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The N-formyltransferases, also known as transformylases, play

key roles in de novo purine biosynthesis where they catalyze

the transfer of formyl groups to primary amine acceptors.

These enzymes require N10-formyltetrahydrofolate for activity.

Due to their biological importance they have been extensively

investigated for many years, and they are still serving as targets

for antifolate drug design. Most of our understanding of the

N-formyltransferases has been derived from these previous

studies. It is now becoming increasingly apparent, however,

that N-formylation also occurs on some amino sugars found on

the O-antigens of pathogenic bacteria. This review focuses on

recent developments in the biochemical and structural

characterization of the sugar N-formyltransferases.
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Introduction
The lipopolysaccharide or LPS is the major structural

component of the outer membrane of Gram-negative

bacteria where it has been estimated to occupy �75%

of the total surface area [1]. It is a complex glycoconju-

gate, which varies from species to species (and within

species) in specific content, but in all cases, is thought to

provide a permeability barrier to hydrophobic or nega-

tively charged molecules. Conceptually, the LPS can be

thought of in terms of three specific regions: the lipid A

component, the core oligosaccharide, and the O-specific

polysaccharide as highlighted in Figure 1a [2]. It is the O-

specific polysaccharide region, which extends farthest

away from the bacterium, that displays the most variation

from species to species (and between serotypes of

the same species), and it is highly immunogenic [3].
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This region, also referred to as the O-antigen, consists

of repeating units, which typically contain three to five

sugars. The O-antigens are thought to play a role in the

virulence of a bacterium and also in its ability to evade

antibacterial agents [3].

For more than 30 years it has been known that some O-

antigens contain quite unusual deoxysugars. Due to the

increased sensitivities of such techniques as NMR, how-

ever, it is becoming apparent that the O-antigens are far

more complicated than originally thought. Recent re-

search has demonstrated, for example, that the O-anti-

gens of some Gram-negative bacteria contain quite

remarkable formylated dideoxysugars including 3-forma-

mido-3,6-dideoxy-D-glucose (Qui3NFo), 3-formamido-

3,6-dideoxy-D-galactose (Fuc3NFo), 4-formamido-4,6-

dideoxy-D-glucose (Qui4NFo), and 4-formyl-D-perosa-

mine as depicted in Figure 1b [4]. These unusual sugars

have been found on such organisms as Brucella abortus [5],

Salmonella enterica O60 [6], Providencia alcalifaciens O40

[7], Francisella tularensis [8], and Campylobacter jejuni [9��].
Strikingly, all of the above organisms are extremely

pathogenic. B. abortus, for example, is the causative agent

of brucellosis [10]. S. enterica is a notorious human patho-

gen known to be a leading cause of hospitalizations and

deaths due to the consumption of contaminated food [11].

P. alcalifaciens is an opportunistic organism associated

with enteric diseases and was implicated in the 1996 food

poisoning outbreak in Fukui, Japan [12]. F. tularensis is

the causative agent of tularemia or ‘rabbit fever,’ and

because it can be produced as a highly infectious aerosol,

it is classified as a select agent by the Centers of Disease

Control in the United States [13]. Finally, C. jejuni is a

major cause of gastroenteritis worldwide and, important-

ly, is now considered a triggering agent for the develop-

ment of Guillain–Barré syndrome, a devastating acquired

autoimmune peripheral neuropathy leading to severe

muscle weakness and in some cases paralysis [14].

