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(2-Aminoethyl)phosphonic acid (AEP) is not taken up by Streptomyces fradiae in the biosynthesis 
of fosfomycin. Attachment of L-alanine or L-alanyl-L-alanine t o  the amino group of deuteriated AEP 
affords d i -  and tri-peptides 4 and 5 which are transported into the ~ e l l . [ 2 - ' ~ C l A E P  is synthesized 
from Na13CN and the tosyloxymethylphosphonate 7 .  It is transformed into dipeptide 4d, which acts 
as a carrier for [2-13C]AEP which is incorporated into fosfomycin with an enrichment of 2%. 

Fosfomycin 1 is a structurally simple, clinically used antibiotic 
discovered in the culture broth of strains of S t r e p t o m y c e ~ . ~ , ~  It is 
a member of a small, steadily growing number of natural 
products containing a P-C bond.4 The biosynthesis and 
stereochemical aspects thereof are still largely unknown. It is 
assumed that the P-C bond of fosfomycin is formed by 
intramolecular rearrangement 5 * 6  of a phosphoenol pyruvate to 
phosphonopyruvic acid. The enzyme effecting this transform- 
ation has been isolated from protozoa' containing (2- 
aminoethy1)phosphonic acid (AEP) and partially purified from 
Streptomyces hygroscopicus strains producing bialaphos.8 The 
PC,-unit is decarboxylated to give phosphonoacetaldehyde. 
Mutants of Streptomyces wedmorensis incorporate (2- 
aminoethy1)- and (2-hydroxyethyl)-phosphonic acid into fosfo- 
mycin, presumably via phosph~noacetaldehyde.~ The methyl 
group6 of fosfomycin derives from L-methionine acting as a 
donor of formal 'CH, +' after transformation into S-adenosyl-L- 
methionine. For polarity reasons a direct methylation of the 
positively polarized carbonyl carbon of phosphonoacetaldehyde 
is precluded. In our previous paper it was shown that di-"O- 
oxygen does not label the oxirane oxygen of fosfomycin, thus 
excluding (Z)-prop-1 -enylphosphonic acid as an intermediate 
in the synthesis of fosfomycin. 

Results and Discussion 
[ I  ,1 -'H2]- and [2,2-2H2]-(2-Aminoethyl)phosphonic acid 
(abbreviated [1,1-2H2]'0- and [2,2-2H2]-AEP ''> and all four 
chirally monodeuteriated AEPs have been described l 2  and 
could be used as stereochemical probes. As the mutant strain of 
Streptomjws wtdmorensis was not available, a mixture of [1,1- 
'H2]- and [2,2-2H,]-AEP (1 : l )  was added to the growth 
medium for a shake culture of Streptomyces frudiue, which also 
produces fosfomycin. Fosfomycin in the culture broth was 
transformed by ammonia into the aminophosphonic acid 2, 
which was isolated by ion-exchange chromatography [eqn. 
( 1  

.H 

1 2 

The amount of deuterium at C-1 and C-2 of compound 2, if 
present at all, is below the detection limit as judged indirectly by 
'H  N M R  spectroscopy. The wet cell mass was washed three 

times with sterile 0.8% saline to remove [1,1-2H,]AEP from the 
medium and was hydrolysed in refluxing 6 mol dm-, 
hydrochloric acid and worked up for AEP." No AEP could be 
detected either by paper chromatography or by 'H  NMR 
spectroscopy of fractions from ion-exchange chromatography 
normally containing AEP. These findings were taken as 
evidence that AEP is not taken up by Streptomj)ces fradiae and 
therefore cannot possibly be incorporated into fosfomycin. 

It turned out to be necessary to transform AEP into a 
compound which is taken up by the cell and degraded inside the 
cell to release AEP. Attachment of one or two amino acids to an 
impermeable molecule is used to induce illicit transport by di- 
and oligo-peptide permeases. This principle was used first to 
smuggle histidinol phosphate ester, a biosynthetic intermediate, 
into bacteria as its glycyl-glycyl derivative.', The uptake of L- 
ala(P),14 the phosphonic acid analogue of alanine, and other 
compounds ' is brought about by a dipeptide or higher peptide 
mimetic to enable transport into the cell to occur. 

