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Chrysobactin (r a siderophore that is essential for systemic viru- 
lence by plant pathogenic Erwinia chrysamhemi, was synthesized with high diastereomeric purity. 
Chrysobactin was prepared by coupling the N-hydroxysuccinimide ester of ~-N-(2,3-dibenzyloxybenzoyl)-e- 
N-Cbz-D-lysine with L-serine benzyl ester followed by deprotection via hydrogenolysis. Optically pure 
chrysohactin was obtained with 98% overall yield. A monoclonal antibody to ferric chrysobactin was devel- 
oped and characterized as IgM. The antibody reacts with chrysobactin, ferric chrysobactin and less strongly 
with ferric dihydroxybenzoic acid. The antibody reacts weakly with the siderophores ferrichrome, A, ferric 
pseudobactin and ferric rhodotorulic acid. This antibody was used in a competitive immunoassay to detect 
ferric chrysobactin at 104 to 10 q~ mul. This immunoassay may provide a useful method for the detection 
of chrysobactin in plant samples. 
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I n t r o d u c t i o n  

Iron is an essential element for virtually all living 
organisms. Because of the poor solubility of ferric 
hydroxide in aerobic environments (K~p= 10 ~s) 
(Lalimcr 1952), most microorganisms depend on 
the production of highly specific iron chclators, 
lermcd siderophores, to make sufficient iron avail- 
able for growth. The role of siderophores in plant- 
microbe interactions was reviewed previously 
(Loper & Buyer 1991). 

Chrysobactin, c,-N-(2,3-dihydroxybenzoyl)- D-lysyl- 
t,-scrine, is a catecholate siderophore first isolated 
from the bacterium Erwinia chrysanttwmi (Persmark 
el a/. 1989). E. clwvsanthemi is a plant pathogen 
capable of systematic virulence following initial 
infcction. Mutants deficient in either chrysobactin 
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synthesis or transport were shown to produce a 
localized necrosis on Saintl)aulia plants bul were 
unable to induce systemic necrosis (Enard et al. 
1988). This result suggested that chrysobactin 
production and transport in planta was required for 
systemic virulence by this pathogenic bacterium. An 
operon responsible for production of an outer 
membrane receptor protein to chrysobactin and for 
several enzymes required for chrysobactin synthesis 
was induced when E. chrvsanthemi was inoculated 
into Saintpaulia plants (Masclaux & Expert 1995). 
Direct detection and quantitation of chrysobactin in 
infected plants would provide confirmation of the 
role of the siderophore in systemic infection and 
would be useful in studying the physiology of thc 
plant pathogen in vivo. 

The conventional method for detection of 
siderophores in environmental samples is a bioassay 
with indicator microorganisms able to use specilic 
siderophores (Powell el al. 1980, 1983, Bossier & 
Verstraete 1986, Nelson et al. 1988). This method is 
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qual i ta t ive  r a the r  than  quant i ta t ive ,  and  specif ici ty 
d e p e n d s  on finding an ind ica to r  o rgan ism only 
capab le  of  t r anspor t ing  the  s i d e r o p h o r e  in ques t ion .  
I m m u n o a s s a y s  using m o n o c l o n a l  an t ibod ie s  have 
b e c o m e  a power fu l  m e t h o d  to de tec t  c o m p o n e n t s  in 
env i ronmen ta l  samples  d i rec t ly  due  to high speci-  
ficity and low de t ec t ion  limits.  Monoc lon a l  anti-  
bod ies  have been  d e v e l o p e d  to the  s i de ropho re s  
ferric p s e u d o b a c t i n  (Buye r  et al. 1990, 1993) and 
ferric ae robac t in  (Le  R o y  et al. 1992, 1993). 
Monoc lona l  an t ibod ie s  to n i co t i anamine  were  found  
to reac t  with p h y t o s i d e r o p h o r e s  (Mihash i  et al. 
1992). Polyc lona l  an t ibod ie s  have been  d e v e l o p e d  
to n i co t i anamine  (Sho j ima  et al. 1991) and to 
i ron-b ind ing  c o m p o u n d s  p r o d u c e d  by the fungus 
G l o e o p h y l l u m  t ra b e u m (Jel l ison et al. 1991). 