The genes encoding the enzymes required for the bio-

synthesis of such formylated sugars are typically located

within clusters. The source of the formyl group is the

cofactor N10-formyltetrahydrofolate (Figure 1c). On the

basis of bioinformatics, a pathway for the synthesis of one

of these sugars, Qui4Fo, has been proposed as shown in

Figure 2 [15]. Like most pathways for the biosynthesis of

unusual sugars, the starting ligand, which in this case is

glucose-1-phosphate, is activated by its attachment to a

nucleoside monophosphate. The enzyme required for

this reaction is a nucleotidylyltransferase. The second
Current Opinion in Structural Biology 2016, 41:1–9
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Figure 1
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Gram-negative bacteria contain on their outermost surface a complex glycoconjugate referred to as the lipopolysaccharide or LPS. As

schematically shown in (a), it is composed of a lipid A molecule, the core polysaccharide, and the O-specific polysaccharide. It is the O-specific

polysaccharide or O-antigen that contributes to the wide species variations seen in nature. Quite unusual dideoxysugar sugars are sometimes

found in the O-antigens including the formylated sugars depicted in (b). The N-formyltransferases that are involved in the biosynthesis of these

formylated sugars employ N10-formyltetrahydrofolate as the carbon source (c). In many structural analyses the N5-formyltetrahydrofolate ligand is

used because of its stability, but it is not catalytically competent.
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Figure 2
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A possible biosynthetic pathway for the production of dTDP-4-formamido-4,6-dideoxy-D-glucose is shown. Steps 1, 2, 3, and 4 require dTTP,

NAD+, PLP and L-glutamate, and N10-formyltetrahydrofolate, respectively. In step 2, the NAD+ is transiently reduced to NADH in the first step of

the reaction. The hydride from NADH is subsequently transferred to the substrate in a subsequent step.
step involves an oxidation of the C-40 carbon and removal

of the C-60 hydroxyl group by an NAD+-dependent 4,6-

dehydratase. There is a subsequent amination of the

sugar via a pyridoxal 50-phosphate (PLP) dependent

aminotransferase. The final step is the N-formylation of

the C-40 amino moiety by an enzyme requiring N10-

formyltetrahydrofolate for activity. Although the exis-

tence of N-formylated sugars was first reported in

1985 [16], it is only within the last several years that

the overall architectures of the sugar N-formyltransferases

have been defined in detail. This review focuses on our

current understanding of the structures and functions of

these intriguing enzymes.

First structure of a sugar N-formyltransferase
As indicated in Figure 1a, the lipid A component of the

LPS contains phosphorylated sugars. These sugars, along

with other phosphate moieties in the LPS, result in a

negatively charged outer surface of the bacterium. As a

first line of defense against pathogenic bacteria, host

epithelial cells as well as circulating neutrophils and

macrophages produce cationic antimicrobial peptides

(CAMPS) that interact with the bacterial LPS ultimately

resulting in cell death [17]. Strikingly, some human

pathogens, such as Salmonella typhimurium and Pseudomo-
nas aeruginosa, have been shown to alter their LPS com-

position by the addition of 4-amino-4-deoxy-L-arabinose

to the lipid A component. The net result is that the
www.sciencedirect.com 
negative charge of the LPS is reduced thereby leading

to CAMPS resistance [18].

A key enzyme involved in the production of 4-amino-4-

deoxy-L-arabinose (L-Ara4N) is ArnA [19]. It is a bifunc-

tional enzyme with its N-terminal domain functioning as

an N-formyltransferase and its C-terminal domain cata-

lyzing an oxidative decarboxylation reaction. Formylation

of the sugar is thought to be an obligatory step in the

ultimate production of L-Ara4N-modified lipid A [19].

In 2005 the structure of the N-terminal domain of ArnA

was reported by two independent research groups

[20�,21]. These initial models defined the overall archi-

tecture of the N-formyltransferase domain of ArnA and

provided details concerning the manner in which UMP

and N5-formyltetrahydrofolate (shown in Figure 1c) are

accommodated within the active site region. In addition, a

characteristic signature sequence of HxSLLPKxxG motif

was identified with the proline adopting a cis peptide

conformation and the histidine residue functioning in

catalysis [20�]. Although informative, these structures

did not reveal the manner in which ArnA binds a nucleo-

tide-linked sugar in its N-formyltransferase domain.

