CMCP6, a novel modified Leg with an N-acetyl-
p-alanyl modification at the C-7 position named 5- A-acetyl-7- A-acetyl-p-alanyl-
legionaminic acid (Leg5Ac7AcAla), is produced [80]. Bioinformatics, genetic and
functional analyses suggest that the Leg5Ac7AcAla biosynthesis pathway differs from the
canonical Leg pathway (Figure 4). Many of the steps in Leg5Ac7AcAla biosynthesis are
predicted to be carried out by homologs (LegB, LegC, LegG, Legl, and LegF) of the Leg
biosynthesis proteins from previously described Leg pathways (Figure 4). However, several
novel genes are present within the operon, named nab4, nab5, and nabé, suggesting key
differences with the Leg pathway. The nab4 gene is predicted to encode an alanyl-transferase
that adds an alanyl-moiety to the carbohydrate prior to epimerization by LegG. It is
speculated that the sugar carrier UDP is hydrolyzed by the product of nabé, which, based on
HHpred, contains a nucleotide-binding domain as well as a nucleotidyl-87 transferase
domain [80]. The alanine-containing intermediates continue through the canonical Leg
pathway, resulting in CMP-Leg5Ac7Ala [80]. In typical NulO biosynthesis pathways,
activation by CMP is the final step prior to incorporation into downstream glycans. In V/
vulnificus CMCP6, acetylation of the p-alanine group via Nab5, which contains an
acetyltransferase (GNAT) domain and has been shown to be required for NulO biosynthesis
in this strain, occurs following CMP activation [80]. Incidentally, it was also shown that V/
vulnificus CMCP6 can catabolize modified Leg, and this is one of the few examples
demonstrating bacterial catabolism of bacteria-specific NulOs [80]. Bioinformatics analysis
demonstrated that the CMCP6 Leg5Ac7AcAla biosynthesis pathway is present in several
Vibrio species as well as in other Gamma Proteobacteria [80]. Recent genomic and
biochemical analyses within the families Vibrionaceae and Moritellaceae, which contain
major fish pathogens, has identified novel NulO biosynthesis pathways, presenting the
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potential for additional structures to be uncovered. In addition, this same study identified a
NulO pathway in Aliivibrio wodanis homologous to V. vulnificus CMCP6, and this strain is
predicted to produce Leg5Ac7AlaAc [79].

Beyond the seven currently described isomers of bacterial NulOs, many modifications of
these carbohydrates are identified in various glycan structures further adding to the diversity
of these unique sugars (Tables 1 and 2). Much is to be learnt regarding these modifications
and the enzymes required in the biosynthesis pathways. Nevertheless, as more NulOs are
identified and paired with genomic sequence data, insights into these modifications are
being revealed. As exemplified by the pathway described above for V/ vulnificus, the
modifying enzymes are often associated within the same genomic context as canonical NulO
biosynthesis genes. Again, this is also the case for the proposed pathways for Aci and 8-
epilegionaminic acid in A. baumanniiisolates where the enzymes involved in the
epimerization reactions are clustered with the canonical Leg genes [70].

Importance of Prokaryotic NulO Biosynthesis

The role of prokaryotic NulO biosynthesis has been elucidated in a number of species,
predomi-nately human pathogens. In bacteria, NulOs decorate several different cell-surface
structuresdepending on the species and/or strain examined, and they play a role in survival
and colonization of host systems. The gastroenteritis-causing bacteria Aeromonas
hydrophila, C. jejuni, and H. pylori, and the oral pathogen 7reponema denticola heavily
glycosylate their flagellin proteins 277 either, and in some cases both, Pse and Leg residues
[81-84]. Deletion mutants in NulO biosynthetic pathways of these pathogens are nonmotile
and avirulent [24,81,85]. Specifically, the absence of PsesAm7Ac from C. jejuni81-176
resulted in a mutant that was deficient in adherence and invasion of intestinal epithelial cells
as well as attenuated in a diarrheal disease model [81]. Similar findings were demonstrated
in the spirochete 7. denticola, in which the inability to produce 2 unique Pse residue resulted
in amotility and no detectable flagellin proteins [86]. In Aeromonas species, marine bacteria
and human pathogens, the flagellum is also glycosylated with Pse 284 [84, Mutant
Aeromonas strains that were unable to produce Pse were nonmotile; however, 285 ir caviae,
a flagella glycosyltransferase mutant was hypermotile [84,87]. It was speculated that 286
glycosylation of flagellin with NulOs is part of a regulatory pathway to control motility
[83,87]. 287 necessity of NulOs in the motility of these bacteria is critical because motility is
often a required virulence factor in numerous bacterial pathogens [88].