This principle was tried here by attaching L-alanine and L- 

alanyl-L-alanine to the amino group of AEP by a peptide bond. 
Reaction of an unprotected aminophosphonic acid with a N- 
protected, carboxy-activated amino acid is a low-yield pro- 
cess.I6 The use of esters" of aminophosphonic acids gives 
higher yields of peptide, but the protection and deprotection 
of the phosphonic acid group increases the number of 
steps. 

Amino acids and peptides silylated under various conditions 
at the amino and carboxy groups can be made to react with 
activated esters such as mixed anhydrides, imidazolides, acid 
chlorides, and p-nitrophenyl esters of N-protected amino acids 
to form a peptide bond.I8 This reaction sequence may be carried 
out as a one-pot reaction and has already been used to prepare 
benzamides ' of AEP and (2-amino- 1-hydroxyethy1)phos- 
phonic acid. N-Protected, activated esters of amino acids and 
silylated aminophosphonic acids reacted to give dipeptides in 
good yield. 

AEP 3a was silylated in 5 min with chlorotrimethylsilane (3 
mol equiv.) in dry, refluxing pyridine. Excess of the N- 
hydroxysuccinimide ester of benzyloxycarbony-L-alanine 2o 

was added at room temperature and the mixture was stirred for 
18 h (Scheme 1). Removal of volatile material under reduced 
pressure, aqueous work-up, passage through Dowex 50WX4 
(H +-form), hydrogenolytic deprotection of the amino group, 
and ion-exchange chromatography of the crude product 
afforded dipeptide L-ala-AEP 4a in 927; yield. L-Ala-AEP 4a 
was treated in the same way as AEP, except that the reaction 
conditions for silylation were 60 "C for 10 min, and 24 h for 
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a; R' = R~ = H 

c; R' = H, R2 = D 
b; R'=  D, R 2 = H  

6 
Scheme 1 Reagents and conditions (for 4a and Sa): i, 3a (1.0 
mol equiv.), Me,SiCl (3.0 mol equiv.), refluxing pyridine, 5 min, room 
temp.; ii, Z-~-alanine N-hydroxysuccinimide ester (1.5 mol equiv.), 18 h; 
iii, Dowex 50WX8 (H'); iv, 10% Pd/C/H,, Dowex 1x8 (AcO-)  
chromatography; v, 4a (1 mol equiv.), Me,SiCl (3.3 mol equiv.), 
pyridine, 60 OC, 10 min, room temp 

amide formation. Tripeptide L-ala-L-ala-AEP 5a was obtained 
in 85% yield. Racemization does not seem to occur as judged by 
'H NMR analysis of a sample of the mother liquor from 
crystallization of compound 5b. No diastereoisomeric tripeptide 
could be detected. The di- and tri-peptides 4b, 4c, 5b and 
5c containing [ l,l-2H2]- and [2,2-2H2]-AEP were prepared 
similarly. Compounds purified by ion-exchange chromato- 
graphy sometimes contained up to 2% of alanine, which was 
removed by recrystallization. This reaction sequence seems to 
be ideally suited to prepare di- and tri-peptides and possibly 
higher peptides containing aminophosphonic acids. The easily 
accessible N-hydroxysuccinimide ester of N-protected alanine 
turned out to be an excellent acylating agent. 

