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Feeding of [3-13C, 2-15N]arginine, 38a, unequivocally established that the f3-
arginine moiety of blasticidin S, 1, was formed from a-arginine by an intramolecular
migration of the a-amino group to the /3- position. Further feedings using chirally
deuteriated arginines 38e and 38f revealed that the aminomutase process occurred with
inversion of configuration at C-3 of arginine and the 3-pro-R hydrogen was involved in
the migration from C-3 to C-2.

Efforts to assign the absolute stereochemistry of alcohols 45a and 45b,
intermediates in the synthesis of 38e and 381, led to the discovery that the Gerlach-
Zagalak analysis of their corresponding (-)-camphanates had yielded results contrary to
the well established empirical rule, the first time this had been observed.

Synthesis and feeding of labeled /3- arginine 23a was carried out and the result
supported the proposed intermediacy of /3-arginine in the biosynthetic pathway to 1.
Initial attempts to detect the putative arginine-2,3-aminomutase activity in cell-free
extracts of S. griseochromogenes have not been successful so far.

Feeding [2,3,4,6,6- 2H5] -D- glucose resulted in blasticidin S 11 in which
deuterium from H-2 and H-3 had been retained at H-6 and H-7, respectively. This
interesting result led to the proposal of a novel mechanism for the introduction of a
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BIOSYNTHESIS OF BLASTICIDIN S:
MECHANISTIC AND STEREOCHEMICAL INVESTIGATIONS

Introduction

Isolation of Blasticidin S

Blasticidin S, 1, was discovered as a result of systematic screening for

antibiotics to control one of the most destructive diseases of rice plants, blast, caused by

the fungus, Pyricularia oryzae. In 1955, Fukunaga et a1.1 reported the isolation of

'Blasticidins A, B, and C', substances active against Pyricularia oryzae, produced by

Streptomyces griseochromogenes. Further studies by Takeuchi and coworkers2 led to

H2N

1

Figure 1. Blasticidin S

the isolation of another substance from the same strain, blasticidin S, that showed

stronger inhibitory activity against Pyricularia oryzae. Since then, it has acquired

commercial importance and is used as a fungicide to control the rice blast disease.3,4

Structure Elucidation

The structure of blasticidin S was deduced from several degradation studies.5-12

The UV spectrum of blasticidin S is similar to that of cytidine, suggestive of an N-1

derivative of cytosine.8 Blasticidin S has pKa's of 2.4, 4.6, 8.0 and 12.5 and it forms

a monohydrochloride, a dihydrochloride and a monomethylester trihydrochloride.13
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These data indicated that it is a monoacidic tribasic compound. Initially, the molecular

formula of blasticidin S was reported as C18H24N805.H20.6 Later this was corrected

to C17H2611805 by careful investigation of the free base prepared under CO2-free

conciitions.9,13

Various chemical degradations carried out to elucidate the structure of blasticidin

S are summarized in Scheme 1. Blastidic acid, 2, one of the components of acid

hydrolysis was shown to be e-N-methyl-P-arginine,9 and cytosinine, 3, the other

NH NH2

H2N.A.N N....
I I

CH3 H

HOOC

Blastidic Acid 2

OH'

1

OH

HOOC

H2N

0 N NH2

0
N

Cytosinine 3

H2/Pt02

NH2

0 COOH

a -carboxy,
tetrahydropyran

Scheme 1. Degradation of Blasticidin S

Cytosine

component was shown to be 1-(1'-cytosiny1)-4-amino-1,2,3,4-tetradeoxy-P-D-erythro-

hex-2-eneuronic acid.8,11 Based on the degradation results, Otake et al.8 initially

proposed the R configuration for both C-4 and C-5 of the sugar derived moiety in
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cytosinine and hence they concluded that it came from a L-sugar. Detailed analysis of

the results by Fox et a1.10 led to the modification that C-4 and C-5 have the S

configuration and it is derived from a D-sugar. Also, measurement of the ORD curve of

blastidic acid and comparison of the positive Cotton effect to that of other /3-amino acids

led Yonehara et a1.11 to conclude that the E-N-methyl-/3-arginine moiety had the L-

configuration. The absolute configuration of blasticidin S was confirmed by X-ray

analysis of both blasticidin S monohydrobromide14 and blasticidin S hydrochloride

pentahydrate.15

Physical and Chemical Properties of Blasticidin S

Blasticidin S forms white needle-like crystals, melting at 253-255 °C with

decomposition.13 The free base of blasticidin S is soluble in water and organic acids

such as acetic acid and trifluoroacetic acid, but is insoluble in almost all other organic

solvents. The optical rotation of the free base is cc{] tip 108.4 (c = 1% in H2O). The

UV spectrum of blasticidin S shows an absorption maximum at 274 nm (E = 13,400) in

0.1N HC1 which shifts to 266 nm (e = 8,850) in 0.1N NaOH.9 At 100 °C, blasticidin S

is most stable at pH 5.0-7.0, less stable at pH 8.0-9.0 and least stable at pH 4.0.2 The

pKa's of blasticidin S are 2.4 (carboxylic acid), 4.6 (amino group of cytosine), 8.0 (/3-

amino group), and 12.5 (guanidino group). 11 The free base readily absorbs carbon

dioxide from the atmosphere and forms a stable crystalline carbonate salt.13 It also

forms crystalline picrate2, helianthate2, sesquisulfate6 and diacetate6 salts.