The  p resen t  s tudy descr ibes  the chemica l  synthesis  

of  opt ica l ly  pure  chrysobac t in ,  d e v e l o p m e n t  of  a 
monoc lona l  a n t i b o d y  to ferric chrysobac t in  and a 
quan t i t a t ive  i m m u n o a s s a y  for chrysobac t in .  

Materials and methods 

Synthesis o f  chrysobactin 

Instruments and general methods used have been 
described previously (Teng & Miller 1993). IH and 13C- 
NMR spectra were obtained on a General Electric GN- 
300 spectrometer. 1,4-Dioxane was used as a reference in 
13C-NMR spectra recorded in D20. Solvents used were 
dried and purified by standard methods (Perrin et al. 
1986). 

The stereogenic integrity of protected chrysobactin (4) 
was determined using a Beckman HPLC system consisting 
of a model 110 A pump, a model 420 controller and a 
model 332 injector. Chromatography was accomplished 
using an Alltech Econosil column (25 c m x  4.6 mm, 5 Ixm 
silica) run at a flow rate of 1.5 ml mint .  

The diastereomeric purity of chrysobactin (1) was 
confirmed by analysis of its o-phthalaldehyde (OPA) 
derivatives using reversed-phase (C-18) HPLC with fluo- 
rescence detection (Lotz et al. 1990). A 2% sodium 
dodecyl sulfate (SDS) solution was prepared by dissolving 
0.20 g of sodium dodecyl sulfate in 10 ml of 0.4 M sodium 
borate buffer (pH 9.5). The OPA reagent was prepared 
by dissolving 50 mg of OPA in 1.25 ml of MeOH. Then, 
50 Ixl of 2-mercaptoethanol and 11.2 ml of 0.4 M sodium 
borate buffer (pH 9.5) were added. The solution was 
stored refrigerated when not in use and could be used for 
about 1 month. Derivatization was done by placing 10 lxl 
of the sample aliquot into a 500 lxl polypropylene micro- 
centrifuge vial and adding 10 Ixl of the SDS solution. Next, 
10 ~xl of the OPA solution were added and after exactly 
1 rain the mixture was quenched with 20 txl of 0.1 M potas- 
sium phosphate buffer (pH 4.0). This mixture was injected 
without delay onto the HPLC column for analysis. 

HPLC analysis of the OPA derivatives was done using 
an ISCO model 2360 gradient programmer, model 2350 
HPLC pump, model FL-2 fluorescence detector. Spectra- 
Physics model SP-420 intergrator, and an Alltech Econosil 
Cis 25 cm •  5 ~m reversed-phase column. The 
solvent flow rate was 1.4 ml min ~ using a gradient elution 
program. Solvent A consisted of 1:19:80 THF:CH3OH: 
NaOAc buffer (50 mM: pH 5.8). Solvent B consisted of 
80:20 CH3OH:NaOAc buffer (50 mM: pH5.8). The 
gradient program was typically as follows: isocratic at 0% 
B for 3 min, linear step to 14% B over 5 min, isocratic at 
14% B for 5 min, linear step to 50% B over 5 min, linear 
step to 100% B over 5 min and linear step to 0% B over 
3 min. 

ee-N-(2,3-Dibenzyloxybenzoyl)-e-N-Cbz-D-lysine (3) 

