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Abstract
Agrocin 108 is a 3′-O-β-D-xylopyranosyl-cytidine-5′-O-phosphodiester of an ascorbate-carbocyclic cyclopentenone analogue,
with bacteriocin-like properties. This bacteriocin exhibits orders of magnitude greater than the inhibition zone diameter
towards the indicator strain than either ampicillin or streptomycin. It has been isolated from cultures of Rhizobium rhizogenes
strain K108. The structure of the agrocin 108 without detail, has been previously published. We now report a detailed structure
elucidation, including the hitherto undetermined residual 5′-phospho-diester fragment by a combination of 1D and 2D NMR
studies at various pH values in H2O/D2O, high resolution MS, pKa determination, and chemical degradation.

Introduction

Agrocins are highly selective bacteriocins. Agrocin 84 (a
fraudulent, N-6, O-5′-disubstituted adenine arabinofuranosyl
nucleotide) together with agrocin 434 (an N-4-substituted
cytidine nucleoside, with 3′-O-enol ether blocking group) are
two representatives of a class of non-peptide bacteriocins that
have been successfully used in combination for four decades
[1], to effect biological control of the dicotyledonous plant
cancer known as crown gall. This disease is induced by
pathogenic strains of Agrobacterium tumefaciens and A.
rhizogenes (now known as Rhizobium rhizogenes) which can
carry a tumour-inducing (Ti) plasmid. An interesting feature
of agrocins is that they have a toxic moiety and an uptake

moiety, and certain bacterial permeases designed for specific
nutrients allows the entry of the bacteriocin. Agrocin 84
produced by R. rhizogenes strain K84 is a fraudulent ade-
nosine and only bacteria with a specific permease are sen-
sitive to agrocin 84 [2]. This uptake system has been
described as a Trojan Horse [3]. To protect against crown
gall, both agrocin 84 and agrocin 434 are delivered via
application of a live non-pathogenic R. rhizogenes (strain
K1026) producer of these agrocins to the roots, cuttings or
seeds of susceptible plants, prior to planting. We suggest that
a thorough understanding of the mode of action [4] of these
long-standing and remarkably effective nucleoside and
nucleotide bacteriocin-like antibiotics will provide clues as
how to avoid the build-up of resistant pathogens which is
very much the characteristic of broad spectrum antibiotics.

We now report the structure of yet another low-
molecular weight nucleotide bacteriocin: agrocin 108. A
proposed structure of agrocin 108 by ME Tate with neither
stereo-chemistry nor structural information was first pub-
lished in a review in 1995 [5]. We wish to provide further
details regarding the structure of this compound.

Experimental procedures

Bacterial strains

Rhizobium rhizogenes strain K108 and R. rhizogenes strain
K46 (syn. TR101) were obtained from Professor Allen Kerr
of the University of Adelaide, Waite Campus. Both the
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producer strain (K108) and the sensitive strain (K46) were
maintained at 4 °C on yeast mannitol agar and long-term as
freeze-dried cultures. Routine subcultures of strain K108
were grown on yeast mannitol agar and incubated for 2 days
at 26 °C. The R. rhizogenes indicator strain K46 is available
as TR101 from the International Collection of Phyto-
pathogenic Bacteria housed by USDA in Maryland. The
producer strain R. rhizogenes K108 has been deposited with
The International Collection of Micro-organisms from
Plants, Landcare Research, Private Bag 92170, Auckland
Mail Centre, Auckland 1142, New Zealand.

Production of agrocin 108 and bioassay of activity

Strain K108 was grown in 0.5 l modified Ghent’s medium in
1 l Erlenmeyer flasks. The medium contained, per litre:
glucose 2.0 g, NH4SO4 1.0 g, sodium glutamate mono-
hydrate 1.1 g, trisodium citrate dihydrate 0.56 g,
K2HPO4.3H2O 2.28 g, KH2PO4 5.45 g, MgSO4.7H2O 0.2 g,
FeCl3.6H2O 5 mg, thiamine 10 mg, biotin 0.2 mg (added
after autoclaving), pH adjusted to 7.0. The 1 l flasks were
each inoculated with 10 ml starter cultures that had been
grown in the same liquid medium for 2 days at 26 °C and
incubated for a further 60 h at 26 °C on a rotary shaker at
150 r.p.m. Biological activity of agrocin 108 was assessed
on Petri dishes containing Stonier’s agar [6] plus biotin (0.2
mg/l). The producer strain was patched to the centre of the
Petri dish and allowed to grow for 2 days. Filter sterilised
bacterial culture medium and purified compounds (includ-
ing antibiotics ampicillin and streptomycin) were either
added to wells (5 mm diameter) in the agar or applied to
filter paper circles (5 mm diameter). Glass Petri dishes
together with agar and producer strains or test samples,
were sterilised with chloroform vapour, from a CHCl3
cotton wool patch taped to its lid for approximately five
minutes and then opened in a laminar flow cabinet to
remove CHCl3 and finally overlaid with soft buffered agar
containing the indicator strain R. rhizogenes K46 (syn.
TR101). The tests were incubated for 2 to 4 days at 26 °C.