Structure of an N-formyltransferase from
C. jejuni
Structural analyses of the sugar N-formyltransferases took

a hiatus following the published papers on ArnA in
Current Opinion in Structural Biology 2016, 41:1–9
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Figure 3
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The dimer structure of WlaRD is shown in (a) with the dTDP and N5-formyltetrahydrofolate ligands shown in a space-filling representation. The

amino acids found in the signature sequence are depicted as sticks. The twofold rotational axis of the dimer is nearly perpendicular to the plane

of the page. The difference in N5-formyltetrahydrofolate (green) versus N10-formyltetrahydrofolate (blue) binding can be seen in (b). A model for the

Michaelis complex of WlaRD is presented in (c) with protons added to the sugar amino group for clarity. It is thought that His 96 serves as the

catalytic base to remove a proton from the sugar amino group as it attacks the carbonyl carbon of the formyl group.

Current Opinion in Structural Biology 2016, 41:1–9 www.sciencedirect.com
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Figure 4
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Possible reaction mechanism for WlaRD. On the basis of the various complexes of WlaRD and site-directed mutagenesis experiments, it appears

that His 96 serves as the catalytic base. The role of Asn 94 in the stabilization of the tetrahedral intermediate is not entirely clear, and the source

of the proton required for the collapse of the tetrahedral intermediate is unknown.
2005 until 2013 when the first detailed investigation

of the hypothetical protein C8J-1018 from C. jejuni
81116 was reported [9��]. This enzyme, hereafter referred

to as WlaRD, was shown to catalyze the N-formylation of

dTDP-Qui3N or dTDP-Fuc3N using N10-formyltetrahy-

drofolate as the carbon source. Seven different crystal

complexes of WlaRD were determined to 1.9 Å resolution

or better for this investigation.

The first structure of WlaRD, with bound dTDP and

N5-formyltetrahydrofolate, allowed for the molecular ar-

chitecture of the enzyme to be revealed. Note that

N5-formyltetrahydrofolate is often used in the study of

N-formyltransferases because it is commercially available,

and it is stable. It is not, however, catalytically competent.

Shown in Figure 3a is a ribbon representation of the

WlaRD dimer. The characteristic signature sequence

first identified in ArnA (HxSLLPKxxG) is slightly modi-

fied in WlaRD and corresponds to His 96–Gly 105

(HxSALPKxxG). As in ArnA, the proline in the signature

sequence adopts the cis conformation. The side chains of

Lys 102 and Tyr 103 project towards the subunit:subunit

interface. Each subunit of the WlaRD dimer adopts a

bilobal type architecture with the N-terminal domain

defined by Met 1 to Leu 197 and the C-terminal region

formed by Val 198 to Lys 271. The N-terminal domain

consists primarily of a six-stranded mixed b-sheet flanked

on either side by a-helices whereas the C-terminal region
www.sciencedirect.com 
contains a four-stranded antiparallel b-sheet. The active

site is housed primarily within the N-terminal domain.

The two structures of WlaRD with bound N5-formylte-

trahydrofolate and either dTDP-Qui3N or dTDP-Fuc3N

revealed that the dTDP-sugar ligands are shifted in the

active site by �1 Å with respect to one another. Interest-

ingly, there are no protein side chains involved in binding

the pyranosyl moieties of these substrates. Kinetic analyses

showed that the catalytic efficiencies of WlaRD for dTDP-

Qui3N versus dTDP-Fuc3N were 1.1 � 104 M�1 s�1 and

5.6 � 101 M�1 s�1, respectively. The slightly different

binding position of dTDP-Fuc3N versus dTDP-Qui3N

in the active site is most likely the reason why WlaRD is

catalytically less efficient with dTDP-Fuc3N as its sub-

strate. The actual in vivo substrate for WlaRD is still not

entirely clear, however. Due to the complexity and het-

erogeneity of the glycans produced by C. jejuni 81116 a

complete structural characterization of its lipooligosacchar-

ide by NMR has not yet been possible.

Of particular importance was the structure of WlaRD

solved in the presence of N10-formyltetrahydrofolate.