2,3-Dibenzyloxybenzoic acid (Sharma et al. 1989) (2, 1.34 
g, 4.00 mmol) was converted to 2,3-dibenzyloxybenzoic 
acid-N-hydroxysuccinimide ester using N,N'-dicyclohexyl- 
carbodiimide and N-hydroxysuccinimide by the method 
described previously (Chimiak & Neilands 1984). The N- 
hydroxysuccinimide ester in 8 ml THF was added to a 
solution of e-N-Cbz-D-lysine (Aldrich, 1.12 g, 4.00 retool) 
in 80ml THF, 32ml H20 and 2.4ml (17 retool) triethy- 
lamine. After brief heating, the solution was stirred at 
room temperature overnight. The organic solvent was 
removed by evaporation under reduced pressure and the 
residue was acidified with 8 ml 12 N HCI then dissolved 
in EtOAc. The EtOAc layer was washed with saturated 
sodium chloride solution, dried over MgSO 4, filtered and 
evaporated to provide 3 as a yellow oil (2.39 g, 100%): 
HPLC R t 10 min (25% 2-propanol in hexanes): tH-NMR 
(300 MHz, CDCI3) 8 1.20-1.75 (m, 6H, lys CH2), 3.1)5 (dd, 
J = 12.8 and 6.4 Hz, 2H, lys •-CH2), 4.61 (dd, . I -  12.4 and 
7.0 Hz, IH, lys s-H),  5.00-5.20 (m, 6H, benzylic H), 
7.10-7.50 (m, 18H, aromatic H), 7.75 (dd, J = 7.2 and 2.4 
Hz, IH, NH), 8.60 (d, J =  7.2 Hz, 1H, NH): 13C-NMR 
(75 MHz, CDCI~) 8 22.5, 29.1, 31.1, 40.5, 52.6, 66.5, 71.2, 
76.2, 117.4, 123.2, 124.4, 126.0, 127.7, 128.0, 128.2, 128.4, 
128.5, 128.5, 128.6, 128.8, 136.1, 136.2, 136.5, 147.0, 151.7, 
156.4, 165.7, 175.5; HRMS (El) calcd for C3sH3~N207 (M § 
596.2523, found 596.2525. 

e~-N-(2,3-Dibenzyloxybenzoyl)-e-N-Cbz.-o-lysyl-L-serine 
benzyl  ester (4) 

To a mixture of c~-N-(2,3-dibenzyloxybenzoyl)-e-N-Cbz-D- 
lysine (3, 2.39 g, 4.00 mmol) and N-hydroxysuccinimide 
(0.46 g, 4.0 mmol) in 12 ml anhydrous THF at 0~ under 
N 2 was added dropwise a solution of N,N'-dicyclohexyl- 
carbodiimide (0.84 g, 4.0 mmol) in 3 ml anhydrous THF. 
The solution was stirred at room temperature overnight. 
The solvent was evaporated under reduced pressure and 
the residue was dissolved in 40 ml EtOAc and filtered 
to remove dicyclohexylurea. The filtrate was added to a 
solution of D-serine benzyl ester hydrochloride (0.93 g, 4.0 
mmol) and KHCO 3 (0.40 g, 4.0 mmol) in 20 ml H20 and 
stirred at room temperature for 20 h. The mixture was 
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diluted with EtOAc and washed with water, saturated 
sodium chloride, dried (MgSO4), filtered and concentrated 
under reduced pressure. The residue was chro- 
matographed on silica gel eluting with EtOAc:hexanes 
(2:1) and recrystallized from a mixture of EtOAc and 
hexanes to provide 4 as a white crystalline solid (3.04 g, 
98%): m.p. 98-100~ HPLC R t 11 min (10% 2-propanol 
in hexanes): 1H-NMR (300 MHz, CDCI 0 8 1,15-1.60 (m, 
6H, Lys CH:), 3.00 (m, 2H, Lys B-CH2), 3.99 (dd, J = 27.6 
and 11.0 Hz, 2H, Ser 13-CH~), 4.38 (dd, J = 12.9 and 6.4 
Hz, 1H, Ser [3-OH), 4.65 (m, IH, Lys c~-H), 4.80 (m, 1H, 
Ser c,-H), 5.10-5.25 (m, 8H, benzylic H), 7.00-7.50 
(m, 23H, aromatic H), 7.51 (dd, J - 7 . 3  and 2.3 Hz, IH, 
NH), 8.53 (d, J = 6,2 Hz, 1H, NH): 13C-NMR (75 MHz, 
CD('I 0 8 22.7, 29.4, 30.7, 40.4, 54.4, 55.0, 62.6, 66.6, 67.4, 
71.3, 76.37, 117.6, 123.3, 124.5, 125.9, 127.7, 128.1, 128.l, 
128.3, 128.4, 128.5, 128.6, 128.7, 129.0, 135.1,136.17, 136.19, 
136.5. 147.1, 151.7, 156.5, 166.0, 170.1, 171.4: IR (KBr) 
3320 and 3260, 1740, 1680, 1655, 1630 cm ~; HRMS (FAB) 
calcd for C4sHasN~O, ~ (MH')  774.3391, found 774.3383. 