There are limited studies that have determined whether the structurally similar Leg and Pse
variants or other bacterial NulOs have the same ability to interact with host immune cells
and cause immunosuppressive effects as sialic acid. In L. pneumophila serogroup 1, where
Leg was first identified in the LPS as a homopolymer, the repeating Leg units aid in
adherence to the alveolar macrophages in the lung and serve a sa virulence factor for this
serogroup [89]. A recent study in the periodontitis-causing bacterium 7annerella forsythia
demonstrated that there are strain-specific differences within the species in which some
strains glycosylate the S-layer with a modified Leg and others with a modified Pse [76]
(Tables 1 and 2). In 7. forsythia, the S-layer was shown to aid in survival in the natural
environment as well as serving as a virulence factor in infections by downregulating immune
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responses [90]. Researchers demonstrated that the absence of Leg or Pse residues in the
glycosylated S-layer result in differential release of several cytokines and chemokines
compared to the parental strains [91]. In particular, a Leg-deficient strain resulted in elevated
release of MIP-1a and RANTES, suggesting a possible role in dampening the immune
detection for 7. forsythia strains 302 [91]. Interestingly, in 7. forsythia strains which
glycosylate their S-layers with either Leg or Pse 303 there were variable levels of biofilm
formation [76]. It appears that NulO biosynthesis is an important 304 virulence determinant
for 7. forsythia, and all pathogenic strains have a NulO pathway whereas non-305
pathogenic strains do not [92]. A study in C. jejunialso demonstrated that Pse residues on
the 306 flagella can interact with Siglec-10 on bone-marrow-derived dendritic cells,
resulting in an anti-307 inflammatory response through the increased production of the
cytokine IL-10 [93]. This is one of 308 the few demonstrations of a prokaryotic NulO
interacting with a Siglec, suggesting the potential 309 for many more interactions that may
be occurring during infections.

NulO biosynthesis gene clusters are widespread within species belonging to the family
Vibrionaceae, and studies have demonstrated that a variety of di- A-acetylated NulOs are
produced by multiple strains of Vibrio parahaemolyticus, Aliivibrio fischeri, and V/
vulnificus among others [79,80,94]. The functional and physiological significance of NulO
biosynthesis was inves-tigated in two clinical V/ vuinificus strains, CMCP6 and YJ016, both
predicted to contain Leg butwith very different NulO biosynthesis gene clusters [80,94].
BothCMCP6 and YJ016 have NulO in the LPS, but CMCP6 produces 100-fold more NulO
than does YJO016 [94]. In strain CMCP6, the NulO operon consists of 11 genes, and in
YJO16 it consists of 14 genes. The first two genes, /egB and /egC, in the operon in both
strains are conserved and are involved in the first two steps of the biosynthesis pathway [80].
However, the rest of the NulO operons share less than 40% sequence homology and have
different gene complements [80]. The /eg/ gene, named nabZ2in these strains, encodes a
legionaminic acid synthase required for legionaminic acid synthesis through condensation of
its precursor with PEP. In both V. vulnificus strains, when /eg/ was deleted, these mutants
did not produce NulO [94]. The mutants showed increased sensitivity to the antimicrobial
peptide polymyxin B and were defective in biofilm formation and motility [80,94]. Utilizing
a mouse bloodstream model of infection, the NulO-deficient strains were attenuated and
were outcompeted /7 vivo compared to the wild-type parental strains [94]. To date, the
biological significance of the more recently discovered NulOs (i.e., Aci, 8-epiAci, or Fus)
(Table 3) has not been elucidated. It will be interesting to determine if the loss of these
carbohydrates results in physiological and pathogenic defects, as is described for Leg, Pse,
and Neu5Ac derivatives.

Concluding Remarks and Future Perspectives

Since their discovery over three decades ago, tremendous work has been accomplished to
better understand and characterize prokaryotic NulOs. It is clear that the biosynthesis of
these carbohydrates is widespread within the bacterial kingdom across highly diverse
families, suggesting the potential for a broad significance of these carbohydrates in nature.
Furthermore, there has been a wide diversity of prokaryote-specific NulOs identified to date.
As of now, there are seven isomers within the family with countless further modifications.
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Because of the uniqueness and physiological significance of these carbohydrates, the
biosynthetic pathways for canonical Leg and Pse were fully elucidated. The identification of
key enzymes in the synthesis of prokaryotic NulOs allowed genetic manipulation, resulting
in a better understanding of the physiological role of the NulOs. These carbohydrates are
frequently identified as glycosylation motifs of bacterial flagellin, and S-layer proteins and
modifications of LPS and CPS, where their presence is required for motility, biofilm
formation, antimicrobial resistance, and in many cases, virulence.