The IR spectrum of blasticidin S2 includes absorptions at 3318, 3130, 2860,

1675, 1614, and 1600 cm-1. Complete assignments of 1H and 13C spectra of

blasticidin S have been carried out in our laboratory,16 using one dimensional and two

dimensional NMR spectroscopy and they are listed in Table 1.
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Table 1. 400 MHz 1H and 100.6 MHz 13C NMR Data of Blasticidin S

Proton : 5, multiplicity, J in Hz Carbon : 6

H-3 6.02, d, J = 7.5 1 158.5

H-4 7.59, d, J = 7.5 2 159.6

H-5 6.46, d, J = 0.9 3 98.7

H-6 6.09, ddd, J = 10.2, 1.8, 0.9 4 144.9

H-7 5.85, dd, J = 10.2, 2.4 5 81.8

H-8 4.73, ddd, J = 9.3, 2.4, 1.8 6 135.0

H-9 4.10, d, J = 9.3 7 128.2

H-12a 2.74, dd, J = 16.2, 4.8 8 47.6

H-12b 2.62, dd, J = 16.2, 8.1 9 79.7

H-13 3.64, m 10 177.1

H-14 2.03, m 11 172.9

H-15 3.46, t, J = 7.8 12 39.1

H-16 3.02, s 13 48.7

14 31.3

15 48.6

16 37.8

17 168.3

NH NH2 0 10 COOH

14 12

.7.

9 0
H2N 17 N 15 13

11 N...
I

1 8

13 H

N
4

3
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Biological Activity

Blasticidin S exhibits a broad spectrum of biological activity,2,17 including

antibacterial activity against gram-positive and gram-negative bacteria, antifungal

activity, antiviral activity18 and antitumor activity.19 It is highly active against

Pyricularia oryzae and the minimum inhibitory concentration is 5 j.tg/mL.2 It is toxic to

mice (LD50 2.8 mg/kg)

The primary mode of action of blasticidin S is by blocking protein

synthesis 4,20 '21,22 Misato et a1.2° showed that amino acids labeled with 14C showed

no incorporation into proteins in presence of blasticidin S at a concentration of

11.4/mL. Detailed studies by Yamaguchi and coworkers23 indicated that blasticidin S

ATP sRNA
Amino acid AMP-Amino acid sRNA-Amino acid

Ribosome
Blasticidin S 1111111

Protein

Figure 2. Site of Action of Blasticidin S

blocked the transfer of amino acids from aminoacyl-tRNA to polypeptide (peptidyl

transfer) and also the release of polypeptides from ribosomes (Figure 2). The effect of

blasticidin S on the ribosomal peptidyl-transferase has been studied in detail.24 Binding

studies of blasticidin S to ribosomes, carried out by Kinoshita et a1.,25 have confirmed

this hypothesis and have indicated that the binding site is located in the 50S ribosomal

subunit. It has been shown that blasticidin S does not affect the incorporation of 32P

into nucleic acids at concentrations which inhibit protein synthesis.20a,23 However, the

work of Griffin and coworkers26 has indicated that blasticidin S slowly inhibits DNA

and RNA synthesis also. Their studies concluded that the mechanism of inhibition of

DNA synthesis is independent of and different from that of protein synthesis and hence
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blasticidin S may possess at least two sites of action26b

The inhibitory action of blasticidin S against Bacillus cereus is known to be

negated by the 'detoxin complex' isolated from Streptomyces caespitosus.27 The

structure of the most active principle of this complex, detoxin D1, 4,28 was elucidated

by Kakinuma et al.(Figure 3).29 The structures of the minor congeners of the detoxin

Figure 3. Detoxin D1

CIACH3 )C2 H5

complex have been reported recently.3° It has been shown that 4 acts as an antagonist

to blasticidin S by inhibiting the active transport of blasticidin S into the cells.31

Biological Transformations of Blasticidin S

Blasticidin S is known to be microbially converted into deaminohydroxy-

blasticidin S, 5, by fungal strains such as Aspergillus fumigatus32 and Aspergillus

terreus.33 Blasticidin S is inactivated by this process and the biological activity 'f

NH

H2N)LN

CH3

5

Figure 4. Deaminohydroxyblasticidin S
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deaminohydroxyblasticidin S was reduced to one hundredth that of blasticidin S.32

Isolation and characterization of the enzyme blasticidin S- deaminase [E.0 3.5.4.23]

from Aspergillus terreus has been achieved by Yamaguchi et a1.33b Based on kinetic

studies,34 they have speculated about the nature of the active site and the mode of

reaction of this enzyme. Recently Endo and coworkers35 have isolated a strain of

Bacillus cereus K55-S 1, which was resistant to blasticidin S. They have shown that

this strain also deaminates blasticidin S into deaminohydroxyblasticidin S. Isolation of

the plasmid involved in the resistance mechanism as well as the structural gene of the

enzyme, blasticidin S-deaminase, was subsequently reported.36 Blasticidin S is also

known to be acetylated in vivo by Streptoverticillium sp. JCM 4673 in the presence of

acetyl coenzyme A to produce an inactivated product.37

Structurally Related Metabolites

During the course of biosynthetic studies on blasticidin S from Streptomyces

griseochromogenes, Seto et al. have isolated and characterized a number of structurally

and biogenetically related metabolites (Figure 5). They are leucylblasticidin S, 6,38

pentopyranine A, 7, pentopyranine C, 8,39 pentopyranic acid, 9,40 blasticidin H, 10,41

and demethylblasticidin S, 11.42 Gougerotin, 12, another nucleoside antibiotic

produced by Streptomyces gougerotii has clear similarities. It also exhibits similar

biological activities to that of blasticidin S.43

Isolation of rodaplutin, 13, a metabolite closely related to leucylblasticidin S, 6,

from the cultures of Nocardiocides albus has been reported.44 Recently, the same

compound 13, under the name Sch. 36605, has been isolated by Gullo et al.45 along

with 6. Arginomycin, 14, is another metabolite closely related to blasticidin S produced

by Streptomyces arginensis 46 Recently, Kawashima et al. have reported the

production of fluorinated blasticidin S, 15, by supplementing the cultures of

Streptomyces griseochromogenes with 5-fluorocytosine,47 as shown in Scheme 2.



R2 \
0 HOOC

NH NH

H2N N NI."