~-N-(2,3-Dihydroxybenzoyl)-D-lysyl-l~-serine 
(chrysohactin, 1) 

~-N-( 2,3-dibenzyloxybenzoyl )-e-N-Cbz-D-lysyl-L-serinc 
benzyl ester (4) (0.89 g, 1.1 retool) in 5(1 ml MeOH was 
hydrogenolyzed over 10% Pd-C (0.18 g) at atmospheric 
pressure for 7 h. The catalyst was removed by filtration 
and washed with H,O. The filtrate was concentrated and 
lyophilized to yield 0.38 g (100%) of chrysobactin (1) as 
an off-white powdery solid. Reversed-phase HPLC of 
the OPA derivative (Lotz et al. 1990) R~ 3 rain; IH-NMR 
(300 MHz, D~O) 8 1.47 (m, 2H, Lys CH2), 1.68 (m, 2H, 
Lys (7He), 1.90 (m, 2H, Lys CH2), 2.96 (t, J = 7.4 Hz, 2H, 
Lys 8-CH2), 3.80 (d, J = 1.6 Hz, 1H, Ser 13-H), 3.82 (s, 1H, 
Ser [3-H), 4.29 (dd, J = 9.6 and 4.4 Hz, 1H, Ser o~-H), 4.60 
(dd, .1-8.5 and 5.5 Hz, 1H, Lys c~-H), 6.80 (td, J = 8 . 0  
and 1.7 Hz, 1H, aromatic H), 7.02 (d, J = 7 . 9  Hz, 1H, 
aromatic H), 7.24 (d, J = 8 . 0  Hz, 1H, aromatic H); 
I~C-NMR (75 MHz, D20 ) 8 22.9, 27.1, 31.7, 40.0, 54.6, 
58.0. 62.8, 118.0, 120.1, 120.4, 145.7, 148.2, 171.0, 174.3, 
176.8: IR (KBr) 3680 2300 (br), 1700-1480 (br) cm ~: 
HRMS (FAB) calcd for CI~,H:aN~O ~ (MH +) 37(I.1614, 
found 37(/.1619. 

Synthesis o1" chrvsobactin-bovine serum albumin 
con]ltgate 

Ten milligrams (1.5 • 10 ~' tool) of bovine serum albumin 
(BSA, Sigma, St. Louis, MO) were dissolved in 400 txl of 
0.1 M borate buffer, pH 7.5, followed by 5.5 mg (1.5 x 11) s 
mol) of chrysobactin. Then, 50 ILl of 0.11 g ml i disuccin- 
imidvl suberate (Pierce, Rockford, IL, 1.5 • l0 s mol) in 
DMSO were added and the mixture was stirred at room 
temperature for 2h.  Excess disuccinimidyl suberate 
and chrysobactin were removed by ultrafiltration using a 
30000 molecular weight cut-off filter. Phosphate buf- 
fered saline (PBS) was added and ultrafiltered live 
times. Chrysobactin-keyhole limpet hemoeyanin (KLH) 

Chrysobactin synthesis and inununoassay 

conjugate was synthesized by the same procedure except 
that 62mg ( 1 . 1 x l 0 7 m o l )  KLH (Pierce), 4.0mg (1.1x 
10 s mol) chrysobactin and 4.(1 mg (1.1 • 10 -s mol) disuc- 
cinimidyl suberate were used. 

Immunization and hybridoma production 

Thc chrysobactin-BSA conjugate (0.1 mg/ml) was emulsi- 
fied with an equal volume of monophosphoryl lipid A -  
trehalose dicorynomycolate adjuvant (MPL-TDM; Sigma, 
St. Louis, M O ) a n d  0.2 ml of the mixture was injected 
intraperitoneally into BALB/c mice three times at 1 month 
intervals. One week after the final injection, the mouse 
spleen cells were fused with mouse myeloma cell line 
P3X63 AG8.653 at a ratio of 4:1 in the presence of 44% 
polyethylene glycol. The hybridoma cells were then trans- 
ferred to 96-well plates and grown in RPMI 1640 medium 
with hypoxanthine-aminopterin-thymidine selection and 
nystatin at 37~ in a 5% CO 2 atmosphere. Cells were 
re-fed twice weekly by replacing half of the growth 
medium. 

