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First reported in 2011, glycocins (glycosylated bacteriocins)

are bacterial toxins that constitute a subset of ribosomally

synthesised and post-translationally modified peptide (RiPP)

natural products. Three NMR structures (glycocin F, ASM1 and

sublancin 168), two with helix–loop–helix Cs a/a folds, are

deposited in the PDB. Each structure contains a

monosaccharide b-S-linked to a cysteine side chain. Three

more glycocins (thurandacin, and enterocins F4-9 and 96) have

been biochemically characterised, and others predicted on the

basis of bioinformatic analyses. Only glycocin F, ASM1 and

enterocin F4-9 are unequivocally glycoactive. This review

probes the structure–function relationships of four types of

nested disulfide-bonded glycocins.
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Introduction
The synthesis of toxins that harm and/or deter compet-

ing, pathogenic, and prey organisms is widespread in all

three taxonomic domains. The ribosomally synthesised

antimicrobial polypeptides secreted by bacteria are

commonly called bacteriocins. Many bacteriocins are

small (20–50 amino acids (aa)) with cationic N-terminal

regions that bind to negatively charged cell membranes,

allowing the hydrophobic C-terminal regions to form

pores, killing target cells [1]. A smaller number of

bacteriocins are bacteriostatic; that is, they slow or stop

the growth of their bacterial targets without killing

them.

Classification schemes for lactic acid bacteria bacteriocins

have been progressively simplified [2,3�,4�]. The basis for

division between unmodified (class II) and modified (class

I) bacteriocins is the presence of unusual post-translational
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modifications (PTMs), for example lanthionine and S-

glycosylated residues, sulfur to a-carbon linkages, and

so on. Bacteriocins containing glycosylated residues, such

as sublancin 168 (SunA) and glycocin F (GccF) [5��,6�],
comprise the class I group named glycocins [7]. Five

(SunA, GccF, ASM1, and enterocins 96 and F4-9) have

been purified from bacterial culture, while a sixth, thur-

andacin, was identified by genomic data mining and

chemoenzymatically synthesised [5��,6�,8–10,11�]. Glyco-

cin sugar moieties, so far only one or two monosaccharides

per scaffold, are linked to the sidechains of specific cyste-

ine, serine or threonine residues [7,12]. When these moi-

eties are essential for antimicrobial activity, the glycocin

can be regarded as being ‘glycoactive’ (Table 1).

Glycocin F
GccF, secreted by Lactobacillus plantarum KW30, was the

first glycocin to have its NMR structure determined [13�].
The solution structure has 2 two-turn antiparallel a-

helices, joined by an 8-residue loop and constrained by

two nested disulfide bonds ((C–X6–C)2 architecture), and

a flexible C-terminal ‘tail’ (Figures 1a,b and S1). The

peptide is decorated by two N-acetylglucosamine

(GlcNAc) moieties; one b-O-linked through Ser18 in

the sequence YDSGT (a motif that may contribute to

receptor binding) in the interhelical loop, and the other b-
S-linked to C-terminal Cys43 — a glycosidic linkage

rarely described in biology. The amphipathic N-terminal

helix (residues 5–12) presents its more hydrophobic face

to the solvent and lies at an angle of 258 to the less well

ordered C-terminal helix (residues 21–28). The loop

between the helices has no obvious interactions with

the rest of the structure and is only moderately flexible

(Figures 1a,b and S1).

Analysis by CASTp [14] identified a solvent-accessible

cavity between the loop and the helices which is �90 Å3

in volume and bounded by sidechain atoms of residues 8,

9, 11, 12–21 and 25 (Figure 1d,e) which could be part of a

recognition site for receptor docking.

Which of these structural features are involved in the

quite extraordinary activity of GccF? Against the most
susceptible L. plantarum strains GccF has an IC50 of

4 pM equating to roughly 20 molecules per cell (un-

published). GccF is glycoactive; the O-linked GlcNAc

is essential for activity and fits neatly into a groove

formed by the top ‘lip’ of the cavity identified by

CASTp decreasing the conformational flexibility of

the GlcNAc which may facilitate target binding [15]

and also protect the b-O-glycosidic bond from hydroly-

sis (Figure 1f). In contrast, the GlcNAc on the
www.sciencedirect.com
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Table 1

Properties of biochemically characterised glycocins.