R1

6 R1= CH3, R2= L-leucyl, R3=H

11 Ri, R2, R3= H

13 R1= CH3, R2= L-leucyl, R3= CH2OH

7 R = H

8 R = OH

9

H3C

10

14

Figure 5. Metabolites Structurally Related to Blasticidin S
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5-Fluorocytosine

S. griseochromogenes NH 11211

H2N N N 's%s

CH3

15

Scheme 2. Production of Fluoroblasticidin S

9

Efforts Towards Synthesis of Blasticidin S

Blasticidin S has been chemically reconstructed from its degradation components

blastidic acid 2 and cytosinine 3 by Yonehara et al." However, no complete total

synthesis of blasticidin S has been carried out to date. All synthetic efforts that have

been carried out so far have concentrated on the nucleoside moiety of blasticidin

S .49,50,51 Fox et al.5° have synthesized compound 16, a precursor to cytosinine, from

1. BzCI, Py
2. MsC1, Py
3. 1113r, AcOH

NHAc
NI-12

Bz0H2C 0 1. NaN3

Ms0 2. NaOMe, Me0H HOH2C

4. 4-N-acetylcytosine

OBz

1. Ac20, Py
2. Nal, AcOH
3. MsCI, Py
4. NaOMe, Me0H riorizc O

OH

1. Bz20, Me0H
2. TrC1, Py
3. TsC1, Py
4. NaOMe4
5. Bz20, Py

6. Me0H, Ha

NHBz

Scheme 3. Fox's Synthetic Efforts Towards Cytosinine
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a-D-galactopyranoside, 17, as shown in Scheme 3. Synthesis of cytosinine, 2, by a

different route, starting from triacetylgalactal, 18, has been achieved by Kondo et al.51

and the reactions are summarized in Scheme 4.

18

1. NaOMe, Me0H
2. BzCI, Py
3. MsCL Py Bz0H2C

4. LiN3

Hig))
NH3, Me0H 1. P2S5, Py

100°C HO2C 0 N
2. NaOH

S

1. Cra,
2. Ac20, Py
3. NaOMe, Me0H
4. Cr03
5. CH2N2

0

Scheme 4. Kondo's Synthesis of Cytosinine

Synthetic efforts of Fox et al. also have led to the total synthesis of

pentopyranine C, 8,52 pentopyranine A, 7,53 and pentopyranamine D,54 the nucleoside

moiety of blasticidin H, 1Q 41

Preliminary Biosynthetic Studies on Blasticidin S

The first biosynthetic study on blasticidin S was carried out by Seto et al. in

1968.55 Precursors labeled with 14C were fed to S. griseochromogenes and the

distribution of radioactivity and labeling pattern was established by degradation of the

resulting blasticidin S as shown in Scheme 5. The percentage incorporation obtained

from the feeding of various precursors is shown in Table 2.
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NH VH2 O
HOOC

/I(N Nu"

CH3

1

11*

N

CH3

Blastidic Acid

CO2

OH

N

CH3

4-Amino-N-methyl
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Scheme 5. Degradation of Blasticidin S From Feeding Experiments

Table 2. Percentage Incorporation of Precursors

Precursor % Incorporation

D-Glucose (U -14C) 3.7
D-Glucose (1-14C) 4.0
D -Glucose (6-14C) 4.9
Cytosine (2-14C) 95.1
Cytidine (U-14C) 15.3
L-Methionine (Methyl-14C) 38.3
L-Arginine (Guanidino-14C) 51.2
L-Arginine (U-14C) 30.3
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From these results, Seto and coworkers concluded that blasticidin S is

biosynthesized from cytosine, 19, D-glucose, 20, L-arginine, 21, and L-methionine,

22 (Figure 6). Further, the isolation of structurally related metabolites 6 - 11 (Figure

5) from Streptomyces griseochromogenes3842 suggested that they are biogenetically

,COOHCH3'
HH2N

22

NH NH2 0A //c)IH2N N N....

HOOC

CH3

1

.r

NH

HNAN CC"31-1

H2N H

21

Streptomyces
griseochromogenes

Figure 6. Primary Precursors of Blasticidin S

19

related to blasticidin S. From this information, the biogenesis of blasticidin S has been

proposed as in Scheme 6.39,40 The important biochemical transformations to be noted

in this scheme are (i) the transformation of a-arginine into P-arginine, 23, and (ii) the

transformation of D-glucose into 2,3,4-trideoxy-4-amino-hex-2-eneuronic acid. The

latter includes oxidation of C-6 to COOH, deoxygenation at C-2 and C-3 with

introduction of a double bond between C-2 and C-3 and transamination at C-4.
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/3 -Amino Acids And Their Biosynthesis

Naturally occurring /3 -amino acids, listed in Table 3, are non-proteinogenic

amino acids and are relatively rare. However, their number has increased steadily as

more new natural products have been discovered and characterized.

Table 3. Naturally Occurring /3 -Amino Acids

Name Structure Reference

/3- Alanine 24

R-P-Aminoisobutyrate 25a

S-P-Aminoisobutyrate 25b

/3- Lysine 26

(5-Hydroxy-/3-lysine 27

/3- Leucine 28

/3- Arginine 23

8-N-Methyl-f3-arginine 3

P-N-Methyl-P-arginine 29

CO2H

CH3

li2N
CO2H

CH3

112N CO2H

CO2H

CO2H

on 1412

CO2H

NH2

H

H2N,
N'

N
CO2H

NH NH
Me

56a, 56b, 56c, 57

56a, 56b, 58

56a, 59

60,61

62

56a, 63

42

H2N,
9, 38, 41N CO2H

NH NH2

H

64
II 7
NH NHMe

continued on page 15
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Name Structure Reference