The investigations involving prokaryotic NulO biosynthesis have uncovered many key
findings; however, there is much left to be characterized regarding the significance of
prokaryotic NulOs. While these carbohydrates were identified in diverse bacterial species
along with numerous modifications, the biosynthesis pathways remain largely unknown
outside of the canonical pathways of Leg and Pse. Bioinformatics analyses can reveal
homologs of the essential genes of the pathways; however, there is little information
regarding how the various modifications fit into currently known routes of biosynthesis. A
concerted effort is needed to fully elucidate the biosynthetic pathways of these unique
carbohydrates; fortunately, the addition of synthetic approaches holds promise in aiding
these efforts [77].

Moreover, compared to Neu5Ac, the biological significance of prokaryotic NulOs is
understood much less. It is clear that, when strains and species of bacteria lose the ability to
produce prokaryotic NulQOs, there are dramatic physiological defects. Despite these observed
phenotypes, the exact mechanism of how the prokaryotic NulOs are involved has yet to be
characterized. In addition, more work is needed to determine whether known sialic acid-
recognizing proteins, such as Siglecs or components of the innate immune system, will also
interact with prokaryotic NulOs. Beyond this, the predominance of modifications will alter
the types of interaction that can occur with regard to recognition motifs. Ultimately,
understanding the biosynthetic routes and characterizing the interactions between
prokaryotic NulOs and the environment are integral steps in developing therapeutics that can
target these key carbohydrates in numerous human and animal pathogens.
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Highlights

Nonulosonic acids (NulOs) are a diverse family of 9-carbon a-keto acid sugars that
encompass the sialic acids (i.e., NeuSAc) and prokaryote-specific NulOs.

In this review, we discuss bacterial biosynthesis of NeuSAc, and its incorporation into
cell-surface structures, as well as the scavenging of this carbohydrate. We review the
importance of sialic acids in surface structures for host-pathogen interactions.

We discuss how bacteria have the ability to biosynthesize prokaryote-specific NulOs,
describe the known isomers, and review the diversity of modification in structures.
Wereviewthebiosynthesis pathways and examine the functions of bacteria-specific
NulOs, such as their role in motility, biofilm formation, and host immune avoidance.
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Outstanding Questions

Many of the NulO gene clusters are embedded within CPS clusters. How are these
diverse gene sequences acquired?

How does gene and protein sequence diversity translate into diversity of structure and
modification?

Prokaryotic NulOs are very much understudied, and the role of NulOs in the natural
environment, as well as in the host environment, requires more attention.

The distinct functions of NulO-modifying enzymes, and the significant role of NulOs in
pathogens, makes the NulO biosynthetic proteins ideal targets for novel antimicrobial
therapies.
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Figure 1. Biosynthesis of N-acetylneuraminic (Sialic) Acid in Eukaryotes and Prokaryotes.
In eukaryotes, UDP-A~acetylglucosamine (UDP-GIcNAC) is epimerized to form A-

acetylmannosamine (ManNAc), which is phosphorylated by the same enzyme, UDP-
GIcNACc epimerase (GNE), a hydrolyzing 2-epimerase with a kinase domain, forming a 6-
carbon sugar intermediate, ManNAc-6P [1-3]. This 6-carbon intermediate is condensed with
3-carbon phosphoenolpyruvate (PEP), resulting in a 9-carbon A-acetylneuraminic acid-9P
(Neu5Ac-9P) by A-acetylneuraminic acid 9-phosphate synthase (NANS), which is
dephosphorylated by A-acetylneuraminate 9-phosphate phosphohydrolase (NANP). The
carbohydrate is activated by CMP-Neu5Ac synthetase (CSS). In bacteria, the biosynthesis
similarly begins with UDP-GIcNAc, which is converted to ManNAc via NeuC, a
hydrolyzing UDP-GIcNAC epimerase with no kinase domain. The Neu5Ac is produced via a
condensation reaction with PEP catalyzed by NeuB and is activated with CMP by NeuA.
CMP, cytidine 5’-monophosphate.
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Figure 2. Bacterial Surface Structures Decorated by Nonulosonic Acids (NulOs).
NulOs identified to date have be found in lipopolysaccharide (LPS), lipooligosaccharide