Glycocin namePDB ID Peptide scaffold [AAs; S–S (loop)*] Glycosylation (glycoactive) Mode of action, predicted pI

Glycocin F, GccF2KUY

ASM12MVI
43; 5–28, 12–21 (8) S18/C43-GlcNAcNP, C (yes)

S18/C43-GlcNAcNP (yes)

Bacteriostatic, 7.1/7.0

Sublancin, SunA2MIJ 37; 7–36, 14–29 (14) C22-GlcNP, CE, C (?) Bactericidal, 11.0

Thurandacin A, ThuA 42; 7–42, 14–35 (20) C28-GlcCE (?) Bactericidal, 8.3

Enterocin F4-9 47; 4–47, 32–38 (5) S37/T46?-GlcNAc NP (yes) Bacteriostatic, 10.7

Enterocin 96 48; Cys6/12/13/39/47 D mass � +2 hexosamines Unknown, 9.7

Durancin 61A Unknown Glc/Ara? (unknown) Bactericidal

* Number of residues in the (loop) between the preceding pair of disulfide-bonded cysteine thiols.

NP, natural product; CE, chemoenzymatic synthesis; C, chemical synthesis.
C-terminal ‘tail’ is unrestrained in its spatial position

mainly due to the flexibility of residues 32–43 [13�].
Perhaps unexpectedly, the disordered tail region appears

to contribute to GccF activity independently of the C-

terminal GlcNAc. Replacing Cys43-b-S-GlcNAc with

Ser43 (no GlcNAc) increases the IC50 from 1 to 100 nM
Figure 1

(a) (b)

(d) (e) 

Structural analysis of GccF. Structures of GccF generated using PyMOL (Th

and APBS [17,18]. (a) Cartoon ensemble of 12 structures of GccF (PDB: 2K

sticks and the GlcNAc moieties as sticks. (b) Same as (a) but rotated 908. (

peptide, coloured according to electrostatic potential at pH 5: red for negat

the peptide chain is visible through the surface. (d) Cavity formed by residu

a filled shape. (e) Side view of the cavity that fits the shape shown in (d) sh

Atoms are coloured by element: C, grey; O, red; N, blue; S, yellow. (f) GccF

the outward surface of GccF made by the residues that form the cavity iden
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against the standard indicator strain (unpublished), where-

as removing the entire tail (residues 33–43) increases the

IC50 to 350 nM, more than 3-fold higher than the molecule

lacking only the C-terminal sugar. In addition, chemically

synthesised C-terminally amidated GccF had half

the activity of natural product GccF [16��]. Possibly a
(c)

(f)
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e PyMOL Molecular Graphics System, Version 1.8 Schrödinger, LLC),

UY) coloured N (blue) to C (red). Disulfide bonds are shown as (yellow)

c) A semi-transparent solvent accessible surface rendering of the GccF

ive (�5 kT/e), blue for +ve (+5 kT/e) and white for neutral. A cartoon of

es 8, 9, 11–21 and 25 identified by CASTp analysis of GccF shown as

owing the relative position of the O-linked GlcNAc (shown as spheres).

 from the ‘top’ showing the O-linked GlcNAc fitting into a groove on

tified in (d) and (e).
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‘tail-tip’ region with little net charge at the activity assay

pH (�pH 5) is important in receptor recognition, facilitat-

ing binding of the naturally neutral GlcNAc bait to its

receptor. Calculation of the electrostatic potential of the

solvent accessible surface of GccF using APBS [17,18]

shows the N-terminal disulfide-bonded domain is mainly

neutral (slight +ve charge balanced by a slight �ve charge;

Figure 1c). The C-terminal tail is also neutral apart from

one region (Lys32-His34) near its start (Figure 1c), making

it unlikely that GccF is strongly attracted to target cell

membranes by electrostatic interactions. It is tempting to

speculate that the length of the tail plays an important role

in GccF activity. Modelling studies based on docking

GccF into the predicted outward-open state structure of

the homodimeric EIIC region of ChbC, a b-1,4-linked N-

acetylglucosamine disaccharide transporter from Bacillus
cereus [19��], suggests that, at least in theory, the distance

between the two GlcNAcs is sufficient to allow them to

bind noncovalently into the two predicted GlcNAc bind-

ing pockets of ChbC (Figure S2). Such noncovalent inter-

actions are consistent with the reversal of GccF-induced

bacteriostasis by high concentrations of free GlcNAc.