Two feeding experiments were carried out. In the first 
experiment a mixture of ~-ala-[l , l-~H,],4EP and ~-ala-[2,2- 
2H,]AEP (1 : 1.6; concentration together 400 pg ~ m - ~ )  was 
added to the growth medium of Streptomyces fradiae. The 
amount of fosfomycin produced was the same (10 pg cm-3 
culture broth) as without dipeptide. The cells harvested by 
centrifugation were washed three times with 0.8% sterile saline 
to remove any dipeptide present. The wet-cell mass was 
hydrolysed in refluxing hydrochloric acid and worked up for 
AEP as before. Crude AEP was derivatized l o  to the crystalline 
p-bromobenzamide 6 (Scheme 1). The isotopic composition as 
determined by mass spectroscopy was 0.5% do, 3.7% d, and 
95.8% d2. This result confirms the uptake of L-ala-AEP. The 
small, but significant, increase of d, from ~ 2 %  for the starting 
material to 3.7% indicates that the peptide is at least partly 
cleaved enzymically to L-Ala and deuteriated AEP. Deuterium 
of [2,2-2H2]AEP" can be exchanged for hydrogen from the 
medium by a transaminase. The unlabelled material is 
endogenous AEP. The amount of deuteriated AEP present free 
or bound to L-ala in the cells as calculated from the 
chromatographically homogenous derivative 6 was 166 pg 6-l 
wet-cell mass. Fosfomycin was transformed into aminopho- 
sphonic acid 2. Deuterium, if present at all, is below the 
detection limit ['H NMR, no satellites (P-shift*') in the 13C- 
{ 'H)NMR spectrum for doublet (Jpc 153 Hz) at 6,73.00 for C-1 
or doublet (.Ipc 4 Hz) at tic 53.43 for C-2 for compounds labelled 

at C-2 or C-1, respectively]. One deuterium of [l,1-2H,]AEP at 
C-1 should be retained.' For mechanistic reasons it is not certain 
that the deuterium at C-2 of substrate 3c on transformation into 
fosfomycin is incorporated into compound 2. 

The second feeding, with ~-ala-~-ala-[  1,1-2H2]AEP (400 pg 
~ m - ~ ) ,  was carried out under identical conditions. The isotopic 
composition of AEP isolated and derivatized was 1.3% do, 1.7% 
d, and 97% d2. The amount of unlabelled material is larger, 
and the amount of singly labelled AEP is smaller, than before 
because an enzymic exchange of deuterium at C-1 for protium is 
less likely than at C-2. The concentration of free AEP in the cell 
could be as high as 27 pg g-' cell mass. These two experiments 
demonstrate that di- and tri-peptides containing AEP are 
transported into Streptnmyces fradiae and are cleaved by a 
peptidase. It is not clear whether the concentration of free AEP 
present in the cells is too low or whether a transaminase does 
not transform it efficiently to phosphonoacetaldehyde, the 
postulated intermediate in the biosynthesis of fosfomycin, to 
account for the incorporation, if at all, below the detection limit. 

The use of deuterium suffers from low sensitivity. The 
incorporation of a few percent of deuterium into fosfomycin 
from a precursor cannot be detected. Therefore carbon-13 was 
used as a tracer. At first unlabelled sodium cyanide was treated 
in different solvents with the tosyloxymethylphosphonate 7 in 
the presence of a catalytic amount of sodium iodide (Scheme 2). 

0 0  0 
i II - (Pt0)2PCH2R' 

II II 
I I  

(PiO)2PCH20SCGH4Me-p 

0 
7 8 

a; R' = "CN 
b; R' = I3CN 

ii, iii I 
ij H H  

4d 3 

a; R2 = 12CH2NH2 
d; R2 = I3CH2NH2 

Scheme 2 Reugcnis utid conditions: i, NaCN or NaI3CN (99% l3Cj, 
NaI (0.2 mol equiv. for 1 mol equiv. NaCN), DMF, 110 O C ,  24 h; ii, 
BH,*THF, 0 "C, 18 h. room temp.; iii, 6 mol dm-3 HCI, reflux, 18 h, ion- 
exchange chromatography 

The isopropyl ester was chosen since this protecting group is 
more stable towards nucleophilic displacement than methyl or 
ethyl. In refluxing acetone only the corresponding iodide was 
formed; in propan-2-01 and dimethylformamide (DMF) at 
80 "C the iodide was already partly displaced by cyanide. The 
best result was obtained in DMF at 110 "C and a reaction time 
of 24 h. The crude nitrile was reduced in tetrahydrofuran (THF) 
with diborane, deprotected by refluxing 6 mol dm-3 hydro- 
chloric acid, and purified by ion-exchange chromatography to 
give AEP." Repetition of these steps using Na"CN (99",, I3C) 
afforded [2-' 3C]AEP 3d in 549, yield with a chemical purity of 
75"/,, which was transformed into ~-ala-[2-"c]AEP 4d in 68"6 
yield, and the product was fed to Streptomj9ce.y fradiae at a 
concentration of 300 pg cmP3 of medium. The 13C-{'H) NMR 
spectrum (100.6 MHz) of the corresponding product 2 showed a 
strongly enhanced signal for C-2 (hC 54.47, d, Jpc 4 Hz) with an 
enrichment for carbon-13 of 2",,. This result is taken as evidence 
that the 13C-labelled dipeptide is taken up into the cells, and 
that i t  is cleaved to L-alanine and [2-13C]AEP which is 
transaminated to phosphonoacetaldehyde, a likely intermediate 
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Table 1 Analytical data for di- and tri-peptides 4 and 5 

