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Glycosylation is a common post-translational modification in
eukaryotes but has been less well characterized in bacteria.

The most common types of glycosylation involve linkage via the
side chain Nδ atom of asparagine (N-linked) or to the side chain
Oγ atom of serine or threonine (O-linked), and no linkages via
side chain sulfur atoms had been previously described, other than
two unverified reports in 1971.1,2 This situation changed when
Bacillus subtilis was shown to incorporate a glucose into the
peptide sublancin via a side chain linkage to a cysteine residue
through the sulfur atom,3 and a similar S-linkage to a HexNAc-
sized moiety was shown for the glycocin F peptide (GccF),4 a
bacteriocin from Lactobacillus plantarum. Thioether linkages are
far more stable than N- or O-glycocidic linkages at both low and
high pH5�7 and may offer a mechanism for bypassing the threat
of deglycosylating enzymes. The stability of synthetic S-linkages
has already led to a recent associated thrust regarding therape-
utic peptide development.8�12 These discoveries, interesting in
themselves, also suggest that there may be additional types of
unidentified post-translational modifications awaiting discovery.

Bacteriocins such as GccF are ribosomally synthesized peptides
secreted by bacteria to inhibit competing species, and they typically
exhibit a phylogenetically narrow killing spectrum.13 Bacteriocins
have great potential for use as natural preservatives and are
responsible for some probiotic effects of various lactic acid bacteria
used in the production of fermented foods (e.g., ref 14). On the
basis of their size, mode of action, and post-translational modifica-
tions, they have been categorized into four classes, with class IV
comprised of “complex” bacteriocins containing carbohydrate and/or

lipid moieties.15 A lack of experimental evidence for class IV
bacteriocins had led to the suggestion that this class be withdrawn
from classification schemes,16 but the recent characterizations of
sublancin and GccF as glycopeptides conclusively re-established
the existence of this class.

We report here a nuclear magnetic resonance-based chemical,
structural, and dynamic analysis of GccF from the KW30 strain of
L. plantarum, the first such analysis of any S-glycosylated peptide
or protein. This class IV bacteriocin contains two GlcNAc
moieties, one attached via a linkage to the Oγ atom from Ser18
and the second via a linkage to the Sγ atom from the C-terminal
residue, Cys43. The peptide is conformationally comprised of a
pair of two-turn helices tethered to each other by a pair of
disulfide bonds. The helices are sequentially connected by a loop
presenting the O-glycosylated Ser18. The second helix is fol-
lowed by a highly dynamic C-terminal tail presenting the S-
glycosylated Cys43 residue at its tip. Structural insights provide
clues about the possible mode of action of this novel bacteriocin
and may help to further rationalize the design of S-linked
therapeutic agents.

’EXPERIMENTAL PROCEDURES

Sample Preparation. Full-length glycocin F (43 amino acids)
was produced with native post-translational modifications and at

Received: February 10, 2011

ABSTRACT: Bacteriocins are bacterial peptides with specific activity
against competing species. They hold great potential as natural preserva-
tives and for their probiotic effects. We show here nuclear magnetic
resonance-based evidence that glycocin F, a 43-amino acid bacteriocin
from Lactobacillus plantarum, contains two β-linkedN-acetylglucosamine
moieties, attached via side chain linkages to a serine via oxygen, and to a
cysteine via sulfur. The latter linkage is novel and has helped to establish a
new type of post-translational modification, the S-linked sugar. The
peptide conformation consists primarily of two R-helices held together
by a pair of nested disulfide bonds. The serine-linked sugar is positioned
on a short loop sequentially connecting the two helices, while the
cysteine-linked sugar presents at the end of a long disordered C-terminal
tail. The differing chemical and conformational stabilities of the two
N-actetylglucosamine moieties provide clues about the possible mode of
action of this bacteriostatic peptide.
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natural isotopic abundance via direct purification from L. plan-
tarum. This sample was used for all structural studies. In addition,
for the purposes of assigning the sugar resonances, two fragments
termed GccF-N (amino acids 1�32) and GccF-C (amino acids
33�43), containing one sugar each, were produced via tryptic
digestion. To improve nuclear magnetic resonance (NMR)
spectral quality, a mixed solvent system of 40% acetonitrile and
0.2% acetic acid in water was used. Sample preparation is
described in detail elsewhere.4