N-Methyl-P-glutamic acid 30

/3- Phenylalanine 31

(Dimethylamino)-

P-phenylalanine 32

/3- Tyrosine 33
HO

CO2H

NI-L Me

NMe2

CO2H

65

66

67

68

Also, long chain /3 -amino acids have been recently reported as components of the cyclic

peptide antibiotics iturin69a and cyanogenosin RR.69b

It would be reasonable to assume that a /3 -amino acid is derived from the

corresponding a-amino acid. However, fi-alanine, R-fi-aminoisobutyric acid, and S-fi-

aminoisobutyric acid are each known to occur naturally in mammals as catabolites of

various other compounds.56a /3- Alanine is formed from the degradation of uraci156,57

or by the decarboxylation of aspartic acid.7° R-P-aminoisobutyrate is derived from the

degradation of thymine56a,58 whereas S-0- aminoisobutyrate is formed by the

transamination of S-methylmalonate semialdehyde.56a,59 /3-Leucine is also known to

occur in animals,56a,63a,63c and Poston has claimed to have isolated a vitamin B12

dependent leucine-2,3-aminomutase from rat liver.63a However, recently, different

groups71 have failed to detect the leucine-2,3-aminomutase activity in rat liver and hence

the reported results63a are yet to be confirmed independently. Overton et a1.63b has

indicated that the leucine-2,3-aminomutase from tissue cultures of Andrograp his
paniculata, which forms 3R -P-leucine, utilizes 2S- a-leucine but no information has
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been provided regarding the mechanism or stereochemistry of the actual process.

Detailed reports on the biosynthesis of /3-lysine, 26, and fl-tyrosine, 33, have

appeared in the literature. Parry and Kurylo- Borowska72 have found that the 18-tyrosine

moiety of the antibiotic edeine, 34, is biosynthesized from a-tyrosine, 35, with the loss

of the original a-nitrogen and 3-pro-S hydrogen (Figure 7). This result suggested to

the authors the intermediacy of an ammonia-lyase type reaction.

35

-H

- NH2 HO

H H

H2N N N1K' NH

OH 0
o

33 H2N'

H2N

H0

OOr-OH H

34

H2N

Figure 7. Biosynthesis of /3- Tyrosine Moiety of Edeine

OH

CO21I

Gould and Aberhart et al.61 have studied the biosynthesis of the L -/3- lysine

moiety of the antibiotic streptothricin F, 36, in Streptomyces L-1689-23 as well as the

formation of free /3- lysine, 27, by Clostridia species. In each case it was found to be

formed from L-a-lysine, 37. By carrying out elegant feeding experiments using DL-

[3-13C, 2-15N]lysine, 37a, (2RS,3R)- [3- 2H]lysine, 37b, and (2R5,3S)[3-2Hllysine,

37c, they have demonstrated that /3-lysine is biosynthesized from a-lysine by an

intramolecular migration of the a-nitrogen to the /3- position accompanied by an

intermolecular migration of the 3-pro-R hydrogen from the /3- carbon to the a-carbon

resulting in inversion at both centers, as shown in Figure 8. Thus, there is no single

recurring mechanism for the biosynthesis of /3-amino acids.
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The enzyme catalyzing a 'vicinal migration' of an amino group is called an

aminomutase. From the work by Poston on crude preparations of the enzyme leucine-

2,3-aminomutase obtained from rat liver, it has been claimed to be a B12-dependent

enzyme,63a whereas the same enzyme from tissue cultures of Andrographis paniculata

has been shown to be independent of B12.6313 Other aminomutases such as D-a-

ornithine-4,5-aminomutase,73 D-a-lysine-5,6-aminomutase,74 and P-lysine-5,6-

aminomutase75 are known to catalyze the 1,2-migration of the co-amino group to the

neighboring carbon with the involvement of B12, as well as pyridoxal phosphate (PLP).

The amino group migration in the case of /3- lysine -6,5- aminomutase has been shown to

be intramolecular.75b Stereochemical studies have shown that inversion takes place at

C-5 and that the 5-pro-S hydrogen migrates to C-6 during the process.75c

Coenzyme B12 is known to be required for many enzyme catalyzed rearrange-

ments.76 The generalized stoichiometry for such reaction is shown in Scheme 7, where
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`R' may be an alkyl, acyl, hydroxyl or an amino group. The general mechanism for the

B12 mediated rearrangement is shown Scheme 8. Work of Arigoni and Stadtman75c has

established that such a mechanism is operating in the case of f3-lysine-5,6-aminomutase.

C C
R I

B12
I

C C
I R

Scheme 7. Generalized Stoichiometry of B12 Mediated 1,2-Rearrangement

The enzyme responsible for the f3- lysine formation in Clostridia species, lysine-

2,3-aminomutase, has been investigated in detail by a number of groups.60,61a,77,78

This enzyme has a molecular weight of 285,000 Daltons. It is stereospecific for I,-

lysine and the Km (L-lysine) is 6.6 mM. The enzyme reaction is reversible and the

equilibrium constant at 37 °C is 6.7 (L-f3-lysine/L-a-lysine). The enzyme requires Fell-,

Ad
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N N/ Co 3+ /
N N
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Scheme 8. General Mechanism For B12 Mediated Rearrangement
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PLP and S-adenosylmethionine (SAM) as co-factors.6° Remarkably, lysine-2,3

aminomutase, which would seem functionally related to fl-lysine-5,6-aminomutase,

does not require coenzyme B12.

A number of groups have suspected that SAM may play the role of B12 for this

enzyme. However, proof was lacking until mechanistic studies carried out by Frey and

coworkers77 showed that tritium from C-5' tritiated SAM was incorporated into both a-

and )3-lysines. This indicated that the C-5' of the 5'-deoxy adenosyl group of SAM was

involved in the hydrogen transfer process during the aminomutase reaction, thus playing

the role of B12. The hypothetical mechanism shown in Scheme 9 has been proposed for

the SAM and PLP mediated amino group migration.77'78
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0-aminoacid
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W AAAN Ad
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Scheme 9. Proposed Mechanism For SAM Mediated f3 -Amino Acid Formation
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Recent Biosynthetic Studies on Blasticidin S