Compound 
(Formula) 

~~~~~~~~~ ~~ ~ ~ ~ 

Found (%) (Required) 
Yield M.p./OC [a],'" (c 1.2 
(%I (decomp.) in 1 mol dm-3 HCl) C H D N 

4a 

4b 

4c 

4d 
5a 

5b 

5c 

(C5H13N204P) 

(C5H1 1D2N204P) 

(C5Hl 1D2N204P) 

(C8H1 8N30,P) 

(C8H16D2N305P) 

(C8H 1 6D2N30,P) 

92 270-272 + 2.4 

98 27 1-276 + 2.7 

86 274-275 + 2.3 

68 268-270 + 2.7 
85 270-271 -43.1 

88 27 5-277 - 42.1 

98 275-277 - 42.9 

30.4 
(30.62 
30.2 

(30.3 1 
30.4 

(30.31 

36.0 
(35.96 
35.7 

(35.69 
35.6 

(35.69 

6.5 
6.68 
5.55 2.0 
5.60 2.03 
5.6 2.05 
5.60 2.03 

6.8 
6.79 
6.1 1.5 
5.99 1.50 
6.1 1.5 
5.99 1.50 

14.1 
14.28) 
14.1 
14.14) 
14.1 
14.14) 

15.4 
15.73) 
15.6 
15.61) 
15.3 
15.61) 

for fosfomycin. The low incorporation of AEP precludes the use 
of chirally deuteriated AEP to study stereochemical aspects of 
the biosynthesis. It will be shown in a forthcoming paper that 
(2-hydroxyethy1)phosphonic acid is incorporated much more 
efficiently into fosfomycin than is AEP. 

Experimental 
For general points see ref. 1; a modified Bruker WM 360 with 
ASPECT 3000 Computer and digital phase-shifters (90 MHz 
13C frequency) was used to obtain some of the 'H and 13C 
NMR spectra. J-values are given in Hz. 

Preparation of N-~-Alanyl-(2-aminoethyl)phosphonic Acid (L- 
ala-AEP) 4a-AEP 22  (0.5 g, 4 mmol) and chlorotrimethylsilane 
(1.304 g, 12 mmol) were stirred and refluxed under argon in dry 
pyridine (20 cm3) for 5 min, and then allowed to cool to room 
temperature. The N-hydroxysuccinimide ester of benzyloxy- 
carbonyl-L-alanine 2o (1.92 g, 6 mmol) was added. After the 
mixture had been stirred for 18 h, volatile material was removed 
under reduced pressure (0.005 mmHg; 2OOC). Water and 
diethyl ether were added to the residue. The mixture was stirred 
for 10 min and filtered by suction. The aq. phase was extracted 
twice with diethyl ether, concentrated on a rotary evaporator, 
the residue was dissolved in water, and the solution was passed 
through Dowex 50 WX8 (H+-form) (5CrlOO mesh; 50 cm3) and 
eluted with water. The eluate was concentrated and the residue 
was hydrogenolysed on 10% palladium on carbon (300 mg) in a 
mixture of water and dry ethanol (40 cm3: 60 cm3) in a Parr 
hydrogenation apparatus at 3.4 atm for 2 h. The filtered solution 
was concentrated and purified by ion-exchange chromato- 
graphy on Dowex 1x8 (AcO--form) (100-200 mesh; column 
1.2 x 65 cm).' ' Eight fractions (10 cm3 each) were eluted with 
0.001 mol dm-3 AcOH and ten with 0.1 mol dm-j AcOH. 
Ninhydrin-positive fractions [paper chromatography (PC) 
with solvent and ninhydrin reagent as used for (2-amino- 1- 
hydroxyethy1)phosphonic acid; R, 0.441 ' ' were pooled and 
concentrated to give compound 4a. An analytical sample was 
dissolved in hot water, precipitated by addition of ethanol, and 