Screening and monoclonal antibody secreting cell lines 

Enzyme-linked immunosorbent assay (ELISA) was 
applied to screen the cell lines secreting antibodies to 
chrysobaetin. A 96-well microtitration plate was coated 
with 50 ~1 of 20 gg ml ~ chrysobactm-KLH conjugate for 
2 h at 37~ washed five times with PBS containing Tween- 
20 (PBS-Tween), blocked with 100 gl of 1% casein in PBS 
for 2 h at 37~ and then washed five more times with 
PBS-Tween. Then, 50 ~1 of hybridoma cell supernatant 
were added to the plates in duplicate and incubated for 
2 h for binding, followed by washing five times with 
PBS-Tween. Then, 50 gl of anti-immunoglobulin A, G, M 
(Zymed, San Francisco, CA) alkaline phosphatase conju- 
gate (1:1000 diluted in Tris-buffered saline) were added 
and incubated for another hour at 37~ Finally the plate 
was washed five times with PBS-Tween and once with 1 
M diethanolamine buffer (pH 9.8) before receiving 50 i~1 
of 1 mg ml ~ disodium p-nitrophenyl phosphate (Sigma) in 
1 M diethanolamine buffer. The plate was then incubated 
at 37~ for 1 h and the absorbances at 405 nm were 
read with a microplate reader (Thermomax: Molecular 
Devices). PBS buffer and mouse serum were used as 
negative and positive controls, respectively. 

Cell lines which responded positively to chrysobactin- 
KLH conjugate were cloned by limiting dilution in RPMI 
1640 medium with hypoxanthine thymidine. 

Antibody characterization and purification 

One antibody secreting cell line was grown to its maximum 
density and the supernatant was collected and isotyped by 
ELISA with an anti-mouse isotyping kit (Sigma). The 
collected supernatant was concentrated by ultrafiltration 
using a 30 000 molecular weight cut-off filter followed by 
purification on an lmmunoPure MBP lgM affinity column 
(Pierce). 
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Competitive ELISA 

ELISA plates used in a competitive assay were prepared 
by cross-finking chrysobactin to the surface of a 96-well 
surface-modified plate (Covalink, Nunc). To accomplish 
this, 50 ~xl of 0.5 mM chrysobactin in 0.1 M borate buffer, 
pH 7.5, and 50 ~1 of 1 mM disuccinimidyl suberate in 1:1 
DMSO:0.1 M borate buffer, pH 7.5, were added to each 
well and the plate was then incubated at room tempera- 
ture overnight. After washing five times with distilled 
water, the plate was blocked with 1% casein and 1 mM 
ferric EDTA in PBS for 2 fi. The plate was then washed 
five times with PBS-Tween and stored at 4~ 

Then, 1 ml of 1 mM chrysobactin in PBS was mixed with 
0.05 ml of 10 mM FeC13, followed by adding 1 ml of 1 M 
sodium phosphate buffer (pH 7.5). PBS was used to bring 
the final volume to 5 ml. The resulting ferric chrysobactin 
was diluted in PBS by eight 2-fold serial dilutions and 125 
p~l of each ferric chrysobactin dilution (from 2.0 • 10 4 to 
7.8 • 10 7 M) were mixed with 125 gl of 1:4000 diluted anti- 
body (in PBS). The chrysobactin and antibody mixtures 
were incubated at 37~ for 1.5 h. Then, 100 ~1 of the 
incubated samples were transferred to ferric chrysobactin 
cross-linked plates in duplicate and the plates were incu- 
bated at 4"C overnight. After washing five times with 
PBS Tween, 100 #1 of alkaline phosphatase conjugate 
were added to each of the wells, followed by performing 
the remaining steps of the ELISA procedure as described 
above. 

Antibody specificity 

The specificity of the antibody was tested by performing 
a competitive ELISA, as described above, with ferric 
chrysobactin cross-linked plates but with a different 
ferric complex in solution. Ferric complexes included 
ferric dihydroxybenzoic acid, ferric pseudobactin, ferri- 
chrome, ferrichrome A and ferric rhodotorulic acid. 