Isolation of agrocin 108

BDH activated decolourising charcoal (ash 1.2%) was
added at 2 g per liter of liquid culture broth and stirred for
24 h at room temperature. The slurry was filtered using a
large Büchner funnel lined with Whatman 451 filter paper.
The carbon cake residue, containing the nucleotides, was
stirred for 12 h with 25 ml/g 50% aqueous isopropanol (v/v)
containing 0.25% ammonia solution at room temperature.
The slurry was centrifuged at 16,250×g for 30 min. The
straw coloured supernatant was taken to dryness by rotary
evaporation at 40 °C. The crude charcoal desorbed bacter-
iocin, followed by adsorption on Dowex 50H+, was eluted

with 1M NH4OH and evaporated to remove excess NH3.

Crude agrocin 108 in water (60,000 273 nm units), was
applied to a Sephadex DEAE-A25 anion exchange column
(620× 38 mm diameter) and eluted with 0.1 M triethy-
lammonium acetate pH 5.0 (4 l). Fractions (17.8 ml) were
collected at 1 ml/minute. UV absorbing material was mon-
itored by electrophoresis at pH 1.7 (0.1 M formic/acetic
buffer) and separated into three major fractions. The first
fraction contained unresolved components. Agrocin 108 (m.
p. 229 °C followed immediately by decomposition; molar
absorption coefficient ε 34,663, 273 nm, pH 7; specific
rotation coefficient [α] 11.3± 0.3, 589 nm, pH 5.5) was
found in the second fraction whilst a small amount of a
substance, referred to as agrocin 108B, was found in the
third fraction.

Enzymatic degradation of agrocin 108

(a) Snake venom phosphodiesterase I (E.C.3.1.4.1) type VII
from Crotalus atrox (0.39 units/mg; Sigma-Aldrich). Incu-
bations performed in 0.1M Tris-HCL buffer at pH 8.0 at 37
°C released phosphorylated “snake venom cytidine
nucleotide” and a UV absorbing fragment. This experiment
was repeated in the same buffer for 2 h at 28 °C. The
degradation products were purified by HVPE (pH 1.7,
formic acetic buffer), ultraviolet absorbing bands were
eluted and the UV spectrum measured. (b) Bacterial alkaline
phosphatase (E.C.3.1.3.1) type III from E. coli in 2.5 M
(NH4)2SO4 solution (264 units/ml; Sigma-Aldrich), incu-
bations in 0.1 M NH4OH buffer at pH 10.0 at 37 °C,
showed no effect on snake venom nucleotide. (c) Acid
phosphatase (E.C.3.1.3.2) from wheat germ (0.3 units/mg;
Worthington Biochemicals), incubation in 0.1 M sodium
acetate buffer at pH 4.6 at 25 °C, using either agrocin 108 or
snake venom nucleotide, released cytidine. Its identity to a
reference sample was established by UV-vis spectrometry,
HVPE, TLC, paper chromatography, column chromato-
graphy and optical rotation. In addition to release of cyti-
dine, this enzyme also released xylose (detected by paper
chromatography, with p-anisidine as the detection reagent)
indicating the presence of glycosidase activity. Further
sealed tube, acid hydrolysis (3 N acetic acid for 18 h at 110
°C) of the cytidine product yielded ribose as identified by
HVPE, paper chromatography and GLC, as well as uracil
(identified by HVPE) a deamination product of cytosine. (d)
Cellulase (E.C.3.2.1.4) (Activity unknown; Onozuka R-10,
Yakult Biochemicals Co. Ltd., Nishinomiya, Japan). Incu-
bations were performed in 0.1 M sodium acetate buffer at
pH 4.6 at 25 °C. Xylose was released as measured by paper
chromatography. (e) β-glucosidase (E.C.3.2.1.21) from
almonds (7.2 units/mg; Sigma-Aldrich). Incubations were
performed in 0.1 M sodium acetate buffer at pH 4.6 at 37 °
C. This enzyme released xylose as measured by HVPE,
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paper chromatography and GLC. Specificity of this enzyme
helped to establish the likely presence of a β-D-
xylopyranoside. (f) Snail-gut chitinase from Helix pomatia
(activity unknown; Industries Biologique, Francais, France).
Incubations were performed in 0.1 M sodium acetate buffer
at pH 4.6 at 25 °C. This enzyme also released xylose as
measured by paper chromatography.