Studies have been carried out in our laboratory by Woo16,79 in order to

understand how /3-arginine is formed from a-arginine during the biosynthesis of

blasticidin S. To determine if the /3-amino group of the 13-arginine moiety was derived

from a-arginine, a feeding was carried out using DL- [3 -13C, 2-15N]arginine, 38a. It

was synthesized as shown in Scheme 10, based on the earlier synthesis of 37a by

Gould et al.63b,80 If the 13-amino group were coming from the original a-amino group

Br I. Nal3CN

2. 112, Pt%
0

N-(2-Bromoethyl)plithalimide

1. TsC1, Et3N

NH2
2. NaNO2, AcOH
3. CC14 , A

1. Nal, Acetone
0

COOEt
*

N- C(-) Na*

0 COOEt
3. 6N HC1, Reflux.

NH
N112

. 13C H21TA N C°°11
Ts0.11 2N= C..,

OMe* = 15N
H

NH2

DL-[3-13C,2-15N]arginine 38a

N/e\OTs

, COOH

NH2

DL-Ornithine

Scheme 10. Synthesis of DL-[3-13C, 2-15N]Arginine

of a-arginine, and the process were intramolecular, the 13C NMR of the blasticidin S,

obtained from the above experiment should show 13C enrichment and spin coupling for

the /3- carbon due to the attached 15N nucleus.81 Unfortunately, in this experiment

production of blasticidin S turned out to be very low and hence purification was

difficult. Conclusions could not be derived unequivocally from the 13C NMR analysis

of the resulting blasticidin S la because of some interfering peaks from an apparent
impurity. Nonetheless the spectrum did suggest that the /3 -amino group was

originating from the original a-amino group of a-arginine. Another feeding experiment
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was also carried out by Woo16 using DL-[2,3,3-2H3]arginine, 38b, synthesized from

DL-arginine using the procedure of Le Master and Richards.82 This experiment was

designed to reveal the fate of hydrogens at the /3- carbon of arginine during the

introduction of the amino group. 2H NMR Analysis of the blasticidin S lb resulting

from this experiment indicated that deuterium was present at the a- and /3- carbons in a

ratio of 1.2 : 1 (Figure 9). The presence of more than one deuterium at the a-carbon

indicated that deuterium had migrated from the )3- to the a-carbon during the process.

38b
lb

Figure 9. Blasticidin S From DL-[2,3,3-2H3]Arginine Feeding

Due to the fractional ratio it was not possible to tell whether the migration was partial or

complete, since a fractional ratio could also be obtained by partial loss of the original a-

deuterium by some mechanism not related to the biosynthetic process. In summary,

Woo's work indicated that the /3- arginine moiety of blasticidin S is probably

biosynthesized via a pathway similar to that of P-lysine:61

Purpose of Present study

The main objectives of the current study were two-fold. The first one was to

understand the stereochemistry and mechanism in /3- arginine formation and the second

was to understand the mechanisms of the glucose transformations during the

biosynthesis of blasticidin S.

The information available from the literature so far suggested that the various

enzymes known to catalyze the aminomutase process are functionally related but
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mechanistically diverse. Stereochemical and mechanistic scrutiny of these processes

have proven to be very useful in understanding these enzymes. 61,72,75,77,78 Hence our

first objective was to understand the stereochemistry and mechanism of /3- arginine

formation. From the work of Woo16 it was hinted that the a-amino group of a-arginine

was migrating from C-2 to C-3 and at least some hydrogen migration was occurring

from C-3 to C-2, thus resembling the established mechanism of /3-lysine formation.61

To establish these observations unequivocally and define the formation of P-arginine

more clearly, a number of feeding experiments were proposed.

First of all, the feeding of DL-[3-13C, 2- 15N]arginine was to be repeated to

establish the source of the /3-nitrogen unambiguously. To understand the process of the

migration of hydrogen from C-3 to C-2, feeding experiments with a series of deuterium

labeled arginines, viz DL- [2-2H] arginine, DLO ,3 2H2] arginine, (2R S, 3R ) -[3

21-1]arginine and (2RS, 3S)- [3- 2H]arginine were proposed. It was expected that the

utility of other feeding experiments might become apparent during the course of this

work. Depending on the results obtained, further work to study the aminomutase

process in detail would be attempted using cell-free preparations of S .

griseochromogenes.

The second objective was to understand the mechanism of the glucose

transformations during the biosynthesis of blasticidin S. A number of biochemical

modifications occur in this process including: (i) substitution of -OH at C-1 with

cytosine; (ii) oxidation of C-6 to -COOH; (iii) transamination at C-4 with retention of

configuration and (iv) deoxygenation at C-2 and C-3 with introduction of a double bond

between C-2 and C-3. Various chemically and biochemically rational mechanisms could

be proposed for these processes, and an important criterion that would be useful to

distinguish among these would be to follow the fate of the original carbinol hydrogens

of glucose. Knowing which of them were retained, lost or migrated during the overall

process would enable us to favor some mechanisms and eliminate others.
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Most of the work published on the biosynthesis of the sugar moieties of

secondary metabolites has primarily concentrated on the aminoglycoside antibiotics.83

In addition, Floss et al. have investigated the mechanism of glucose transformations

during the biosyntheses of the antibiotics granaticin84 and chlorothricin85 by a series of

feeding experiments, each using glucoses singly labeled with tritium at a particular

position and admixed with 14C-labeled glucose as internal standard. They were able to

interpret the results by comparing the 311/140 ratio obtained in the product to that of the

fed precursors. A similar study could have been performed in the case of blasticidin S.

However we hoped to simplify this study if we could feed a multiply deuterium labeled

glucose86 and sucessfully analyze the resulting blasticidin S by 2H NMR spectroscopy.
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Results and Discussion

Biochemical work

Although the fermentation of S. griseochromogenes and the bioassay conditions

for blasticidin S had been improved by Peter Yorgey in our laboratory, the results were

not reproducible and this caused serious problems during the work up of feeding

experiments. Hence efforts were taken to optimize the bioassay, fermentation and

isolation conditions.