Immunoassays were conducted to determine if the anti- 
body was reactive with chrysobactin, ferric chrysobactin 
or both. Chrysobactin was covalently linked as described 
above. During the blocking stage half of the plate received 
casein and 1 mM EDTA while the other half of the plate 
receive casein and 1 mM ferric EDTA. The antibody was 
then added and titrated with 2-fold serial dilutions. In 
order to keep the free chrysobactin from scavenging iron, 
1 mM EDTA, 1 mM pseudobactin or 10 mM pseudobactin 
were added, while the same concentration of ferric EDTA 
or ferric pseudobactin was added to the side of the plate 
with ferric chrysobactin. After incubation for l h the 
ELISA was continued as described above. 

Resul t s  and d i scuss ion  

Synthes& o f  chrvsobactin 

Initially we chose to prepare chrysobactin (1) by 
the reported 2-ethoxy-l-ethoxycarbonyl-l,2-dihy- 
droquinoline (EEDQ)-mediated coupling of or-N- 

(2,3-dibenzyloxybenzoyl)-e-N-CBz-D-lysine (3) to 
L-serine benzyl ester (Persmark et al. 1989). Sur- 
prisingly, careful examination of the products and 
intermediates for diastereomeric purity by HPLC 
and ~C-NMR revealed that the E E D Q  coupling 
resulted in greater than 30% epimerization of the 
~-H of lysine. We suppose then that the electron 
withdrawing dihydroxybenzoic functionality on the 
s-amine of lysine enhances the acidity of the c~-H 
making it more prone to racemization following 
formation of azalactone under the reaction condi- 
tions (Bodanszky 1993). Interestingly, two diastereo- 
isomers of chrysobactin containing D- or L-lysine 
synthesized by the E E D Q  method were both 
reported to be effective growth promoters for E. 
chrvsanthemi  (Persmark et al. 1989, 1992). A close 
examination of the reported circular dichroism (CD) 
spectra of the synthetic diastereomers and the 
natural chrysobactin suggested that the synthetic 
compounds were not diastereomerically pure, and 
cross-contamination of the two diastereomers might 
account for the observed biological activity. 

Careful modification of the synthetic methodology 
led to the route shown in Figure 1. c~-N-(2,3-dibenzy- 
loxybenzoyl)-e-N-Cbz-D-lysine (3) was prepared as 
described previously (Chimiak & Neilands 1984, 
Persmark et al. 1989, Sharma et al. 1989). In the 
key coupling process, N-hydroxysuccinimide ester of 
lysine derivative 3 was preformed using N,N'-dicy-  
clohexylcarbodiimide and N-hydroxysuccinimide in 
THF, and then coupled to L-serine benzyl ester in a 
mixture of organic and aqueous solvents buffered 
with bicarbonate (Figure 1). Protected chrysobactin 4 
was obtained diastereomarically pure in 98% yield. 
Hydrogenolysis of 4 on 10% Pd-C afforded chryso- 
bactin (1) quantitatively. The optical purity of the 
peptide derivatives 4 and 1 was assessed by HPLC 
and 13C-NMR. This modified synthetic route provides 
optically pure chrysobactin in 98% overall yield. 

Monoclonal  ant ibody 

The initial screen of hybridomas involved ELISA 
plates coated with chrysobact in-KLH conjugates. 
Some of the antibodies were observed to cross-react 
with KLH, so we directly linked chrysobactin to 
surface-modified plates and eliminated the inter- 
ference from KLH. The covalently linked plates 
also produced a higher response to the antibody. 
Covalently linked plates were also useful in an 
immunoassay for ferric pseudobactin (Buyer et al. 
1993). 

The antibody produced in this study was isotyped 
as an IgM. This may make the antibody less useful 
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for certain studies than if it was an IgG (Matthew 
& Reichardt 1982). We were unable to identify any 
IgG antibodies reactive to chrysobactin or ferric 
chrysobactin. While antibodies to ferric pseudo- 
bactin (Buyer et al. 1990) and ferric aerobactin 
(Le Roy et al. 1992) were identified as IgG1 and 
lgG2 isotypes, respectively, only IgM antibodies 
were developed to the nicotianamine (Mihashi et al. 