This model revealed, for the first time, the manner in

which any N-formyltransferase (or transformylase)

binds the catalytically competent N10-formyltetrahydro-

folate cofactor. The structure of WlaRD with bound

N10-formyltetrahydrofolate demonstrated that there is a
Current Opinion in Structural Biology 2016, 41:1–9
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Figure 5
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difference in rotation about the bridge that links the

bicyclic ring to the phenyl moiety of the cofactor

(Figure 3b). Due to this rotation, the C-9 carbons of

the cofactors are displaced by �2 Å within the active

site region. Understanding this difference may prove

important in the future design of antifolate-based ther-

apeutics.

On the basis of the seven structures of WlaRD that were

determined, it was possible to propose a model for the

Michaelis complex as depicted in Figure 3c. Importantly,

Asn 94, His 96, and Asp 132 are strictly conserved

amongst the N-formyltransferases. Not surprisingly, the

site-directed mutant proteins of WlaRD, namely N94A,

H96N, and D132N, are completely inactive [9��]. It is

thought that His 96 in WlaRD serves as the catalytic base

to remove a proton from the sugar amino group as it

attacks the formyl carbonyl carbon of N10-formyltetrahy-

drofolate to form a tetrahedral intermediate. In the

WlaRD complexes, His 96 appears to be ideally posi-

tioned to serve such a role (Figure 3c). As suggested for

glycinamide ribonucleotide transformylase, the con-

served asparagine possibly functions in the formation

of an oxyanion hole to stabilize the negatively charged

oxygen of the tetrahedral transition state (schematically

shown in Figure 4) [22,23]. Given that His 96 and Asp

132 in WlaRD are situated within �3 Å of each other, it is

possible that the proton transferred to His 96 from the

sugar amino group is subsequently donated to the car-

boxylate of Asp 132. This aspartate, in turn, could pro-

tonate N10 of the cofactor thereby leading to the collapse

of the tetrahedral intermediate. It is also possible that an

intervening water molecule, situated between His 96 and

N10 of the cofactor, functions as a proton shuttle

(Figure 4). Without the three-dimensional structure of

WlaRD solved in the presence of a transition state mimic,

however, the roles of the conserved aspartate and aspara-

gine residues are still open to debate.

Structures of the N-formyltransferases from
F. tularensis and P. alcalifaciens O30
Unlike WlaRD, the sugar N-formyltransferases, WbtJ and

VioF from F. tularensis and P. alcalifaciens O30, respec-

tively, function on dTDP-Qui4N rather than dTDP-

Qui3N. The overall three-dimensional structures of WbtJ

and VioF were reported in 2014 and 2015, respectively,

and their quaternary structures are decidedly different

from that observed for WlaRD as can be seen in Figure 5a

[8,24�]. As in WlaRD, the N-terminal domains of WbtJ
(Figure 5 Legend) A ribbon representation of VioF is shown in (a). The bou

sticks. As can be seen those N-formyltransferases, such as VioF, that funct

significantly different quaternary structures than that observed for WlaRD. T

domain observed in QdtF, which uses dTDP-Qui3N as a substrate. Indeed, 

as does WlaRD, but these domains are followed by three ankyrin repeats a

the QdtF structure was the presence of a dTDP-Qui3N ligand bound tightly

ligand and the protein are indicated by the dashed lines. Surprisingly, there

ankyrin repeat than there are between the protein and the substrate in the a

www.sciencedirect.com 
and VioF harbor the active site region. In WbtJ and VioF,

however, the subunit:subunit interface is formed primar-

ily by an extended stretch of polypeptide chain, an a-

helix, and a b-hairpin motif. A comparison of the active

sites for all three enzymes demonstrates that there are few

interactions between the amino acid side chains of the

respective proteins and the pyranosyl groups of the nu-

cleotide-linked sugar substrates. Rather it appears that

the residues lining the pyrophosphoryl binding pockets

play pivotal roles in determining whether the enzyme

functions on a dTDP-Qui4N or a dTDP-Qui3N sub-

strate.