Acid hydrolysis

(a) Hydrolysis of agrocin 108 in 2.5 M acetic acid at 110 °C
for 2 h yielded 5′-CMP as identified by HVPE and com-
pared with the standard (formic/acetic buffer pH 1.7, RmOG

−0.05; 0.05M Na2B4O7, pH 9.2, RmOG 1.13). Crystals gave
needles, m.p. 203–204 °C. (b) Mild acid hydrolysis was
performed in a sealed tube, using 3M formic acid at 100 °C
for 1 h to release a substituted nucleotide and the phos-
phorylated substituent. (c) Cold (0 °C) nitrous acid deami-
nation of agrocin 108 (50 μl, 1% Na agrocin 108) with 2.5%
HNO2 in 0.5 M HCl (50 μl) for 3 h at room temperature
yielded a (RmOG+ 0.02) UV positive, AgNO3 positive,
FeCl3 positive, p-anisidine positive (yellow) product, which
was no longer cationic at pH 1.7.

Ammonolysis

Agrocin 108 heated in a sealed tube with 2.5 M ammonia
for 16 h at 100 °C unexpectedly and fortuitously yielded a
quickly recognised yellow spot detected by HVPE with
similar mobility and UV spectrum to that of authentic
croconic acid observed in other studies [7].

Mass spectrometry

Initially, low resolution mass spectrometry field desorption
MS Fast atom bombardment (MH+) was performed using a
V.G. Analytical ZAB mass spectrometer. Subsequently,
high resolution mass spectral analysis was carried out using
an electrospray mass spectrometer (MicrOTOF-Q, Bru-
ker Daltonics Corporation, USA) operated in negative ion
mode. The capillary voltage was set at 3500 V with an end
plate offset potential of −500 V. Data were collected from
50 to 1500m/z with an acquisition rate of 1 spectrum
per second. Dry gas was set to 6 l min−1 at 200 °C with a
nebulization gas pressure of 2.0 bar. Samples were intro-
duced by direct infusion.

NMR spectroscopy

Initial 1D 13C and 1H NMR spectra were recorded in D2O
on a JEOL FX-90Q spectrometer operating at 90MHz.
Subsequent 1D and 2D data were obtained using a Varian
Inova-600 spectrometer operating at 600MHz. Samples

were dissolved in D2O/H2O (1:9) using water suppression
techniques for 1H spectra and TSP as an external reference.
MestReNova [8] prediction software was used to help
assign the proton and carbon shifts. (NMR spectra, Sup-
plemental Part 3).

Electrophoresis

High voltage paper electrophoresis (HVPE) was carried out
according to the method of Tate [9] using Orange G,
fructose, 2-deoxyadenosine and inorganic phosphate as
markers. Relative mobility (RmOG) values were estimated
using the mobility of either Orange G (RmOG) or p-nitro-
benzene sulphonate (RmNBS) with fructose as the non-
migrating marker (Rm 0.0). In the pH range used, Orange G
has formal charge −2 while p-nitrobenzene sulphonate has
formal charge −1. UV absorbing reaction intermediates and
end products were detected using a UV lamp (254 nm, 366
nm). Non UV absorbing products were detected by devel-
oping chromatograms in silver nitrate reagent [10] for vic-
inal hydroxyl groups, phosphomolybdate reagent [11] for
phosphates and p-anisidine [12] for hexoses (yellow) and
pentoses (red). Relative mobilities (RmOG) for a range of
non-UV absorbing pH buffers for both agrocin 108 and
snake venom nucleotide were measured. The pKa values
and the corresponding mobilities of the various ionic spe-
cies, relative to the standard Orange G, were determined for
the pH range 1.7–10.7 (1.68–8.92, 0.1 M oxalate/citrate;
9.00–10.11, 0.1 M oxalate/potassium carbonate) [9, 13] and
data were fitted using Wincurvefit software [14].

Formaldehyde assay

Oxidation of compounds possessing either –CH.
OH–CH2OH or –CH.NH2.CH2OH terminal groups by
iodine tetraoxide (IO4

−) yields formaldehyde. For-
maldehyde was quantified by the method of Hanahan and
Olley [15] using erythritol which yields 2 mol of for-
maldehyde per mole. Agrocin 108 (0.37× 10−6 mol) yiel-
ded 3.0× 10−7 mol formaldehyde, or approximately 0.81
moles per mole implying the presence of one of the above
terminal groups. The absence of formaldehyde in the peri-
odate oxidation of the N-acetylated agrocin 108 is only
compatible with presence of a terminal –CH.NH2.CH2OH
group.