Bioassay

Various organisms such as B. subtilis,2 B. cereus,87 and B. circulans17 have

been reported as the test organism for the assay of blasticidin S using the agar diffusion

method.88 Use of these organisms was reinvestigated in our laboratory by Peter

Yorgey and it was found that B. circulans (obtained from the stock cultures of the

Department of Microbiology, Oregon State University) was the most sensitive

organism, giving clear, distinct zones of inhibition down to concentrations of 511g/tnL.

B. circulans was grown in 2% peptone water at 37 °C prior to the bioassay and used to

inoculate an overlay agar, which was then dispensed on the base agar in a petri plate

prepared in advance. Sterile stainless steel wells were used as the reservoir for the

antibiotic solution. Despite the fact that this method was very sensitive, it had two

major problems. First of all, the growth of the B. circulans was unpredictable. It took
8 to 16 hours to reach a growth where the optical density OD660 was 0.10 (using a

Spectronic 20). Secondly, the inhibition zone size was not consistent and this was

probably due to the variable growth of the test organism. Hence, the bioassay was

modified as follows. A stock of spore suspension of B. circulans was prepared and

stored at 4 °C. Prior to the bioassay, the peptone agar to be used was inoculated with

appropriate amounts of the spore suspension. This eliminated the problems of
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repeatedly growing B. circulans as well as the non-reproducibility of the bioassay

values. Also, it was found that the use of filter paper disks instead of stainless steel

wells as the reservoir for the antibiotic solution was simpler and did not affect the

reproducibility of the bioassay values. A 500-fold dilution of the spore suspension into

the agar and use of 10 mL of this inoculated agar per petri plate was adequate. Seventy

five microliters of the test solution per disk was found to be optimum. A standard

bioassay curve was obtained by using different concentrations of authentic blasticidin S,

and plotting the log of concentration vs the square of the inhibition zone diameter gave a

straight line as shown in Figure 10.
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Fermentation of Streptomyces griseochromogenes

Fermentation conditions of S. griseochromogenes had been tested by Peter

Yorgey in our laboratory, and he had found that the strain ATCC 21024 was the best

producer of blasticidin S available. The recipes of the seed medium and the production

medium provided by Dr. Miyazaki of Kaken Chemical Company, Japan, were found to

be better than those used by Seto et al.55b The constituents of these media are listed

below.

Kaken seed medium:

D-Glucose 1.0 g

Beef extract 0.5 g

Polypeptone (BBL) 0.5 g

NaC1 0.1 g

dd. H2O 50 mL (in 250 mL Erlenmeyer flask)

The pH of the solution was adjusted to 7.5 using 2M NaOH and autoclaved,

after which the pH was 7.0.

Kaken production medium:

Sucrose 12.50 g

Soy bean meal 2.50 g

Wheat embryo 6.25 g

Dried brewer's yeast 6.25 g

NaC1 1.50 g

dd H2O 250 mL (in 1 Liter Erlenmeyer flask)

The pH of the broth was adjusted to 7.0 prior to autoclaving after which the pH
was 6.5.

The maximum production of blasticidin S obtainable using these conditions was
150 p.g/mL, but was frequently less than this. When the production was <75 pg/mL,

the purification was difficult. After screening a variety of soy bean flours available from
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local stores, the one available from the Fred Meyer Stores Inc., Corvallis, yielded good

production. In addition, fermentations using different kinds of flasks were examined

and, to our surprise, we found that use of a baffled flask (Figure 11) obtained from

Be 11co Glass Inc., (Vineland, NJ) increased the production of blasticidin S by several

.Figure 11. Be 11co Baffled Flask.

fold. This indicated that aeration was an important factor for this fermentation. A

thorough study, by changing the different variables such as incubation temperature,

RPM of the shaker, amount of seed used for inoculation and time of incubation led to

the following optimal conditions.

Seed medium : Kaken seed medium (50 mL)

Flask : Erlenmeyer flask (250 mL)

Temperature, RPM, Time : 28° - 29 °C, 225 250 RPM, 48 hours

Production medium : Kaken production medium, with soy bean

flour instead of soy bean meal (200 mL)

Flask : Be 11co baffled flask (1 Liter)

% Inoculum of seed : 2% (VN)

Temperature, RPM, Time : 28° - 29 °C, 225 250 RPM, 120 hours
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Generally the production of blasticidin S was in the range of 1200 - 1400 pz/mL

as determined by bioassay, of which 40-50% was recoverable by the isolation

procedure. A study was performed to monitor the production of blasticidin S as a

function of time and the result is shown in Figure 12.
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Figure 12. Production Curve of Blasticidin S
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Purification of Blasticidin S

After 120 hours of incubation the fermentation was harvested and centrifuged to

remove the mycelia and other solid materials. The resulting pellets were washed with a

minimum amount of deionized water, centrifuged and the washings were combined with

the original supernatant. Use of this solution as such was found to clog the cation
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exchange column used in the next stage of purification. However, this problem was

circumvented by removing colloidal material by careful acidification of the broth to pH

2.0 and centrifugation. The resulting clear supernatant, neutralized to pH 7 was next

passed through an anion exchange column (Bio-Rad AG2-X8, OH -) and washed with

deionized water. Blasticidin S did not bind to this resin. It was found that the highly

basic pH of the eluate was causing severe decomposition of blasticidin S and hence it

was important to neutralize the non-bound fractions and washings as they were

collected.

After neutralization to pH 5.5-6.0, the resulting solution was loaded onto a

cation exchange column (Bio-Rad 50W-X2, H+). Blasticidin S bound to this resin.

After removing the impurities by washing with water and then with 5% pyridine,

blasticidin S was eluted off the column using 1.2% NH4OH. Fractions containing

blasticidin S (determined by UV activity, ninhydrin test and TLC analysis) were

combined, concentrated by rotary evaporation at ambient temperature to remove the
ammonia, and lyophilized. Recrystallization of the resulting solid from CO2-free water

and methanol after adjusting the pH to 6.8 gave pure blasticidin S as a white powder.