dried in vacuo (0.001 mmHg; 50°C; 2 h). Compounds 4b-4d 
were prepared analogously. Yields and analytical data are given 
in Table 1. 

Compound 4a: v,,,(Nujol)/cm-' 3320, 330&2000br, 1667, 
1538, 1205 and 101 1; 6,[250 MHz; D,O; 6(HDO) 4.801 1.49 (3 
H, d, J 7.3, Me), 1.83 (2 H, dt, J 17.1 and 8, PCH,), 3.42 (2 H, dt, 
J 11  and 8, PCCH,)and 4.00(1 H,q,J7.3,  NCH). 

Compound 4b: v,,,(Nujol)/cm-' 3320, 330&2000br, 1668, 
1537, 1205, 1130, 1010 and 925; 6,[250 MHz; D,O; 6(HDO) 
4.801 1.48 (3 H, d, J 7, Me), 3.40 (2 H, d, J 11, PCCH,) and 4.00 
(1 H, q, J 7, CHN). 

Compound 4c: v,,,(Nujol)/cm-' 3320, 330&2000br, 1668, 
1537, 1257, 1195, 1015 and 930; 6,[250 MHz; D,O; 6(HDO) 
4.801 1.47 (3 H, d, J 7 ,  Me), 1.82 (2 H, d, J 17.2, PCH,) and 4.02 
(1 H, q, J 7, CHN). 

Compound 4d: v,,,(Nujol)/cm-' 3323, 330&2000br, 1667, 
1537,1202,1125,1024,1012 and 930; 6,[250 MHz; D,O; DSS] 
1.50 (3 H, d, J6.9, Me), 1.82 (2 H, m, PCH,), 3.41 (2 H, dq, J 142 
and 9, 13CH2) and 4.02 (1 H, q, J6.9, CHN). 

Preparation of Tripeptides.-N-~-Alanyl-~-alanyl-(2-amino- 
ethyl)phosphonic acid 5a.-Dipeptide 4a (0.425 g, 2.14 mmol) 
and chlorotrimethylsilane (0.77 g, 7.1 mmol) were stirred and 
heated at 60 "C for 10 min in dry pyridine (15 cm3) under argon. 
After the mixture had cooled to room temperature the N- 
hydroxysuccinimide ester of benzyloxycarbonyl-L-alanine (1.03 
g, 3.2 mmol) was added and the mixture was stirred for 24 h. 
Work-up and purification followed the procedure for com- 
pound 4a, except that the residue which was passed through 
Dowex 50 (H+) had to be dissolved in water (50 cm3), and the 
material for hydrogenolysis had to be dissolved in a mixture of 
water and dry ethanol (30 cm3 : 70 cm3). PC of product 5a: Rf 
0.44. Compounds 5b and 5c were prepared similarly. 

Compound 5a: v,,,(Nujol)/cm-' 3285, 3263, 320&2000br, 
1644, 1518, 1170, 1125, 1022 and 927; 6,[250 MHz; D,O; 
6(HDO) 4.801 1.36 and 1.54 (each 3 H, 2 d, J 6.9, 2 x Me; 
irradiation at 6 1.36 causes collapse of q at 6 4.26 to s), 1.82 (2 H, 
dt, J 17.9 and 8.4, PCH,), 3.40 (2 H, q, J 8.4, CH,N) and 4.06 
and 4.26 (each 1 H,2 q,J6.9,2 x CHN). 

Compound 5b: v,,,(Nujol)/cm-' 3285, 3267, 3200-2000br, 
1643, 1517,1169,1128, 1064,1017, 1002 and 947; 6,[250 MHz; 
D,O; 6(HDO) 4.801 1.35 and 1.52 (each 3 H, 2 d, J 7,2 x Me), 
3.36 (2 H, J 10.8, CH,N) and 4.05 and 4.24 (each 1 H, 2 q, J 7, 
2 x CHN). 

Compound 5c: v,,,(Nujol)/cm-' 3282, 3260, 3200-2000br, 
1643, 1558, 1169, 1025, 1015 and 946; 6,[250 MHz; D,O; 
6(HDO) 4.801 1.37 and 1.53 (each 3 H, 2 d, J 7,2 x Me), 1.80 (2 
H, d, J 17.5, PCH,) and 4.07 and 4.26 (each 3 H, 2 q, J 7, 
2 x CHN). 

Preparation of Compounds 3a and 3d.-Addition of 1,8- 
diazabicyclo[5.4.0]undec-7-ene (8 drops) to a stirred mixture of 
diisopropyl hydrogen phosphite 2 3  (10.0 g, 60.2 mmol) and 