Determination of mole ratio of cytidine to xylose

Snake venom nucleotide (200 μl of A280 20.4, pH 1.0;
1.35× 10−6 mol) was digested with 0.6 mg β-glucosidase,
0.417× 10−6 moles erythritol (internal standard) and 200 μl
0.1 M sodium acetate buffer (pH 4.6) for 18 h at 37 °C. The
digest was fractionated by HVPE and the three fractions
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representing the zero mobility neutral sugar fraction (con-
taining some unreacted snake venom nucleotide), cytidine
and xylosyl-cytidine were eluted from the paper. Absor-
bance values at 280 nm (pH 1.0) for the three bands were
5.2, 2.21, and 10.63 for neutral sugar (and unreacted start-
ing material) fraction, cytidine and xylopyranosyl-cytidine,
respectively. The estimated mass of cytidine released was
0.167× 10−6 mol. The neutral sugar fraction was acetylated
and its carbohydrate content were analysed by gas chro-
matography. Based on the initial concentration of erythritol
and standard curves for the acetates of xylose and erythritol,
the ratio of the areas of xylose and erythritol acetates
allowed the estimation of the mass of xylose released:
0.150× 10−6 mol which equates to a xylopyranoside to
cytidine mole ratio of 0.9 and indicative of an equimolar
ratio of xylopyranoside to cytidine.

Results

Agrocin 108 inhibition zones (Fig. 1a) show, by compar-
ison with the broad spectrum antibiotics ampicillin or
streptomycin, that it achieves, respectively, a 100-fold or
1000-fold increase in its relative potency towards the target,
a hairy root disease-inducing pathogen (R. rhizogenes K46).
Addition of xylose and methylxylose decreased the effec-
tiveness of agrocin 108 (Fig. 1b). Agrocin 108 required 1.5
and 0.08 μg to produce inhibition zones of 3 cm and 1 cm
radius, respectively. The toxicity of agrocin 108 to R. rhi-
zogenes K46 was compared to the toxicity of agrocin 84 to
A. tumefaciens strain K57, using data derived from Tate
et al. [3] (Supplementary Figure S1). On a molar basis,
agrocin 108 was 2.5× to 18× less toxic than the highly

potent agrocin 84 in the range of agrocin required to pro-
duce inhibition zones of 3 cm and 1 cm radius, respectively.
However, it should be noted that agrocin 84 is not toxic to
strain K46 and agrocin 108 is not toxic to strain K57. As
part of the cancer screening programme a sample of agrocin
108 was submitted to the National Cancer Institute
Bethesda Maryland in 1977, but showed no activity against
the cancer cell screens at that time.

The structure of agrocin 108 was determined by a mix-
ture of classical degradation studies and modern spectro-
scopic techniques. Low Resolution Fast atom Bombardment
disodium salt of agrocin 108 (MNa2

+) gave mass 657.2m/z
(calculated C20H28N4Na2O16P, requires 657.1028),
xylopyranosyl-cytidine nucleoside had mass 375m/z
(C14H21N3O9 requires 375.1278), agrocin 108 (MH+) gave
mass 613m/z (C20H30N4O16P requires 613.1394m/z) while
agrocin 108B (MH+) had mass 481m/z, showing a loss of
132m/z, which is consistent with loss of an anhydro-
pentose (xylopyranose) group from agrocin 108. As the
mass of agrocin 108 was 612.13 (C20H29N4O16P) and the
mass of 3′-O-beta-D-xylopyranosyl-5′CMP was 455.09
(C14H22N3O12P), the calculated mass of the snake venom
phosphodiesterase fragment was 175.04 (C6O5NH9 requires
175.0481). The high resolution mass spectrum (M–H+)
yielded three ions with m/z (relative intensity) 611.1271
(base peak, C20H28N4OP

− requires 611.1243), 454.0886
(0.02), and 305.0601 (0.05). A neutral loss of 157.0385
(C6H7NO4 requires 157.0375) gave a daughter ion
454.0886m/z the same as the mass of snake venom phos-
phodiesterase fragment (the ascorbate moiety) less H2O. A
mass of 305.0601m/z represents the doubly charged
molecular ion (M/2–H+).

The pH mobility profile of agrocin 108 (Fig. 2) showed
three observable deprotonations consistent with a
vinylogous-carboxyl adjacent to an amino group, (pKa1,
2.35± 0.09) to yield a zero charge species at pH 3.56, a
protonated 4-amino group of the cytidine base (pKa2, 4.77
± 0.18) to give a mono-anion near pH 5.8 and a quaternary
ammonium ion associated with the 5’-phosphodiester frag-
ment (pKa3, 8.25± 0.10) which yields a di-anion at pH >
10. To account for the cationic behaviour below pH 2 in the
pH mobility profile, in addition to the three nitrogens of the
cytosine moiety, there must be a fourth basic-nitrogen in the
fragment moiety. There was no significant change in UV/
Vis spectra (data not shown) between pH 7.4 and pH 13.0
although there is a major deprotonation (pKa 8.25) obser-
vable in the pH mobility profile in that region. This can only
be interpreted as the deprotonation of a quaternary nitrogen
which is not part of the 5′-O-phosphodiester fragment
chromophore.