Synthesis of Labeled Precursors

The use of stable isotopes in biosynthetic studies has increased dramatically

during the last two decades and has become a routine approach.89 The availability of

modern instrumentation, especially high field multinuclear FT NMR spectrometers has

been one of the major factors for this.9° It also has been facilitated by the commercial

availability of many stable isotope labeled precursors and reagents.

One of the conventional techniques, still valuable for mechanistic and

stereochemical investigations of biological processes is the use of a 3H-labeled

precursor co-fed with the same compound, 14C-labeled for an internal standard.
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Comparison of the 3H/14C ratios in the product and the precursor is used to interpret the

fate of hydrogens during a biosynthetic process.91 However developments in NMR

instrumentation have made it frequently possible to do such studies using deuterium as

the isotope in conjunction with 2H NMR analysis,8902 despite its lower sensitivity and

broad line width due to the quadrupole exchange of this isotope. Other advantages,

such as direct observation by NMR at the same chemical shift as that of proton, easily

obtainable multi-fold enhancement over the natural abundance (0.016%), and nearly

quantitative enrichment determination by integration of the peak areas (due to negligible

NOE and short relaxation), make this technique the more attractive one. Similar use of

3H NMR is possible,93 however it has remained restricted due to the fact that it is a less

sensitive technique than radioactivity measurements and also due to the difficulty in

experimental handling of the high radioactivity required (at least 0.1 mCi) for such

studies.

In the present study of the mechanistic and stereochemical aspects of the

biosynthesis of blasticidin S, deuterium labeled precursors have been used primarily and

the resulting blasticidin S samples were analyzed by 2H NMR spectroscopy.79,94 Prior

to the synthesis of labeled precursors, the reaction conditions were optimized by

carrying out the reactions using unlabeled reactants and reagents. The following section

discusses the synthesis of various labeled precursors.

Synthesis of DL- [2- 2H]Arginine, 38c

This compound was prepared from DL-arginine, 38, as shown in Scheme 11,
by the acid catalyzed exchange of the a-hydrogen using D20/DC1 at elevated

temperature in a sealed tube.95,96 It was necessary to periodically replace the used

D20/IDC1 with a fresh batch in order to maximize the deuterium enrichment. After three

consecutive exchanges at 150 °C, 38c was obtained in 54% yield by recrystallization

using H20/Et0H. The deuterium enrichment was foand to be >98% by 1H NMR
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Scheme 11. Synthesis of DL42-21-11Arginine

integration. The reduced yield in this process is attributed to the decomposition of

arginine under these harsh reaction conditions.96

Synthesis of DL- [3,3- 2H2]Arginine, 38d

Preparation of this compound had been carried out earlier in our laboratory by

Martinkus for studying the biosynthesis of streptothricin F.96 The synthesis, as shown

in Scheme 12, involved the introduction of deuterium by reduction of the nitrile 39

using D2, DC1, and EtOD in presence of Pt02 catalyst. The resulting dideuterio amine

0
39

D2/113t02

40

Scheme 12. Martinkus's Synthesis of DL-[3,3-2H2]Arginine

38d

40 was converted into 38d by a similar route employed for the synthesis of 38a

(Scheme 10). This method did not seem to be attractive because of the lengthy

procedure and also very poor overall yield (1.4%). Hence, an alternate route was
designed (Scheme 13), by which the readily available DL-[2,3,3-2H3]arginine, 38b,82

was converted into DL [3,3 -2H2larginine, 38d, by the acid-catalyzed removal of the a-
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deuterium using H20/HC1 at elevated temperature in a sealed tube. Initially, when the

reaction was carried out using 38c as the substrate in order to optimize the conditions, it

was found that only 50% of the deuterium was removable after several exchanges at 150

°C. This was probably due to the stronger C-D bond and the consequent primary

isotopic effect. However, when the exchange temperature was raised to 180 °C, >90%

of deuterium was found to be removed in four consecutive exchanges, with H20/HC1

being replaced between exchanges.

NH

COON
H2O, HC1

180 °C
H2N N

H H2N

38b

Scheme 13. Synthesis of DL [3,3 -2H2lArginine

38d

Using these conditions, tri-deuterio-arginine 38b, prepared earlier by Woo16

was converted into 38d and purified by cation exchange chromatography (Dowex 50W-

X8, H+) to give 31% of pure product. The 1H NMR integration of 38d indicated that

90% of the deuterium had been removed by the exchange, and this was sufficient to

carry out the feeding experiment.

Synthesis of (2R S ,3R)- [3-21-1]Arginine, 38e and (2R S ,3S)- [ 3 -

211]Arginine, 38f

In order to probe the stereochemistry of the transformation of a-arginine into the

/3- arginine moiety of blasticidin S, feeding experiments with arginines stereospecifically

labeled with deuterium at C-3 were necessary. Hence, these compounds were our next

synthetic targets. One of the most common ways to synthesize arginine is to synthesize

the corresponding ornithine and convert it to arginine.97 Coincidentally, ornithines



43
42

Figure 13. Biosynthesis of Acivicin and Hydroxy Acivicin

NH2
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chirally labeled with deuterium at C-3 were also necessary for probing the biosynthesis

of acivicin, 41, and hydroxy acivicin, 42, from ornithine, 43 (Figure 13).98 Hence a

synthetic strategy was designed that would allow the preparation of [3R-2H]ornithine,

43a, and [3S-2H]omithine, 43b, which could then be converted into the corresponding

O

H2N

O
45a

43a

COOH

44a

H2N

45b

NH

H2N N

38f

Scheme 14. Proposed Synthesis of Chirally Labeled Arginines

COOH
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labeled arginines 38e and 38f, respectively. As shown in Scheme 14, it was

envisioned that deuterio-aldehyde 44a could be reduced stereospecifically to 'S' and 'R'

deuterio-alcohols 45a and 45b, respectively, by chiral boron reducing agents.99

Conversion of the -OH group of the alcohol into a leaving group followed by

nucleophilic displacement (SN2) by an anionic 'glycine equivalent' using known

procedures61,96 and hydrolysis of the resulting product would yield ornithine with

inverted configuration at C-3. This could be converted into the corresponding arginine

by standard procedures.97 A similar strategy has been used by Aberhart et al.61a for the

synthesis of chirally labeled lysines.