NMR Spectroscopy. All experiments were performed at
natural isotopic abundance. NMR experiments were conducted
on a Bruker Avance 700 MHz spectrometer equipped with a
cryoprobe, four radiofrequency channels, and gradient pulse ca-
pabilities, with glycocin F at a concentration of 3 mM and at 310
K unless otherwise noted. NMR spectra were processed using
standard parameters with Topspin version 2.1 (Bruker-Biospin
GmbH, Rheinstetten, Germany).
Peptide Chemical Shift Assignment and NOEs. All peptide

assignment and analysis was done using CCPNMR Analysis
version 1.0.24 Chemical shifts were assigned by means of
1H�15N HSQC spectra recorded with a spectral width of
13.95 ppm (2048 points) and 44 ppm (256 points) in the 1H
and 15N dimensions, respectively. 1H�15N HSQC-TOCSY
25�27 (60 ms TOCSY mixing time) spectra were recorded with
sweep widths of 13.95 ppm (2048 points) and 21.90 ppm (256
points) in the 1H and 15N dimensions, respectively. The 1H�13C
HSQC spectra were recorded with sweep widths of 13.95 ppm -
(2048 points) and 166.05 ppm (256 points) in the 1H and 13C
dimensions, respectively. The 1H�13C HSQC-TOCSY28 (100
ms TOCSY mixing time) and 1H�13C H2BC spectra were
recorded with sweep widths of 16.08 ppm (2048 points) and
146.00 ppm (256 points) in the 1H and 13C dimensions,
respectively. The 1H�1H TOCSY and 1H�1H NOESY spectra
were recorded with sweep widths of 13.95 ppm in each dimen-
sion, with 620 and 4096 points in the indirect and direct
dimensions, respectively.
The 1H�15N HSQC, 1H�15N HSQC-TOCSY, 13C HSQC,

13C HSQC-TOCSY, 13C H2BC,7 and 1H�1H TOCSY (with
TOCSY mixing times of 30, 60, and 90 ms) spectra were used to
identify spin systems followed by 1H�1H NOESY walks for
sequential assignment. 1H�15N HSQC and 1H�1H TOCSY
spectra recorded at 298, 301, 310, and 318 Kwere used to resolve
overlapped resonances. Spectra recorded at 310 K produced the
least overlap, and the chemical shifts reported here are based on
that temperature. 1H�1H NOESY spectra were recorded with
mixing times of 100, 150, and 200 ms and established that spin
diffusion was not a significant factor. The 200 ms NOESY data
set was then used for chemical shift assignment and to derive
distance constraints.
Sugar Chemical Shift Assignment. The identities and lin-

kages of the twoHexNAcswere determined using 600μL samples
of ∼1.5 mM GccF1�32 or GccF33�43 in a 59.8% D2O/40%
acetonitrile-d3/0.2% acetic acid-d4 mixture. DQF-COSY,
1H�13C HSQC, 1H�13C H2BC, 1H�13C HSQC-TOCSY,
1H�13C HMBC, and one-dimensional (1D) 1H selective-
TOCSY spectra were recorded at 305 K. DQF-COSY spectra
were recorded with a spectral widths of 5.25 kHz in each
dimension and with 512 and 4096 points in the indirect and
direct dimensions, respectively. Phase discrimination in the
indirect dimension was achieved using the echo�antiecho meth-
od. Multiplicity-edited 1H�13C HSQC and unedited 1H�13C
H2BC echo�antiecho spectra were recorded with spectral widths

of 25.71 kHz (256 points) and 11.26 kHz (2048 points) in the
indirect and direct dimensions, respectively. Broadband 13C
decoupling was applied during the acquisition time using the
GARP decoupling scheme. 1H�13C HMBC echo�antiecho
spectra without broadband decoupling were recorded with spec-
tral widths of 38.74 kHz (256 points) and 9.76 kHz (4096 points)
in the 13C and 1H dimensions, respectively. 1D 1H selective
TOCSY spectra with mixing times between 30 and 300 ms were
recorded using a spectral width of 14.0 kHz and 32768 points.
Selective excitation of the anomeric resonances was obtained
using a 50 ms 180� sinc pulse placed between two 1 ms field
gradient pulses of 7.5 G/cm.
Deuterium Exchange. A sample lyophilized from a 40%