paraformaldehyde (1.806 g, 60.2 mmol) at room temperature 
induced an exothermic reaction. When the reaction mixture had 
again reached room temperature (40 min), CH,CI, (70 cm3) 
and 2 mol dm-3 HCl(4 cm3) were added. The organic phase was 
separated and dried (Na,SO,). The solvent was removed and 
the oily residue was distilled (bulb-to-bulb) to give hydroxy- 
methylphosphonic acid diisopropyl ester (10.8 g, 92%; compare 
preparation of hydroxymethylphosphonic acid diethyl ester 24), 
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b.p. 105-1 13 "C at 0.005 mmHg; ~,,,(CH,Cl,)/crn-' 3500 and 
3300 (OH); 6,(250 MHz; CDCl,) 3.70 (1 H, br s, OH) and 3.86 
(2 H, d, J 6.3, PCH2). Tosyl chloride (6.673 g, 35 mmol) was 
added to a stirred, cooled (10°C) solution of the above 
hydroxymethylphosphonate (6.87 g, 35 mmol) and triethyl- 
amine (7.1 g, 70 mmol) in dry CH,Cl, (70 cm3) under exclusion 
of moisture. After 1 h at 10 "C the mixture was stirred for 3 h at 
room temperature, then extracted successively with 2 mol dm-, 
HCl(2 x 30 cm3), water, and saturated aq. NaHCO,, and was 
dried (Na,SO,). The solvent was removed and the residue was 
purified by flash chromatography on silica gel (250 g) with 
CH,Cl,<thyl acetate (1O:l) (R, 0.5) as eluent to give the 
tosyloxyphosphonate 7 (1 1.5 g, 9473, v,,,(CH,Cl,)/cm-' 2985, 
1375, 1192, 1180 and 1005; 6,(250 MHz; CDC1,) 4.12 (2 H, J 
10.3, PCH2). 

Compound 7 (2.1 g, 6 mmol), NaI (0.15 g, 1 mmol), and 
NaCN (0.245 g, 5 mmol) were stirred in dry D M F  (15 ml) at 
110 "C (bath temperature) under argon for 24 h. The solvent 
was removed under reduced pressure (0.1 mmHg; 40 "C). Water 
was added to the residue and cyanomethylphosphonate 8a was 
continuously extracted with diethyl ether for 2 h. The extract 
was evaporated. Toluene was added to the oily residue and then 
evaporated off. The residue was dried at 0.005 mmHg at 40 "C 
and gave crude phosphonate 8a (0.88 g, 86%, purity ca. 70%); 

d, J 20.5, CH,CN); DMF, educt, and iodomethylphosphonate 
C3.01 (d, J 10.5, CH,I)] were also present. 

Crude phosphonate 8a (0.74 g, 2.5 mmol, purity 70%) was 
dissolved in dry THF (10 cm3) under argon. BH,-THF (15 cm3; 
1 mol drn-,) was added dropwise to the stirred, cooled solution 
at 0°C. After being stirred for 18 h at room temperature the 
solution was cooled to - 50 "C and a solution of MeOH (2 cm3) 
in THF (5 cm3) was added slowly, followed by H C 0 2 H  (2 cm3) 
15 min later. The mixture was stirred for another 30 min, then at 
room temperature until evolution of hydrogen ceased (ca. 30 
min). The solvent was evaporated off, and the residue was 
refluxed in 6 mol dm-, HCl(60 cm3) for 18 h and then purified 
by ion-exchange chromatography to give AEP (0.28 g, 90%), 
identical (PC) with an authentical sample. 

v,,,(CH2Cl,)/cm-' 2257 (CN); 6 ,  (250 MHz; CDC1,) 2.85 (2 H, 