Acid phosphatase, β-glucosidase and snail-gut chitinase
enzymes all released xylose from agrocin 108. Release of
D-xylose by β-glucosidase was indicative of the presence of
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Fig. 1 a Comparative biological activity of (A) agrocin 108, (B)
ampicillin, and (C) streptomycin loaded onto sterilised paper disks
against R. rhizogenes strain K46 (syn. TR101) on Stonier’s agar. b The
effect of addition of (A) no sugar, (B) xylose, (C) 2-O-methyl-d-xylose
and, (D) D-arabinose at 3 mM final concentration in Stonier’s agar, on
the inhibition of R. rhizogenes strain K46 (syn. TR101) by agrocin 108
(0.5 to 2 μg) loaded onto sterilised paper disks
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a β-D-xylopyranosyl moiety. The xylose free product trea-
ted with snake-venom phosphodiesterase released a cytidine
mono-phosphate nucleotide (RmOG −0.05 at pH 1.7) with
UV spectrum maxima at pH 1.0 (270 nm) and pH 10 (0.1 M
NH4OH) (280 nm) which were superimposable on that for
5′ CMP at the same pH values. The corresponding elec-
trophoretic mobility (RmOG) of 5′CMP was also −0.05. The
xylose to cytidine ratio was 1. The unusual non-
phosphorylated fragment cleaved from the biologically
active agrocin 108 by snake-venom phosphodiesterase had
a relative mobility (RmOG) at pH 1.7 of −0.53 and UV
maxima of 273 nm at pH 1.0 (0.1 M HCl), 294 nm at pH 7.0
(0.1 M phosphate buffer) and 264 nm, 341 nm, 379 nm at
pH 10 (0.1 M NH4OH) (Fig. 3). This latter increment in
wavelength is consistent with an ene-diol/enolate ionisation.
The intact agrocin 108 does not show these enol-enolate
changes at this pH range suggesting the phosphodiester
linkage from the cytidine 5′-phosphate is via an enol group
of the fragment. The free fragment has zero charge at pH
5.0 and is cationic at pH 1.0 which is consistent with the
presence of a vinylogous-carboxylic acid adjacent to a
protonated amino group.

Agrocin 108 hydrolysed in 2.5 M ammonia yielded a
yellow spot with similar electrophoretic mobility to that of a
croconic acid reference. The origin of the five carbon cro-
conic acid could only be from the six carbon snake venom
phosphodiesterase cleavage fragment which immediately
suggested that the fragment had a five membered-carbon
ring with a single hydroxyl methylene substituent adjacent
to an amino group on the cyclopent-enediol-one as depicted
in Fig. 4.

The acetylation of agrocin 108 under the alkaline con-
ditions employed occurred, whereas 5′CMP was not

affected, suggests a strongly basic nitrogen pKa (8.15)
located on the fragment. This was in accord with the
expected charge changes at pH 1.7 from +1 (RmOG −0.5)
to neutral (RmOG 0.01) and at pH 6.2 from +1 (RmOG 0.52)
to +2 (RmOG 1.26) determined by electrophoresis (data not
shown). Further evidence of the primary nature of this
nitrogen was obtained from electrophoretic mobility data
where in addition to the 3 nitrogens of the cytosine moiety
(pKa 4.58), the presence of a fourth highly basic nitrogen
(pKa 8.15) was indicated in order to account for the cationic
behaviour below pH 2 in the pH mobility profile of the
molecule.

The 1H NMR spectra at pH 6.1 displayed three protons
in the aromatic region (δH 6.0–8.0 p.p.m.) an anomeric
proton (δH 4.7 p.p.m.) three methylene protons (δH 3.3–4.4
p.p.m.), six oxygenated methine protons (δH 3.4–5.5 p.p.m.)
and two non-oxygenated methine protons (δH 4.4 p.p.m. and
δH 6.6 p.p.m.). The largest differences in proton shifts
between pH 6.1 and pH 10.7 shifts were two oxygenated
methine protons (δH 4.4 p.p.m. to δH 4.2 p.p.m.; δH 3.4 p.p.
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Fig. 3 Absorbance spectra of (a) agrocin 108 and (b) snake venom
phosphodiesterase fragment at pH 1, pH 7, and pH 10

Fig. 2 Proton dissociations of agrocin 108 indicating a strong carboxyl
deprotonation (pKa= 2.05± 0.16) to yield a zero charge species at pH
3.38, a weak proton dissociation from the cytosine base (4.67 ± 0.07)
to yield a mono-anion of net charge of −1 (RmOG= 0.72) and a
third proton dissociation pKa= 8.15± 0.07 to yield a di-anion
(RmOG= 1.24)
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m. to δH 3.6 p.p.m.) and a methylene proton from two
doublets (δH 4.0 p.p.m., J= 7.2 Hz; δH 3.9 p.p.m., J= 12.0
Hz) to a multuplet (δH 3.6 p.p.m.).