ASM1
A homologue of GccF named ASM1 is secreted by L.
plantarum A-1 isolated from a tortilla bread product.

Edman sequencing of the mature 43 aa peptide indicated

the possibility of PTMs on residues 40 and 43 [8]. Further

analyses in our laboratory showed that the ASM1 and

GccF PTMs are in fact identical. There are 5 aa differ-

ences between the two peptide scaffolds, all in the C-

terminal tail ([6�,8]; Figures S3 and S4). Apart from Ser34

(GccF His34), all changes are fairly conservative and

should have a minimal effect on both the structure and

function of the peptide. As for GccF, the O-linked

GlcNAc and intact disulfide bonds are essential for

ASM1 bacteriostatic activity, with the S-linked GlcNAc

significantly enhancing bacteriostasis. At pH 5, the IC50

for purified ASM1 is slightly higher than that for GccF (P.

Main, MSc thesis, Massey University) possibly due to the

loss of a positively charged residue (His34). The electro-

static potential of the solvent accessible surface of ASM1

shows an area of positive charge between the N-terminus

and the beginning of the tail that is absent in GccF

because of apparent structural differences (Figures 1c

and 2c). Free GlcNAc protects against and reverses both

GccF and ASM1-induced bacteriostasis, suggesting they

target the same receptor and have similar mechanisms of

action.

The NMR structure of ASM1 was solved using conditions

identical to those used for GccF (Goroncy AK et al.,
unpublished). In both structures, the disulfide bonds

stabilise the scaffold, although the movement of the

Ser18 O-linked GlcNAc seems to be even more restricted

in ASM1 (Figures 2a,b and S3). Despite 100% sequence

identity for residues 1–30, residues 5–12 and 21–28 of
Current Opinion in Structural Biology 2016, 40:112–119 
ASM1 do not appear to form helices as they do in GccF,

and the loop folds over in the opposite direction. Based on

the quality of the structure, the fact there are only

5 residues that are different to GccF, and the high

prevalence of the Cs a/a fold in many toxin structures

[20–22,23�], this was most unexpected.

This structural difference is also at odds with a far-UV CD

analysis (unpublished), although the apparent residual

helical content of ASM1 could be due to GlcNAc con-

tributions to CD signals at 193 and 210 nm [24]. The

rigidity of the NMR ensemble between residues 1–27 and

of the O-linked GlcNAc is evidence of the quality of the

structure. While we have no rational explanation for these

differences, there appear to be other differences in the

physicochemical and bioactivity properties of the two

molecules that warrant further comparative analyses.

Sublancin
The first biochemical characterisation of sublancin

(SunA) determined the amino acid sequence and nested

disulfide bonds of the peptide scaffold, and noted that its

measured mass was 164.48 Da greater than expected

assuming (incorrectly) some lanthionine residues [25].

In 2011 SunA was shown to be an S-glucosylated bacteri-

ocin, and an ingenious three-step chemoenzymatic (CE)

method for in vitro synthesis of mature SunA was estab-

lished [5��]. When the glucosylation step catalysed by the

glycosyltransferase (GTase) SunS was omitted, SunACE

was inactive, leading to a key conclusion that the S-linked

sugar is required for the inhibitory activity of SunA. A

subsequent study revealed that the N-terminal helical

region of SunA, but not the leader peptide, guides SunS to

glycosylate Cys22, and that changes in the position of the

loop Cys, and the residues flanking it, affect the efficiency

of glucosylation but do not prevent it [26�]. This study

also convincingly demonstrated that the glucosyl moiety

is not required for bactericidal activity, as a glycan-free

disulfide-bonded SunAC22A variant possessed activity

similar to native SunA. Thus SunA is (apparently) not

glycoactive. Interestingly, the SunAC22A variant was also

toxic to the SunA producer, suggesting that SunA gluco-

sylation may be required for producer immunity.