acetonitrile/0.2% acetic acid/D2O mixture was dissolved into a
40% acetonitrile/0.2% acetic acid/H2O mixture. A series of
1H�15N SOFAST-HMQC spectra with a 20 min duration each
were recorded to quantitate arising peaks. The required experi-
mental time of 20 min per spectrum was calibrated with a
previous H2O/acetonitrile/acetic acid-solvated sample and de-
signed to provide the required sensitivity for detection of all
heteronuclear correlations with the natural isotopic abundance
sample.
Dynamics. The 15N R1 spectra were recorded with relaxation

intervals of 51.1, 101.1, 251.1, 501.1, 751.1, and 1501.1 ms with
spectral widths of 11.98 ppm (2048 points) and 26.00 ppm (128
points) in the 1H and 15N dimensions, respectively. The 15N R2
spectra were recorded with relaxation intervals of 16.3, 32.6, 48.9,
81.6, 114.2, 130.6, 146.9, and 179.6 ms with spectral widths of
11.98 ppm (1024 points) and 26.00 ppm (64 points) in 1H and

Figure 1. Backbone amide region of a 1H�15N HSQC spectrum of
glycocin F at natural abundance (310 K). Sequence-specific assignments
are indicated, and sugar correlations are labeled O-NAG and S-NAG.
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15N dimensions, respectively. 1H�15N NOE spectra were re-
corded in an interleaved manner with a 6 s 1H presaturation
period and a control experiment in which the presaturation
period was replaced by an equivalent delay without saturation
and with spectral widths of 11.98 ppm (2048 points) and 22.73
ppm (64 points) in the 1H and 15N dimensions, respectively. The
15N R1 and R2 values were determined using Analysis version
2.1.5 via a nonlinear least-squares fit of intensity decay as a
function of relaxation period. The 1H�15N NOE was calculated
as the ratio of the saturated versus unsaturated peak intensities.
The residue-specific dynamics was also estimated via the Ran-
dom Coil Indexing approach.
Structure Calculation. Distances were derived from NOE

peak heights in the 1H�1H NOESY spectrum with a 200 ms
mixing time and calibrated using isolated spin pair approximation
in ARIA 2.2.29 Hydrogen bond upper limit restraints for residues

showing slow peak intensity buildup in the SOFAST-HMQC
H�D exchange experiment were set to 2.2 Å for the HN(i)�
O(i þ 4) linkage and to 3.3 Å for the N(i)�O(i þ 4) linkage.
A patch was written into the topology file to define the O-linkage
from Ser18 and the S-linkage from Cys43 to N-acetylglucosa-
mine, and an otherwise standard CNS 1.1-based protocol was
employed using the ARIA 2.2 interface. Structure visualization
utilized PYMOL,30 and structure evaluation was performed with
PROCHECK.31

’RESULTS

Peptide Chemical Shift-Based Analyses. A 1H�15N HSQC
spectrum of GccF recorded at natural abundance produced 43
peaks in the backbone region (Figure 1), two more than the
expected number for a 43-residue peptide containing one proline
residue (the N-terminal amino group is not typically observed).
This number is consistent with the existence of twoN-containing
post-translational modifications. These modifications were pre-
viously shown by mass spectrometry to be consistent with the
attachment of HexNAcs to Ser18 and Cys434 and are discussed
further below. Backbone resonance assignments (1HN,

1HR,
13CR, and

15N) are 100% complete, with the exception of the
N-terminal ammonium group. Side chain 1H assignments are
83% complete, with most of the unassigned resonances due to
overlap in the aromatic resonances. The secondary structure was
probed via chemical shift indexing (CSI)17 as presented in
Figure 2A. Positive CSI values for residues 7�10 and 22�27
are consistent with helix formation, with residues 6 and 11
showing partial helical character. Residues 5�12 and 21�28
show medium- and long-range NOEs consistent with formation
of two helices (Figure 2B), although the 6�10 and 7�11
HR�HN(i, i þ 4) connectivities could not be assigned because
of spectral overlap. Deuterium exchange results, discussed
further below, are also consistent with stable helix formation in
the region of residues 5�12 and 21�28. The significant helical
content of the peptide is corroborated by CD spectroscopy
under similar solvent conditions as shown by our laboratory
previously.4