The 13C and HMQC spectra showed 20 spectral lines
with four bands in the carbonyl region (δC 142–188 p.p.m.),
three associated with carbonyls and the other with an
unsaturated carbon bonded to a NH2 group (δC 167 p.p.m.).
There were four carbons in the aromatic region (δC 97–126
p.p.m.) with one being an anomeric carbon at δC 103 p.p.m.
The carbon at 126 p.p.m. showed splitting indicating long-
range coupling to a phosphorus. There were 12 aliphatic
carbons (δC 63–90 p.p.m.) with six of them oxygenated (δC
78–70 p.p.m.). Carbons at δC 65 p.p.m. and δC 82 p.p.m.
demonstrated long-range coupling to a phosphorus atom.
Two of the carbonyl carbons at δC 158 p.p.m. and δC 167 p.
p.m. were associated with the cytidine and an anomeric
carbon at δC 103 p.p.m. was associated with xylose. The
cytidine moiety had two aromatic carbons (δC 97 p.p.m. and
δC 142 p.p.m.). Two oxygenated and two non-oxygenated
aliphatic carbons were associated with the cytidine moiety
while xylose accounted for 4 oxygenated carbons and a
methylene carbon (δC 66 p.p.m.). The remaining moiety had
six carbons; two carbonyl carbons (δC 188 p.p.m. and δC
184 p.p.m.), an aromatic carbon (δC 126 p.p.m.), an oxy-
genated aliphatic carbon (δC 74 p.p.m.), a methylene carbon
(δC 63 p.p.m.) and a non-protonated carbon (δC 66 p.p.m.).
Seven carbons bands exhibited substantial differences in
shift due to pH change with two of these associated with
structural change in xylose (C2” δC 72 p.p.m. and C3” δC 76
p.p.m.) while differences shown by other five carbons,
which were associated the remaining moiety, were con-
sistent with de-protonation of a quaternary ammonium ion.
The 1H shifts due to pH differences agreed with these data.

HMBC and COSY spectra in aqueous solutions at pH 6.1
clearly indicated the 5′-cytidine mono-phosphate (Fig. 4a, b)
and the 3′-O-β-D-xylopyranosyl constituents were in accord
with spectra of the authentic references (5′ CMP and 1-O-β-

methyl-xylopyranoside; Supplemental Part 4). The H6 pro-
ton (δH 7.98 p.p.m.) was correlated with the cytosine car-
bons, C2 (δC 158 p.p.m.) and C4 (δC 167 p.p.m.), and C1′
(δC 90 p.p.m.) of ribofuranose while the H1’ proton (δH 6.03
p.p.m.) was coupled with the C2 and C6 carbons confirming
a bond between the cytosine ring and the ribose C1’ through
the cytosine nitrogen. Other interactions between H5 (δH
6.13 p.p.m.) and H6 (δH 7.98 p.p.m.) and the carbons of the
cytosine ring were in agreement with the 5′-cytidine mono-
phosphate standard. The H3’ proton (4.50 p.p.m.) of the
ribofuranose was coupled with the C1” carbon (δC 103 p.p.
m.) of the xylose moiety confirming the linkage of the
xylopyranose to the C3’ carbon (δC 78 p.p.m.). HMBC
couplings between xylopyranose protons and carbons were
consistent with the 1-O-β-methyl-xylopyranoside model. As
expected, there were no HMBC interactions between the
xylosyl-cytidine moiety and the ascorbate moiety. Within
the ascorbate moiety, couplings were observed between the
H6‴ protons (δH 3.97 and 3.85 p.p.m.) and C2‴ (δC 184 p.p.
m.), C3‴ (δC 62 p.p.m.) and C4‴ (δC 74 p.p.m.) and were
consistent with a hydroxyl methyl group attached with C3‴.
The H4‴ proton (δH 4.40 p.p.m.) was correlated with C3‴
(δC 62 p.p.m.) and C1‴ (δC 126 p.p.m.) carbons. While a
geminal COSY coupling was observed between the two H6‴
protons (δH 3.97 and 3.85 p.p.m.), there was no coupling
between the H6‴ and the H4‴ protons.

NMR assignments of the remaining moiety consisting of
C6H8NO4 are consistent with a phosphorylated-ascorbate-
related structure (ascorbate moiety), with an observed P…C
coupling of 6.9 Hz for C1‴ (2-bond coupling), but not for
C2‴ or C5‴ (3-bond coupling), which from model building,
stems from +90o and −90o torsion angles for the phos-
phorus atom to the respective carbon atoms. At pH 6.1 all
carbon atoms in the terminal phosphodiester moiety could
be assigned (Table 1) to peaks in the NMR spectra along
with the H4‴ and two H6‴ protons. The HVPE data indi-
cated the presence of a quaternary nitrogen which is not part