The SunA NMR structure published in 2014 showed the

same core fold as GccF with an almost identical relative

orientation of the two helices despite almost no sequence

similarity apart from the four disulfide-bonded cysteines

(Figure 2d,e) [23�]. SunA lacks the C-terminal tail and

second glycosylation site of GccF, is more cationic

(Figures 1c and 2f), and is bactericidal rather than bacte-

riostatic. SunA’s N-terminal helix is longer than its GccF

counterpart by one complete turn, and its larger loop is

differently oriented and constrained by hydrogen bonds

[23�]. Although the loop monosaccharides of both GccF

and SunA do not make any interactions with their respec-

tive peptide chains, the structure ensemble of the latter
www.sciencedirect.com
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Figure 2

(a) (b) (c)

(d) (e) (f)

Current Opinion in Structural Biology

Structural comparison of ASM1 and SunA. Structures of ASM1 (a,b,c) and SunA 168 (d,e,f) generated using PyMOL and APBS. (a) Cartoon

ensemble of 20 ASM1 structures (PDB: 2MIV) coloured N (blue) to C (red). Disulfide bonds and the GlcNAcs are represented as described in

Figure 1. (b) Same as (a) but rotated 908. (c) Semi-transparent solvent accessible surface rendering of the ASM1 peptide coloured as described in

Figure 1. A cartoon of the peptide chain is visible through the surface to help orient the molecule. (d) Cartoon ensemble of 15 SunA structures

(PDB: 2MIJ) coloured as in (a). (e) Same as (d) but rotated 908. (f) Semi-transparent solvent accessible surface rendering of SunA coloured

according to electrostatic potential at pH 5 as in (c).
suggests the sugar may provide a protective umbrella to

the peptide scaffold, fulfilling a more physicochemical

function such as protection of the peptide from proteo-

lytic enzymes (Figure 2e).

Thurandacin
Thurandacin is a hypothetical natural product not isolated

from culture. Rather, genomic data mining indicated a

glycocin gene cluster in B. thuringiensis BGSC 4AW1.

Adapting chemoenzymatic synthesis protocols developed

for SunA, the recombinant ThuA scaffold was glycosylated

in vitro using the GTase ThuS and various UDP-hexoses

[5��,11�]. ThuS preferentially b-S-glucosylates ThuA loop

residue Cys28, but will also glucosylate Ser19 when UDP-

glucose is in excess (Figures 3a and S4). Bisglucosylated

‘thurandacin B’ was less active than mono-glucosylated

‘thurandacin A’. Like SunA, ThuA activity did not depend

on the identity of the monosaccharide installed on the

scaffold. A Cys28Ser mutant was synthesised to test

the selectivity of ThuS, but the inhibitory activity of
www.sciencedirect.com 
the non-glycosylated, factor Xa-cleaved scaffold was not

determined, so it is possible that, as for SunA, glycosyla-

tion is not required for inhibitory activity.

Enterocin F4-9
Enterocin F4-9 is a glycocin secreted by Enterococcus
faecalis F4-9 from salted fermented fish, and the corre-

sponding gene cluster encodes the requisite GTase for

glycocin biosynthesis [10]. Despite having virtually no

sequence similarity to either GccF or SunA, enterocin F4-

9 could contain an asymmetrical (C–Xn–C)2 core

(Figure S4). Sequence alignments placed hypothetical

disulfide bonds between Cys4–47, and 32–38 [10]. Mass

spectrometry results and enzymatic deglycosylation indi-

cated the presence of two covalently linked GlcNAcs, and

Edman sequencing suggested that Ser37 and Thr46

might be modified.