The large negative CSI values observed for Cys5, Cys12,
Cys21, and Cys28 (Figure 2A) are consistent with the previously
established disulfide bonding of these residues.4 The large
negative CSI values observed for residues Ser18 and Cys43
(labeled with asterisks in Figure 2A) are consistent with the
previously established post-translational modification of these
residues. The C-terminal tail (residues 30�43) lacks character-
istic secondary structural and long-range NOEs (Figure 2B).
Analysis of backbone chemical shifts via the random coil index
procedure (RCI)18 shows the presence of less internal dynamics
in the helices than in the other regions of the peptide (Figure 2C).
Sugar Identification and Linkage. To simplify the chemical

shift assignment of the two post-translational modifications, the
tryptic peptides GccF1�32 (amino acids 1�32) and GccF33�43

(amino acids 33�43), each of which contains only one mod-
ification, were produced as described previously4 and analyzed
separately by NMR. The resonances of each modification were
assigned using a combination of DQF-COSY, 1H�13C HSQC,
1H�13C H2BC,19 and 1H�13C HMBC experiments. The iden-
tification of each as β-GlcNAc residues was first establish-
ed tentatively by comparison of the assigned chemical shifts
with those in the SUGABASE database (http://www.boc.
chem.uu.nl/sugabase/sugabase.html). The stereochemistry was

Figure 2. (A) Plot of the chemical shift index (CSI) using CR and Cβ

resonances vs glycocin F residue number. Positive CSI values indicate
helical propensities, while negative values indicate β-sheet propensity.
Large negative CSI values (dashed lines) are observed for Cys5, Cys12,
Cys21, and Cys28, because of the involvement in disulfide linkages. In
addition, residues Ser18 and Cys43 (asterisks) also display large negative
CSI values because of post-translational modification. (B) Plot of
sequential and medium-range 1H�1H NOEs vs glycocin F residue
number. Bars indicate the residues connected by the NOE. (C) Plot of
the RCI-derived order parameter (S2) vs glycocin F residue number. A
PROCHECK-generated plot of secondary structure is shown above
panel A, with solvent accessibility indicated via shading (dark is
inaccessible), and disulfide bonds indicated schematically. Gray boxes
extending through panels A�C highlight the PROCHECK-determined
helical regions.
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subsequently determined by analysis of the 3JH,H coupling
constants extracted from 1D selective TOCSY experiments.
The GlcNAc attached to GccF33�43 exhibited two unusual
NMR parameters: the C-1 chemical shift was anomalously low
(84.81 ppm), and the 3JH1,H2 coupling was large (10.17 Hz),
compared to the more typical values found for the GccF1�32

sugar [102.00 ppm and 8.80 Hz, respectively (see Table 1)].
These atypical data can be attributed to the sugar being linked to
the peptide via sulfur rather than via a more electronegative
oxygen atom. Estimation of the C-1 chemical shift assuming an
S-linkage using ACD/CNMR Predictor 8.04 (Advanced Chem-
istry Developments Inc., Toronto, ON) produced a result very
similar to that observed experimentally (84.34 ( 0.75 ppm
estimated vs 84.81 ppm observed). The linkage to Ser18 was
confirmed as GlcNAc(β-1-O)Ser18 via HMBC correlations from
GlcNAc H-1 to the Ser18 Cβ resonance and from GlcNAc C-1 to
the Ser18 Hβ resonance (Figure 3A). Analogous HMBC correla-
tions from the second GlcNAc to Cys43 (Figure 3B) similarly
confirm this linkage as GlcNAc(β-1-S)Cys43. These findings are in
agreement with previously reported analyses in which Ser18 was
specifically deglycosylated by N-acetyl-β-D-glucosaminidase.4