Fig. 4 a Structure proposed for
agrocin 108 and (b) with COSY
and HMBC NMR interactions
indicated
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of the chromophore. The proton, carbon, and HMBC NMR
data indicated that the C6‴ carbon is a hydroxyl methyl
attached to the C3‴ carbon. Therefore this moiety has a 5-
membered ring with carbonyls at the C2‴ and C5‴ positions
and the phosphate attached to the C1‴. HMBC couplings
between the H4‴ proton and C3‴ and the H6‴ protons with
C4‴ establishes the position of this carbon. At pH 10.7
(Table 2), large shifts are noted for C6‴ and its attached
protons consistent with the de-protonation of the nitrogen
(pKa 8.25) attached to C3‴ of the ascorbate moiety. The 31P
NMR absorbances at pH 6.1 (31P −2.79 p.p.m.) and pH
10.7 (31P −2.59 p.p.m.) are as might be expected for a
phosphodiester. The cis orientation of the C3‴ hydroxyl-
methyl group and the C4‴ hydroxyl group was established
from NOESY data. No NOE correlations were observed
between H4‴ and either protons attach to C6‴. Both phy-
sical model building and MM2 computed distances [16]
between H4‴ and C6‴ protons (cis-, 3.461 Å and 3.841 Å;
trans-, 2.730 Å and 2.417 Å) indicate this could only occur
with the proposed cis configuration.

The structure of agrocin 108 was therefore characterised
as an amino-substituted cyclopenten-one-diol analogue of
ascorbate-2-phosphate, present as the 5′-phospho-diester of
3′O-β-D-xylopyranoside-5′-cytidine as shown in Fig. 4. The
absolute (R or S) stereochemistry of carbons 3‴ and 4‴ of
the cyclopenten-one-analogue ascorbate entity must await
an X-ray crystal structure determination.

Discussion

Agrocin 108 is a 3′-O-β-D-xylopyranosyl-cytidine, 5′
phospho-diester of an enediol-methylene, amino-methylene,
hydroxyl-methylene-substituted cyclopentenone analogue of
ascorbic acid 2-phosphate. Inhibition of R. rhizogenes strain
K84 by agrocin 108 established that the cyclopentenone is
the toxic portion of the molecule and requires the phosphate
ester for toxicity [17]. Agrocin 108 appears to be one of the
most unusual natural-products with bacteriocin-like proper-
ties investigated to date, and appears to exhibit a close

Table 1 Agrocin 108 proton
(600MHz), carbon (150MHz)
and 2D NMR, pH 6.1

13C
Assign.

δ13C (p.p.
m.)

j (Hz) No. 1H 1H Assign. δ1H (p.p.
m.)

J (Hz) HMBC COSY

1 C5‴ 188.36 0

2 C2‴ 183.81 0

3 C4 166.77 0

4 C2 158.19 0

5 C6 141.99 1 H6 7.982 d 7.8 C1′, C2, C4,
C5

H5

6 C1‴ 126.26 6.9 0

7 C1” 103.33 1 H1” 4.586 d 7.2 H2”

8 C5 97.19 1 H5 6.133 d 7.2 C4, C6 H6

9 C1′ 89.82 1 H1′ 6.033 d 4.8 C2′,C2, C6 H2′

10 C4′ 81.92 9.1 1 H4′ 4.446 m C1′ H3′, H5′

11 C3′ 77.58 1 H3′ 4.501 t 4.8 C1’, C1”,
C5'

H2′, H4′,
H5′

12 C3” 76.26 1 H3” 3.503 t 9.3 C2”, C4” H2”, H4”

13 C2′ 74.18 1 H2′ 4.434 t 5.4 C1′, C4′ H3′

14 C4‴ 73.58 1 H4‴ 4.400 s C1‴, C3‴

15 C2” 73.42 1 H2” 3.397 t 8.4 C1”, C3” H1”, H3”

16 C4” 69.90 1 H4” 3.678 m C5” H3”, H5”

17 C5” 65.78 2 H5” 3.358 t 11.1 C1”, C3”,
C4”

H4”, H5”

H5” 3.991 t 6.3 C1”, C3” H4”, H5”

18 C5′ 65.40 5.7 2 H5′ 4.309 m C3′ H4′, H5′

H5′ 4.389 m H4′, H5′

19 C3‴ 64.02 0

20 C6‴ 62.82 2 H6‴ 3.966 d 7.2 C2‴, C4‴ H6‴

H6‴ 3.851 d 12.0 C2‴, C4‴,
C3‴

H6‴

Phosphorus δ31P (p.p.m.) −2.794
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structural relationship to ascorbate 2-phosphate, a relatively
stable form of Vitamin C, at the terminal 5′ phosphodiester
position. In view of this structural relationship between
ascorbate 2-phosphate and the 5′ phosphodiester-linked
fragment of agrocin 108, the question arises, is there a
cytidylic phosphodiester of ascorbic acid in nature, and if so
what does it do? Large numbers of diverse bacteria are
capable of metabolising ascorbic acid [18]. It is tempting to
speculate that the ascorbate-phosphate analogue of 108
either competes with native ascorbate-6-phosphate for
effector sites [19] or forms a non-metabolisable phos-
phorylated intermediate, effectively blocking subsequent
metabolic pathways resulting in cell death.