An I-TASSER model [27,28] was produced using a GccF

template and restricting the distances between 4SG-47SG
Current Opinion in Structural Biology 2016, 40:112–119
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Figure 3

(a) (b) (c) (d)

Current Opinion in Structural Biology

I-TASSER model structures of ThuA, enterocin F4-9, enterocin 96 and LehA. Models generated by I-TASSER [26�,27] using SunA2MIJ (for ThuA) or

GccF2KUY (for enterocins F4-9 and 96, and LehA) as templates were drawn using PyMOL. Distance restraints were used for potential disulfide

bonds, shown in yellow. Serine or cysteine residues predicted to be glycosylated are shown as sticks. Structures are represented as cartoons and

coloured from blue (N-terminus) to red (C-terminus). (a) ThuA. (b) Enterocin F4-9. (c) Enterocin 96. (d) LehA.
and 32SG-38SG to 2.05 Å (Figure 3b), then compared to a

template-free PEP-FOLD3 model [29,30]. The two mod-

els are similar with helical segments from Asp9 to Thr16

and from Tyr24 (Val23) to Cys32 (Asn31), except that

PEP-FOLD3 predicts the presence of a third short helical

segment between Ser37 and Lys40. The seven residue

inter-helical loop 1 (Gly17-Val23) contains a serine dou-

blet (Ser21/22), either of which could be glycosylated

based on comparison with GccF and SunA. We predict

that the GlcNAcs are more likely to be linked to Ser22 in

loop 1 and Ser35 in loop 2, (Lys33-Gly36) as each is the

second residue in a serine doublet which could result in

miscalling the original Edman sequence [8].

While enzymatic removal of one GlcNAc moiety abol-

ished the antimicrobial activity, no evidence was provided

to show that the disulfide bonds remained intact in the

deglycosylated peptide, or which GlcNAc was essential for

activity. It would be interesting to test the ability of free

GlcNAc to reverse enterocin F4-9 induced bacteriostasis.

Enterocin 96
Prior to the establishment of the glycocin group, enter-

ocin 96, secreted by E. faecalis WHE 96 from cheese, was

reported (as for SunA, ASM1 and GccF) to have a mea-

sured mass considerably greater than that calculated from

its amino acid sequence (Table 1; Figure S4) [9]. The

authors concluded that it was a linear nonlantibiotic

peptide that was otherwise chemically modified. Enter-

ocin 96-type genes in many other E. faecalis strains have a

genomic context consistent with a glycocinogenic cluster

[6�]. As of July 2016 an identical peptide was encoded in

the genomes of �50 sequenced E. faecalis strains, but not

in the genomes of strains TX1346 and AZ19 which

encode an enterocin F4-9 variant. The calculated peptide

monoisotopic mass assuming two disulfide bonds is

5175 Da, leaving a difference of +322 Da that corresponds
Current Opinion in Structural Biology 2016, 40:112–119 
to two hexosamine moieties. It is therefore highly likely

that enterocin 96 is a glycocin. Where the sugars are

situated is difficult to predict. The I-TASSER server

[26�,27] was used to generate a model based on GccF

with disulfide bonds Cys6SG-47SG and Cys12SG-39SG.

It contained 3 helices; those between residues 6 and 13,

and residues 37 and 47 are almost parallel, with the loop

between them containing a third helix (residues 16–26

(Figure 3c). The 10 aa loop between Leu26 and Ala37

contains a serine doublet (Ser33/34) flanked by aspartic

acid residues (Figure S4), and we hypothesise that Ser33

is glycosylated. The other glycosylated residue may be

Cys13, the first residue in the loop constrained by the

Cys12-Cys39 disulfide bond.

Durancin 61A
Enterococcus durans 61A, from artisanal fermented milk,

secretes the broad-spectrum, bactericidal bacteriocin dur-

ancin 61A, with a monoisotopic mass of 5217.34 Da [31].