Three-Dimensional Structure. Initial structural calculations
were performed using distance constraints derived from 443
unambiguous 1H�1H NOEs, without the use of disulfide-, hydro-
gen bond-, secondary structure-, or deuterium exchange-based

constraints. GlcNAc moieties were computationally attached to
Ser18 andCys43. These initial structures showed twohelical regions
from residues 5�12 and 21�28. Consistent with the chemical shift-
based analyses described above and previous reports, the initial
structures placed the sulfide groups of Cys5 and Cys12 sufficiently
close to Cys28 and Cys21, respectively, to suggest the formation of
two disulfide bonds. The presence of interhelical NOEs between
residues 5 and 28, residues 8 and 24, residues 8 and 25, and residues
9 and 20 is consistent with interactions predicted from a helical
wheelmodel (Figure 4A) with residues 5�12 and 21�28 forming a
pair of antiparallel helices.
To gain experimental evidence of the presence of hydrogen

bonding, we performedH�D exchange experiments on a sample
that was solvated in a D2O/acetonitrile/acetic acid mixed solvent
system, lyophilized, and redissolved in an H2O/acetonitrile/
acetic acid mixture. A series of sequentially recorded 1H�15N
SOFAST-HMQC20 experiments were performed to allow rapid
examination of heteronuclear correlations arising when amide-
bound deuterium exchanged with solvent protons. The resulting
peak intensities plotted as a function of time showed slow build-
up for residues Thr8, Leu9, Ala10, Met11, Met24, and Tyr25, all
from the putative helical regions. The Cys12 amide peak could
not be analyzed because of peak overlap, while residues 26�28
from the tail end of helix 2 exchange rapidly. The observed results
are consistent with the residues from the first helix and the

Table 1. NMR Parameters for the Two GlcNAc Moieties of Glycocin F

GccF1�32 (contains Ser18 O-GlcNAc) GccF33�43 (contains Cys43 S-GlcNAc)

δ(1H) (ppm)a δ(13C) (ppm)a J (Hz) δ(1H) (ppm)a δ(13C) (ppm)a J (Hz)

1 4.56 102.00 J1,2 = 8.80 4.59 84.81 J1,2 = 10.17

2 3.72 56.18 J2,3 = 8.85 3.77 55.36 J2,3 = 10.17

3 3.56 74.62 J3,4 = 9.50 3.53 75.95 J3,4 = 9.10

4 3.42 70.93 3.43 70.71

5 3.47 76.85 3.43 80.92 J5,6 = 5.23

6 3.74 61.77 J6,60 = 12.29 3.71 62.04 J6,60 = 12.10

60 3.94 � 3.89 �
Me 2.08 23.35 1.99 23.07

CdO � 174.80 � 174.4
aChemical shifts are referenced relative to acetone at a δ(1H) of 2.225 ppm and a δ(13C) of 31.08 ppm.

Figure 3. Sugar-containing region of 1H�13C HSQC (black) and 1H�13C HMBC (red) spectra for (A) the GccF1�32 peptide showing connectivities
between GlcNAc and Ser18 and (B) the GccF33�43 peptide showing connectivities between GlcNAc and Cys43.
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N-terminal half of the second helix participating in stable
hydrogen bonds.
At this point, conservative hydrogen bond constraints, where

indicated by the exchange data given above, were introduced into
the R-helical region as upper limit distance constraints of 2.2 Å for
theHN(i)�O(iþ 4) connectivity and3.3Å for theN(i)�O(iþ 4)
connectivity, with the pattern of hydrogen bonding inferred from
the initial calculated structures. Although hydrogen bonds were

not introduced for residues 26�28 because of their exchange
characteristics, the initial structures also placed these residues
into an R-helical conformation. This suggests that the second
helix forms but is somewhat unstable near its C-terminus. In
addition, disulfide bonds were inserted via standard topological
constraints in the form of covalent linkages. A new set of
structures was then calculated. The resulting final structures
(Figure 4B) contain an N-terminal R-helix of residues 5�12, a
loop of residues 13�20, and a second R-helix of residues 21�28.
The C-terminal residues 29�43 appear largely disordered. Each
helix is ∼10.6 Å long, measured as the CR�CR distance from
residue 5 to residue 12 and from residue 21 to residue 28,
incorporating two turns for each helix. The helical interface is
bounded at either end by the Cys5�Cys28 and Cys12�Cys21
disulfide bonds. The center of the helical interface includes
relatively close contacts from Thr8 and Leu9 to Met24 and
Tyr25. A superposition of the 12 best structures shows the
helices to be well-defined [backbone rmsd of 0.65( 0.24 Å (see
Table 2)] relative to the intervening loop and the disordered tail.
A Ramachandran analysis for the ensemble shows that the
residues in the structured region fall within the standard R-
helical region.
NoNOEswere observed between the carbohydratemoieties and