A reduction of inhibition of agrocin 108/R. rhizogenes
strain K46 with the addition of sugars such as xylose and 2-
O-methyl-d-xylose but less so arabinose suggests uptake via
a transporter where the agrocin 108 and xylose compete.
Alternatively, a reduction of inhibition of agrocin 108/R.
rhizogenes strain K46 by xylose and 2-O-methyl-d-xylose
may indicate agrocin 108 interferes with sugar metabolism.
Donner [17] found xylose, cytidine, and cytidine-
monophosphate had no effect on the inhibition zone of

agrocin 108 acting on R. rhizogenes strain K84 and only 3′-
O-xylopyranosyl cytidine decreased the inhibition zone
indicating that the 3′-O-xylopyranosyl cytidine nucleotide
moiety is required for active transport into the cell. This is
analogous to the uptake of agrocin 84 by sensitive strains of
crown gall pathogens [20, 21]. However, unlike agrocin 84,
agrocin 108 inhibition zones do not contain resistant colo-
nies. Agrocin 108 activity against R. rhizogenes strain K84
decreased 100-fold with the loss of the xylopyranoside [17]
(forming agrocin 108B). Agrocin 108 is an extraordinarily
potent inhibitor, (102× ampicillin and 103× streptomycin)
of R. rhizogenes strain K46 and its toxicity is similar to,
though slightly less than, that of the highly potent agrocin
84.

The spectrum of activity of agrocin 108 differs from that
of agrocin 84 (Supplemental Part 1). In vitro tests using
either strain K108 or purified agrocin 108 to test toxicity of
the agrocin to pathogenic (tumour forming and hairy root-
inducing) and non-pathogenic A. tumefaciens and R. rhi-
zogenes strains, indicated all A. tumefaciens strains were
insensitive and all R. rhizogenes hairy root-inducing strains
were sensitive, except 3 tumour-forming R. rhizogenes and

Table 2 Agrocin 108 proton
(600MHz), carbon (150MHz),
and 2D NMR, pH 10.7

13C
Assign.

δ13C (p.p.
m.)

j (Hz) No. 1H 1H Assign. δ1H (p.p.
m.)

J (Hz) HMBC COSY

1 C5‴ 190.87 0

2 C2‴ 189.33 0

3 C4 166.92 0

4 C2 158.35 0

5 C6 142.15 1 H6 8.095 d 7.8 C2, C4 H5

6 C1‴ 126.22 6.9 0

7 C1” 103.42 1 H1” 4.672 d 7.8 C3”, C2”,
C4”

H3”

8 C5 97.27 1 H5 6.226 d 7.8 C6, C4 H6

9 C1′ 89.74 1 H1′ 6.129 d 4.8 C6, C2 H2′

10 C4′ 82.16 7.9 1 H4′ 4.524 s C3′

11 C3′ 77.78 1 H3′ 4.587 t 4.8 C5′ H4′, H2′

15 C4‴ 77.01 1 H4‴ 4.208 s C3‴, C6‴

14 C2” 76.37 1 H2” 3.583 t 9.0 C3”, C4”,
C5”

H3”, H4”

13 C2′ 74.20 1 H2′ 4.516 s C1’, C4’,
C5'

H1′

12 C3” 73.53 1 H3” 3.466 t 8.7 C2”, C1” H1”, H5”

16 C4” 69.98 1 H4” 3.746 m C2”, C5” H5”, H2”

17 C5” 65.90 2 H5” 4.065 dd 5.1,
11.7

C4”, C2”,
C1”

H3”, H4”,
H5”

H5” 3.435 d 11.4 C4”

18 C5′ 65.46 2 H5′ 4.430 dd 11.7,
40.5

C3′ H5′

20 C6‴ 65.50 5.7 2 H6‴ 3.780 m

19 C3‴ 62.61 0

Phosphorus δ31P (p.p.m.) −2.594
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3 non-pathogenic R. rhizogenes. Interestingly, 5 of the 6
insensitive R. rhizogenes strains produced an agrocin 108-
like antibiotic. Agrocin 108 appears to be generally toxic to
R. rhizogenes, irrespective of pathogenicity or opine type.

The structure of agrocin 108, produced by R. rhizogenes
K108, bears some similarity to the agrocin 84 di-nucleotide
[4, 20, 21] and its accompanying agrocin 434 cytidine
nucleoside [17, 21] both of which are produced by R. rhi-
zogenes K84. The similarity resides in the fact that all three
entities have substituents blocking the 3′ locus of the fur-
anosyl loci. Agrocins 84, 434 and now agrocin 108, thereby
provide models for revealing a common mode of action that
must include an active transport process via individual
nutritional permeases with which they have co-evolved.
With structural analysis now complete, the opportunity
exists to dissect the mode of action of these highly selective
and toxic molecular “Trojan horses”.
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