No amino acid sequence was reported. Classification as a

glycocin was based on a 50% decrease in activity after

amylase treatment, and the purified peptide’s carbohy-

drate content. We have doubts about this classification

because amylase-sensitivity is a poor test for known

glycocins [32], and the phenol–sulfuric acid method for

carbohydrate (notoriously inaccurate on conjugated car-

bohydrates due to the effect of the peptide scaffold [33])

showed a much higher % (w/w) carbohydrate content than

known glycocins. GC–MS analyses revealed the presence

of glucose and a smaller amount of arabinose, but GC

profiles also contained unexplained peaks indicative of

sample contaminants.

Other putative glycocins
Genomic data mining using glycocins or their cognate

GTases as query sequences identified several cysteine-

rich putative glycocin scaffolds [5��,6�,32]. Recent
www.sciencedirect.com



The glycocins: in a class of their own Norris and Patchett 117
searches have found additional scaffolds, for example,

LehA in B. lehensis G1 from soil in a Malaysian rubber tree

plantation [34], PaeGlycocin in Paenibacillus sp. from heat

treated raw milk, and several streptococcal/staphylococ-

cal/helcococcal scaffolds ([35]; Figure S4). We predict

that LehA-like glycocins have (C–X6–C)2 architecture,

are glycosylated on loop residues Ser/Cys17 (in the 4 aa

motif (D[C,S]GT) also present in GccF/ASM1) and pos-

sibly on one or more of three cysteine residues towards

the C-terminus (Figure 3d), and are both glycoactive and

bacteriostatic. PaeGlycocin is more similar to SunA and

likely to be glycosylated on Cys21 (Figure S4).

Targets and inhibitory mechanisms
GccF/EntF4-9-type and SunA/ThuA-type glycocins prob-

ably act via different molecular mechanisms. GccF/ASM1/

enterocin F4-9 are bacteriostatic and glycoactive, while

SunA/ThuA are bactericidal [6�,10,11�,36]. GccF induces

bacteriostasis in phylogenetically diverse bacteria, includ-

ing some strains of E. coli, that have a GlcNAc-specific

phosphotransferase system (PTS) transporter, and recent

research shows that this transporter confers sensitivity to

GccF (K. Drower, MSc thesis, Massey University). The

mechanism(s) by which GccF:GlcNAc transporter com-

plexes might induce rapid and sustained bacteriostasis are

currently under investigation. Cellular cysteine levels, the

large mechanosensitive channel [37] and the glucose

transporter PtsG [36] have been implicated in sensitivity

to SunA. The latter target is particularly intriguing given

that the activity of SunA may not depend on the identity or

even the presence of a monosaccharide [23�,26�]. Never-

theless, it is worth noting that the ManPTS transporter is a

target for both modified and multiple unmodified bacter-

iocins [38,39�].

Conclusions
Over the last five years the number of biochemically

characterised disulfide-bonded glycocins has slowly in-

creased along with methods for their production

[5��,6�,11�,16��,40,41]. These glycocins divide into four

types based on their primary structures and PTMs

(Figure S4), and genomic data mining suggests there

are many other diverse types [32]. An unusual pair of

putative GccF-type glycocins are LehA and a LehA

variant (LehAvar; Figure S4). It is tempting to speculate

that their different glycosidic linkages (b-O-linked vs b-S-

linked) might result from variable selection pressures for

glycocins with increased resistance to environmental gly-

cosyl hydrolases (including perhaps those secreted by, or

in the cell envelope of target bacteria). A few glycocins,

for example enterocin 96, are well represented in partic-

ular species, but most appear to be rare, possibly because

they only confer a competitive advantage under atypical

environmental conditions. Much recent glycocin research

has been directed towards identifying receptors and un-

derstanding mechanisms of growth inhibition, and the

PTS is emerging as a likely target for the foundation
www.sciencedirect.com 
members (GccF and SunA) of two glycocin types. The

PTS has been likened to ‘the ‘nervous system’ of the

bacterium’ [42] and, as such, its complex and strain-

specific circuitry coordinates intracellular and cell enve-

lope processes [43]. That some glycoactive glycocins may

perturb PTS circuits [44�] in a saccharide-specific manner

is tremendously exciting, as they could provide molecular

microbiologists and biochemists with new tools to probe

bacterial complexity [45].
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