the peptide component of the molecule, likely because of flexibility
within the sugars and the O- and S-linkages together with their
presence in less structured regions of the peptide (see below).
Dynamics. The 15N R1 and R2 profiles show a pattern of higher

values for residues 5�12 and 21�28 (Figure 5A,B), indicating a
more rigid conformation relative to residues 13�20 that produce
lower relaxation rates. A steady decrease in R1 and R2 is observed
from residue 29 to 34, and the rates remain low from this point to
the C-terminus, indicating a largely flexible tail and explaining the

Figure 4. Glycocin F structure. (A) Helical wheel diagram (http://www.gevorggrigoryan.com/drawcoil/) of residues 5�12 and 21�28. The
Cys5�Cys28 and Cys12�Cys21 disulfide bonds are represented by yellow lines. Polar residues are colored yellow and hydrophobic residues gray, and
the lone charged residue in this region is colored red. The N- and C-termini would project above the plane of the page and the loop connecting the two
helices below the plane of the page. (B) Superposition of the 12 calculated structures with the lowest energy, with the N- and C-termini labeled. All sulfur
atoms are shown as yellow sticks, including the two disulfide bonds between the helices and the S-linked sugar at the C-terminus. The sugars are also
shown as sticks. (C) Surface rendering of residues 4�28, colored according to electrostatic potential: red for negative, blue for positive, and white for
neutral. A cartoon rendering, with the first and second helices labeled N andC, respectively, is visible under the partially transparent surface to assist with
orientation.

Table 2. NMR Structural Statistics for Glycocin F

distance constraints

NOE 443

hydrogen bond 12

disulfide bridge (Cys5�Cys28, Cys12�Cys21) 2

distance constraint violations of >0.3 Å 0

NOE r.m.s.d. (Å) 0.014 ( 0.004

deviations from idealized geometry

bond lengths (Å) 0.0014 ( 0.0003

bond angles (�) 0.62 ( 0.44

improper angles (�) 0.60 ( 0.62

average pairwise r.m.s.d. (Å)

heavy atoms, residues 5�12, 21�28 1.67 ( 0.40

backbone, residues 5�12, 21�28 0.65 ( 0.24

heavy atoms, all residues 1�43 7.57 ( 2.07

backbone, all residues 1�43 6.44 ( 1.95

Procheck-calculated Ramachandran plot analysis

residues in most favoured regions 57.1%

residues in additionally allowed regions 37.9%

residues in generously allowed regions 4.0%

residues in disallowed allowed regions 1.0%
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lack of long- and medium-range 1H�1H NOEs for the C-terminal
tail. The 1H�15N NOE profile (Figure 5C) follows a trend similar
to that of the 15NR1 andR2 data, with largerNOEs indicatingmore
rigidity in the helical regions. Residues 12, 16, and 36were excluded
from relaxation analysis because of peak overlap. These results are
consistent with the random coil index-inferred order parameter
(S2) analysis presented in Figure 2C. The N-acetylglucosamine
15Nnuclei (labeledO-NAGandS-NAG in Figure 5) display lowR1
and R2 values, and the O-NAG 1H�15N NOE value is low,
consistent with the high flexibility of the carbohydrate moieties as
suggested above by the lack of NOEs between the sugars and the
peptide component. The S-NAG 1H�15N NOE could not be
accurately determined because of low signal intensity.
Accession Numbers. The accession numbers of the atomic

coordinates of the ensemble of 12 conformers representing the
NMR structure have been deposited in the Brookhaven Protein
Data Bank (entry 2KUY). The chemical shift list has been deposited
in the BioMagRes Data Bank under accession code 16747.