Structure of QdtF from P. alcalifaciens O40
The P. alcalifaciens O40 N-formyltransferase QdtF, like

WlaRD, functions as a dimer and utilizes dTDP-Qui3N

as its substrate. Strikingly, however, the overall fold of its

subunit was shown to consist of three regions with the N-

terminal and middle motifs followed by an ankyrin repeat

domain as highlighted in Figure 5b [25��]. Whereas the

ankyrin repeat is a common eukaryotic motif involved in

protein:protein interactions, reports of its presence in

prokaryotic enzymes have been limited [26,27]. The

ankyrin repeat is composed of a helix–loop–helix motif

of approximately 33 amino acid residues with the a-

helices running antiparallel and an additional extended

loop at the C-terminus that projects outward by �908.
Unexpectedly, in QdtF this ankyrin repeat houses a

second binding pocket for dTDP-Qui3N, which is char-

acterized by extensive interactions between the protein

and the ligand (Figure 5c). To address the effects of this

second binding site on catalysis, a site-directed mutant

protein, W305A, was constructed. Kinetic analyses with

dTDP-Qui3N demonstrated that the catalytic activity of

the W305A variant was reduced by approximately seven-

fold, and the structure of the mutant enzyme clearly

showed that ligand binding in the ankyrin repeat had

been completely abolished. The identity of the ligand

that regulates QdtF activity in vivo is presently unknown.

Regardless of its natural effector molecule, the structure

of QdtF revealed for the first time that an ankyrin repeat

is capable of binding small molecules. This expansion of

the ankyrin repeat repertoire from simple protein:protein

interactions to ligand binding and allosteric control is,

indeed, intriguing.

Conclusions
At first glance, the diversity of prokaryotic carbohydrate

structures observed in the O-antigens seems overwhelming.
nd ligands, dTDP and N5-formyltetrahydrofolate, are displayed as

ion on dTDP-Qui4N rather than dTDP-Qui3N substrates adopt

his was an unexpected result. More surprising was the ankyrin repeat

the QdtF subunit contains similar N-terminal and C-terminal domains

s highlighted in purple in (b). Perhaps the most unexpected aspect of

 to the ankyrin repeat domain. Potential hydrogen bonds between the

 are more interactions between the protein and the ligand in the

ctive site.

Current Opinion in Structural Biology 2016, 41:1–9
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In fact, only about ten enzymatic reaction types are required

for their syntheses (excluding the more exotic sugars). Eight

of these reactions include nucleotidylylations, 4,6-dehydra-

tions, 2,3-dehydrations, isomerizations, epimerizations,

aminations, oxidations, and reductions. Due to the research

efforts of laboratories worldwide the structures and func-

tions of the enzymes required for these reactions have been

well characterized both biochemically and structurally.

There are still important reactions in unusual sugar bio-

synthesis, however, that are just beginning to be unra-

veled such as the N-formylation of amino sugars. Indeed,

the recent investigations of the sugar N-formyltrans-

ferases have provided fascinating results. For the first

time, the structure of any N-formyltransferase bound to

the catalytically competent cofactor N10-formyltetrahy-

drofolate has been revealed, and this may have important

ramifications for the future design of antifolate chemo-

therapeutic agents. Moreover, the structure of one of the

N-formyltransferases, QdtF, demonstrated that ankyrin

repeats can be involved in small molecule binding, and

thus ankyrin repeats can no longer be ascribed to pro-

tein:protein interactions alone. Much research remains,

however. The structures of the enzymes involved in the

biosynthesis of 3-formamido-3,6-dideoxy-D-galactose and

4-formyl-D-perosamine, for example, are presently un-

known. There is absolutely no question that additional

formylated sugars will be identified in the future, and the

roles of these sugars in pathogenicity will be carefully

explored as research techniques continue to improve.
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