1992). 
In the competitive ELISA, the antibody was first 

incubated with ferric chrysobactin solution, forming 
an ant ibody-siderophore complex. Further incuba- 
tion in the ferric chrysobactin-coatcd ELISA plate 
allowed free antibody to bind to siderophore immo- 
bilized on the plate surface. The final absorbance 
was proportional to the amount of antibody bound 
to immobilized ferric chrysobactin, so a greater 
concentration of ferric chrysobactin in solution 
lowered the absorbance. Figure 2 presents a com- 
petitive immunoassay for the antibody to the 
antigen ferric chrysobactin. The assay could be used 
lo quantitate ferric chrysobactin with a range of 
l0 s to 10 m mol. The immunoassays for ferric 
pseudobactin (Buyer et aL 1990, 1993), phyto- 
siderophores (Mihashi et al. 1992) and ferric aero- 
bactin (Le Roy et al. 1992) are considerably more 
sensitive. However, this immunoassay may still 
be useful for quantifying chrysobactin production in 
infected plants, depending on the concentration of 
chrysobactin in the plant samples. 

The chelating groups in chrysobactin are believed 
to bc the catechol oxygens (Persmark et al. 1989, 
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Figure 2. Competitive ELISA for ferric chrysobactin. 
Each point is the mean of three replicates. Error bars 
represent standard deviation. 

Persmark & Neilands 1992) so chrysobactin is a 
bidentate ligand. Under our assay conditions ferric 
chrysobactin would exist as a mixture of bis and tris 
complexes (Persmark & Neilands 1992). We do not 
know if one or both complexes are reactive in our 
immunoassay. Chrysobactin was covalently bound to 
BSA before injection, so it seems unlikely that it 
formed bis and tris complexes in vivo. 

In a competitive immunoassay with other ferric 
complexes the antibody reacts most strongly with fer- 
ric dihydroxybenzoic acid followed by ferrichrome 
A, ferrichrome, ferric pseudobactin and ferric 
rhodotorulic acid (Figure 3). Interpretation 
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Figure 3. Competitive ELISA for ferric chrysobactin and 
five other ferric complexes. Each point is the mean of two 
replicates. 

of these results is complicated by the varying stoi- 
chiometry of the metal complexes. Ferric dihydroxy- 
benzoic acid should occur as a mixture of mono, bis 
and tris complexes, while ferric rhodotorulic acid 
is found as the complex Fe 2 (rhodotorulic acid)3 
(Carrano et al. 1979). The other three siderophores 
form 1:1 complexes with iron. The data in Figure 3 
are plotted by the concentration of the ligand, not 
the concentration of the metal complex, since we do 
not know if the antibody is reacting with the in- 
tact complex or with each ligand molecule in the 
complex. If the data were instead graphed by 
the concentration of the metal complex the apparent 
concentration of the ferric chrysobactin, ferric 
rhodotorulic acid and ferric DHBA would all be 
decreased, making the three 1:1 complexes appear 
less reactive. However, it is clear that the antibody 
reacts most strongly to ferric chrysobactin, followed 
by ferric DHBA; and reacts weakly with the other 
complexes. 

Both chrysobactin and ferric chrysobactin appear 
to react with the antibody (Figure 4). Interpretation 
of these results is complicated by the addition of the 
chelating agents, which were necessary to prevent 
scavenging of iron by chrysobactin. The 10 mM ferric 
pseudobactin clearly interfered with the assay. 
Furthermore, it is impossible to prove that the 
chrysobactin was in fact free and not ferrated. 
However, it seems reasonable to suppose that the 
chrysobactin, at least in the presence of 10mM 
pseudobactin, was in fact not ferrated and that it 
did react with the antibody. In every case the curve 
for chrysobactin has higher absorbance than the 
corresponding curve for the ferric complex. This 
may indicate that chrysobactin is more reactive than 
ferric chrysobactin. 
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Figure 4. Titration of the antibody against chrysobactin 
or ferric chrysobactin. Each point is the mean of three 
replicates. Error bars represent standard deviation. The 
horizontal axis represents the reciprocal of the antibody 
dilution (i.e. a dilution of 1:100 is plotted as 100). 

While iron acquisition by certain plant pathogens 
is known to be required for virulence, chrysobactin 
is the only siderophore shown to be essential to 
infection (Loper & Buyer 1991). If the monoclonal 
antibody could bind sufficient chrysobactin in planta, 
and if E. chrysanthemi does not have an alternative 
iron transport system, it might suppress growth of 
E. chrysantherni. This would provide a novel method 
for protecting plants from a pathogen. 
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