(LOS), and capsule polysaccharide (CPS) or as glycans on flagellin proteins of flagellum or
S-layer proteins.
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Figure 3. Nonulosonic Acids (NulOs) Present in Bacteria.
The core structural isomers of NulOs commonly found in bacteria, including Neu5Ac and

the prokaryotic NulOs. The variability of these structures occurs in the orientation of the
core chiral carbons. Each of these carbohydrates is typically A-acetylated at position 5 for
Neu5Ac or 5,7 for the prokaryotic NulOs, as depicted here. Other modifications, besides

acetylation, have been identified.
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Figure 4. Biosynthesis Pathways of Pseudaminic Acid (Pse) and L egionaminic Acid (L eg), and

Predicted Pathways for 8-epilegionaminic Acid and Acinetaminic Acid.

The biosynthesis pathway for both Pse (blue) and Leg (green) acid requires six enzymes to
form activated CMP-NulO. The generation of CMP-8-epilegionaminic acid (red) and CMP-
acinetaminic acid (orange) was first predicted in Acinetobacter baumannii and has not yet

been validated. CMP, cytidine 5’-monophosphate.
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Examples of Bacteria Experimentally Shown to Contain Pseudaminic Acid and Its Derivatives

Table 1.

Pseudaminic acid

Vibrio vulnificus 27562

Escherichia coli 0136

Proteus vulgaris 039

Piscirickettsia salmonis 70
Pseudoalteromonas atlantica|AM 14165
Enterobacter cloacae C5529
Cellulophaga fucicola 68
Campylobacter fejuni 11168
Campylobacter coliNC167
Campylobacter jejuni 81-176
Helicobacter pylori 106
Aeromonas caviae UU51

Bacillus thuringiensis ATCC 35646
Rhizobium sp. NGR234

Acinetobacter baumannii A74
Kribbella spp. VKM

Actinoplanes utahensis

Pseudomonas aeruginosa 010a
Shigella boydii type7

Pseudomonas aeruginosa 09, O9b
Plesiomonas shigelloides 036
Pseudomonas chlororaphis UCM B-106
Escherichia coli 0165

Acinetobacter baumannii B11911
Pseudomonas aeruginosa O7a, 7b, 7d, 7d
Pseudoalteromonas distincta KMM 638
Vibrio cholerae O:2

Campylobacter jejuni 81-176
Campylobacter coliNC167
Sinorhizobium fredii HH103

Vibrio vulnificus 27562

Tannerella forsythia ATCC 43037
Campylobacter jejuni 11168
Campylobacter coliVC167
Campylobacter jejuni 81-176
Campylobacter jejuni 81-176

Treponema denticola

Structure

Lps?

LPS
LPS
LPS
LPS
LPS
LPS
Flagellin
Flagellin
Flagellin
Flagellin
Flagellin
Flagellin

CPS[7

CPS
Cell wall
Cell wall
LPS
LPS
LPS
LPS
LPS
LPS
CPS
LPS
LPS
LPS
Flagellin
Flagellin
LPS
LPS
S-layer
Flagellin
Flagellin
Flagellin
Flagellin
Flagellin

Functional groups

5,7-N-acetyl

5,7-N-acetyl
5,7-N-acetyl
5,7-N-acetyl
5,7-N-acetyl
5,7-N-acetyl
5,7-N-acetyl
5,7-N-acetyl
5,7-N-acetyl
5,7-N-acetyl
5,7-N-acetyl
5,7-N-acetyl
5,7-N-acetyl
5,7-N-acetyl

5,7-N-acetyl
7-3-hydroxybutyrate
7-3-hydroxybutyrate
7-3-hydroxybutyrate
7-3-hydroxybutyrate
7-3-hydroxybutyrate
7-3-hydroxybutyrate
7-3-hydroxybutyrate
7-3-hydroxybutyrate
7-3-hydroxybutyrate
7-formamido

7-formamido

5-acetamidino

5-acetamidino

5-acetamidino
5-acetamido-7-3-hydroxybutyramido
7-glycerate

5-Am-7-glycerate
O-methylglyceric acid
5-7-2N-2,3-dihydroxypropionyl
5-7-2N-2,3-dihydroxypropionyl
5-Am-7Ac-8- A-acetylglutamine
7-(2-methoxy-4,5,6-trihydroxy-hexanoyl)