Preparation of [2-13C]AEP 3d.-Compound 7 (4.2 g, 12 
mmol), NaI (0.3 g, 2 mmol), and Na13CN (0.5 g, 10 mmol; 99% 
13C) were treated as for compound 8a to yield crude cyano 
phosphonate 8b (2.63 g; 60% purity); v,,,(CH2C12)/cm-' 2205 
(l3CN); 6,(250 MHz; CDC1,) 2.83 (2 H, dd, J 20.8 and 10.6, 
CH, ' 3CN). 

The crude product 8b was reduced with BH3-THF (30 cm3), 
deprotected, and purified as for compound 3a to give [2- 
13C]AEP 3d (0.684 g, 54%; chemical purity 75%). An analytical 
sample was recrystallized from aq. ethanol, m.p. 271-273 "C 
(decomp.) (lit.,22 250 "C to 296-299 "C for AEP); v,,, 
(Nujol)/cm-' 37W2000br, 1655, 1556, 1281, 1165, 1143, 1035, 
1007 and 910; 6,(250 MHz; D,O; DSS) 1.98 [2 H, ddt, J 18.2 
and 8.0, J(',C, H) 5.9, 1-H] and 3.22 [ddt, J 10.5 and 8.0, J(l3C, 
H) 145, 2-HI. Crude product 3d (0.43 g) was transformed into 
dipeptide 4d. 

Feeding Experiments, Isolation of Compound 2 from Culture 
Broth,' and Isolation 'O, '  ' of Compound 3 from Wet-cell Mass.- 
Streptomyces fradiae was shake cultured in three 1000 cm3 
Erlenmeyer flasks containing corn-starch medium (220 cm3). 
Compounds to be tested for incorporation were added to the 
medium before sterilization. The concentration of fosfomycin 
was determined microbiologically to be ca. 10 pg cm-, culture 
broth after centrifugation of cells. Pooled cells were washed 
three times with sterile saline (0.8%; total of 500 cm3), 
hydrolysed for 24 h with refluxing water (200 cm3)-10 rnol dm-, 
HCl (300 cm3), and worked up for AEP. The Dowex 50 (H') 

column was eluted with 0.5 mol dm-, HC1 (400 cm3) and the 
Dowex 1 (AcO-) column with 0.002 mol dm-3 AcOH. Fractions 
containing AEP as determined by PC were pooled, concen- 
trated, and derivatized." Fosfomycin in the culture broth was 
transformed into amino phosphonic acid 2 and isolated by ion- 
exchange chromatography.' The mixture of compounds 2 and 3 
(or 4, or 5 )  obtained after ion-exchange chromatography on 
Dowex 1 (AcO-) were separated on a Dowex 50 (H+)  column 
with 1 mol dm-3 HC0,H as eluent. 

Feeding of [l,l-'H,]- and [2,2-2H2]-AEP (1: 1; total 0.2 mg 
cm-, of medium). Wet-cell mass (30.0 g) containing no AEP; 
compound 2 (2.5 mg). 

Feeding of a mixture of L-u~u-AEP 4b and 4c (1: 1.6; 0.4 mg 
~ m - ~ ) .  Wet-cell mass (41.0 g), one half of material containing 
AEP was treated ' to give chromatographically homogenous 
compounds 6 (9 mg) and 2 (2.5 mg). 

Feeding of ~ - a l a - ~ - a l a - [ l , l - ~ H , ] A E P  5b (0.4 mg cm-'). Wet- 
cell mass (41.0 g), one half of material containing AEP was 
transformed into compounds 6 (2.5 mg) and 2 (2 mg). 

Feeding of~-ala-[2- '~C]AEP (0.3 mg ~ m - ~ ) .  Six Erlenmeyer 
flasks were used; compound 2 (5 mg) was isolated. 
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