’DISCUSSION

The glycocin F structure consists of two R-helices connected
by a short loop and held together by two nested disulfide bonds
(Figure 4B). The two-helix bundle is preceded by a four-residue

N-terminus and followed by a 15-residue C-terminal tail. Relaxa-
tion and RCI analyses (Figure 5) show that the helical regions are
somewhat less dynamic than the intervening loop and that the
C-terminal tail is highly disordered. Independent and conclusive
NMR-based analyses of the post-translational modifications
confirm the previous report4 that Ser18 is linked to a β-GlcNAc,
and that the linkage is through Oγ. Furthermore, our analyses
show that the previously unidentified HexNAc attached to Sγ of
Cys43 is also a β-GlcNAc. The latter modification is completely
novel, though genomic analyses suggest that a significant number
of related peptides may also contain S-glycosylation sites.3,4

NMR-based structures of three bacteriocins that each contain a
single disulfide bond have been reported,21�23 and a nested pair
of disulfide bonds have been proposed for sublancin 168,2

suggesting a similarity of mechanism with GccF. However, this
work represents the first detailed structural analysis of a bacter-
iocin with nested disulfide bonds, and the first high-resolution
structure of any S-glycosylated protein.

Direct relaxation data from the two GccF sugar moieties show
that they are highly mobile. The C-terminal helix and the serine-
rich C-terminal tail are highly polar, while the N-terminal half of
the molecule (N-terminus, N-terminal helix, and interhelical
loop) is of mixed polar and nonpolar character. The N-terminal
helix is amphipathic, presenting a largely hydrophobic surface to

Figure 5. Plot of 15N relaxation parameters for glycocin F. Consistent with the RCI result in Figure 2, relaxation parameters for the two helices (shaded
regions) display less internal dynamics than the remainder of the molecule. Relaxation data from the sugar moieties, labeled O-NAG and S-NAG, show
that they are highly mobile.
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solvent, and a more polar surface to the interface with the polar
C-terminal helix. As a result, the surface of the two-helix bundle is
amphipathic (Figure 4C). This amphipathicity, along with the
bacteriostatic activity of GccF and its enhanced solubility in a
mixed solvent system relative to water, suggests that glycocin F
may function at least in part through association with the cellular
envelope of the target bacterium.

Although the antimicrobial mechanism(s) of glycocin F
is not yet well understood, it is known that the O-linked
GlcNAc is essential for the bacteriostatic activity, while the
S-glycosylated C-terminus significantly enhances bacteriosta-
sis.4 Furthermore, addition of free GlcNAc to the medium
reverses GccF-mediated bacteriostasis.4 The linked sugars may
help to modify the physical properties of the peptide, including
its solubility and self-association state. They may also help to
protect the peptide from proteolysis at the otherwise exposed
interhelical loop and C-terminus.

However, the sugars likely also play a more specific role in the as
yet unidentified pathway(s) through which GccF effects bacter-
iostasis. GccF at high concentrations in the extracellular medium
can initiate bacteriostasis within minutes (unpublished results),
suggesting that the specific target ofGccFmay reside at the cell wall.
Furthermore, GlcNAcs are common substrates for cell wall synth-
esis, where they are incorporated by bacterial phosphotransferases
after transport across the cell membrane. Thus, cell wall remodel-
ling would seem a likely mechanism for GccF activity. It is clear
from the three-dimensional structure of GccF that the C-terminal
tail is highly soluble and conformationally mobile. This mobility
may allow the C-terminal S-linked sugar to serve as bait on a fishing
line of sorts, hooking the peptide to the cell wall. The S-linkage
would provide resistance from glycosidases and transglycosylases.
Once so anchored, the amphipathic helical bundle would more
efficiently scan the cell wall, where theO-linkedGlcNAc could help
it to associate with and inhibit key transglycosylases required for
peptidoglycan synthesis. The flexible tail provides an approximate
separation between the S-linked and O-linked sugars (C-1�C-1
distance) of 34 ( 8 Å as measured from the structural ensemble.
This distance would allow a cell wall surface area of approximately
3500 Å2 to be sampled by theO-linked sugar and the attached two-
helix bundle, once the S-linked sugar is anchored. According to this
proposed mechanism, free GlcNAc would rescue the cell by
competing with GccF for the GlcNAc interaction sites on or within
the cell wall. The reduction but not total loss of activity observed
upon tryptic removal of the C-terminus of GccF is consistent with
the S-linked sugar helping to localize the key active part of the
peptide, the O-linked sugar, and the associated two-helix bundle.
Additional studies identifying specific molecular receptors and
targets of inhibitory action should help to clarify these issues.
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