Refs
[95]

[96]
[97]
[98]
[99]
[100]
[101]
[102]
[103]
[82]
[83]
[104]
[105]
[106]

[107]
[108]
[109]
[64]
[64]
[110]
[111]
[112]
[113]
[114]
[115]
[116]
[117]
[82]
[103]
[118]
[95]
[76]
[102]
[103]
[82]
[104]
[86]

aLPS, lipopolysaccharide.
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bCPS, capsule polysaccharide.
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Examples of Bacteria Experimentally Shown to Contain Legionaminic Acid and Its Derivatives

Table 2.

L egionaminic acid

Acinetobacter baumannii 024

Campylobacter fejuni 11168
Vibrio alginolyticus 945-80

Vibrio parahaemolyticus
Enterobacter cloacae C6285
Enterococcus faecium

Tannerella forsythia FDC92A2
Halorubrum sp. PV6
Campylobacter coliN/C167
Campylobacter jejuni 11168
Legionella pneumaophila serogroup 1
Pseudomonas fluorescens ATCC 49271
Vibrio salmonicida NCMB 2262
Acinetobacter baumannii 024
Campylobacter coliN/C167
Campylobacter coli 11168
Clostridium botulinum

Vibrio parahaemolyticus KX-V212
Escherichia coli 0161

Vibrio vulnificus CMCP6
4-epi-legionaminic acid

Legionella pneumophila serogroups 1, 3-12, 14
Shewanella japonica KMM 3601
Legionella pneumophila serogroup 2
8-epi-legionaminic acid
Pseudomonas aeruginosa 012
Providencia stuartii 020

Escherichia coli 0108

Vibrio fischeriES114

Acinetobacter baumannii LAC-4
Morganella morganii KF 1676
Shewanella putrefaciens A6
Salmonella arizonae 061

Yersinia ruckeri O1

Structure

cps?

Flagellin

LPSb

02

LPS
CPS
S-layer
S-layer
Flagellin
Flagellin
LPS
LPS
LPS
CPS
Flagellin
Flagellin
Flagellin
LPS
LPS
LPS

LPS
LPS
LPS

LPS
LPS
LPS
LPS
LPS
LPS
LPS
LPS
LPS

Functional groups

5,7-N-acetyl

5,7-N-acetyl
5,7-N-acetyl

LPS 5,7-N-acetyl
5,7-N-acetyl
5,7-N-acetyl
5,7-N-acetyl
N-formylated
5-acetamidino
5-acetamidino
5-acetamidino
5-acetamidino
5-acetamidino
5-(3-hydroxybutyrate)
5-A-methylacetamidino
5-N-methylacetamidino
5-N-methyl-glutam-4-yl
7-N-acetyl-D-alanyl
7-D-alanyl
7-N-acetyl-D-alanyl

5,7-N-acetyl
5,7-N-acetyl

Acetamidino

5,7-N-acetyl

5,7-N-acetyl

5,7-N-acetyl

5,7-N-acetyl

5,7-N-acetyl
5-Acetamidino
7-Acetamidino
5-(3-hydroxybutyrate)
5-(4-hydroxybutyramido)

Refs
[119]

[102]
[119]

[120]
[121]
[122]
[76]

[67]

[123]
[102]
[69]

[119]
[119]
[119]
[123]
[102]
[124]
[120]
[125]
[80]

[126,127]
[128]
[127]

[110]
[129]
[130]
[29]

[131]
[132]
[133]
[134]
[135]

aCPS, capsule polysaccharide.

bLPS, lipopolysaccharide.

Trends Microbiol. Author manuscript; available in PMC 2022 February 01.

Page 25



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

McDonald and Boyd Page 26

Table 3.

Examples of Bacteria Experimentally Shown to Contain Acinetaminic, 8-Epiacinetaminic, or Fusaminic Acid

Acinetaminic acid Structure Functional groups Refs
Acinetobacter baumannii D36 cps? 5,7-N-acetyl [70]
8-epi-acinetaminic acid

Acinetobacter baumannii SGH 0703 CPS 5,7-N-acetyl [71]
Fusaminic acid

Fusobacterium nucleatum ATCC25586 Lp sb 5,7-N-acetyl [72]

ECPS, capsule polysaccharide.

bLPS, lipopolysaccharide.
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