Aldehyde 44 was readily prepared from ethyl 3-chloropropionate, 46, in three

steps as shown in Scheme 15. Reduction of the ester 46 to the chloroalcohol using

° 1. LiA1H4

OEt

46 2.

O

NK DMF 45

H H Oxalyl chloride 0

OH H
DMSO, Et3N

Scheme 15. Synthesis of Phthalimidopropanal, 44

44

LiA1H4, followed by reaction with phthalic anhydride gave phthalimidopropanol 45, in

50% yield. Oxidation of the alcohol 45 into aldehyde 44 using pyridinium

dichromateth° did not prove to be useful. However, this was achieved in >90% yield

by employing the procedure of Swern et al.101 Deuterio-aldehyde 44a was prepared
from 46 via the same procedure except LiA1D4 was used for the reduction of 46.

Use of a chiral boron reducing agent, such as the Midland reagents102 for

stereospecific reduction of carbonyl compounds into optically pure alcohols has become

an important tool in organic synthesis.99,103 Midland reagents 47a and 47b are
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prepared from either (+)- or (-)-a-pinene and 9-borabicylo-[3.3.1] -nonane (9-BBN),

respectively. They are each commercially available from The Aldrich Chemical

Company as a 0.5 M solution in tetrahydrofuran (THF), under the names R -Alpine

borane (47a) and S-Alpine borane (47b), respectively (Figure 14). Reduction of a

47a
47b

Figure 14.14. R-Alpine Borane and S-Alpine Borane

deuterio-aldehyde with R-Alpine borane is known to produce an S-alcohol and S-Alpine

borane is known to produce an R-alcohol.102 The rationale for this is explained in

Figure 15, using 47a as an example. Use of the Midland reduction to prepare chirally

R R/

Favored
Disfavored

Figure 15. Rationale for the Midland Reduction

D

deuteriated alcohols as intermediates for the synthesis of stereospecifically deuterium

labeled compounds to probe stereochemical and mechanistic aspects of various

biological processes is well precedented.104 Hence this reaction was our choice for the

stereospecific reduction of deuterio-aldehyde 44a to prepare chirally deuteriated
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ornithines and arginines.

Optimization of the reaction conditions was carried out using the unlabeled

aldehyde 44 and S-Alpine borane. Initially, removal of impurities during work up of

the reaction mixture seemed to cause difficulty. However, this problem was eliminated

by carrying out silica gel chromatography of the crude reaction product. This gave 75%

of pure alcohol, 45. Next, this reaction was carried out on the deuteriated aldehyde

44a using R -Alpine borane to give S-alcohol 45a (80% yield, 86% ee) and with S-

Alpine borane to give R -alcohol 45b (58% yield, 74% ee), respectively. Lower

enantiomeric excess in the case of S-Alpine borane reduction was attributable to the

lower optical purity of the commercially available reagent. Determination of the absolute

stereochemistry of the resulting alcohols by an independent method turned out to be

challenging105 and the results are discussed in the next section.

Conversion of the phthalimidopropanol 45 into ornithine, 43, and then to

arginine, 38, was carried out as shown in Scheme 16. Treatment of the alcohol 45

with MsC1/Et3N yielded the mesylate 48 in quantitative yield. However, nucleophilic

displacement of the mesylate 48 by the anion of various `glycine equivalents' was

found to be difficult under reported conditions. For example, Aberhart et al.61a were

able to achieve a similar process using ethyl acetamidocyanoacetate in presence of

NaOEt/EtOH, although in poor yields. In our hands, this method did not give any

product. Another method that has been used was fusion of the corresponding iodide

and the anion of diethyl acetamidomalonate.96 However, this could not be used in our

case, because the integrity of the steric course of this reaction at the reacting carbon was

very crucial to determine the stereochemistry of the products. Several other alternatives

were tried including the use of phase transfer catalysis,1°6 use of bases such as LDA,

NaH, or KOtBu and use of different 'glycine equivalents' such as benzylidene glycine

ethyl ester107 and diphenyl methylene glycine ethyl ester.108 None of these methods

proved to be successful in our hands. Finally, this problem was solved by carrying out
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the reaction under the following modified conditions. The anion of ethyl

acetamidocyanoacetate was first prepared by reaction with NaOEt/EtOH at 50 °C and all

I-12N

O
44/44a

NH

o Midland
II reduction

Ha s_Hb

"*"\-.00)::" cal

0
45

45a Fib= 2H

45b Ha= 2H

MeS02C1, Et3N

100%

- + NH2
...Ha TsO.H2N. C

' OMe
CO2H _ Cu

H b Ha 6 N HC1, A

COONN H2N
I H
H

38

38e Hb=21-1

38f Ha. 2H

NH2 NH2
43

43a Hb=2H

43b lis=2H

Ha Hb

0S021kAe

0
48

48a Hb=2H
48b Ha= 2H

CO2Et
Na+ -C CN

NHAc
DMSO

Hb Ha

CN
NHAc

49

49a Hb= 2H

49b Ha= 2H

Scheme 16. Conversion of Aldehyde 44 into Arginine

the EtOH was then removed under vacuum. The resulting solid redissolved in dry

dimethyl sulfoxide (DMSO) readily reacted with the mesylate 48 at 70 °C to yield the

adduct 49 in 65% yield.

Polar aprotic solvents are known to enhance the reactivity of nucleophilic

displacement reactions, especially by bulky nucleophiles, by efficient solvation of the

cations that leaves the nucleophile 'naked', whereas protic solvents decrease the

reactivity by solvating the nucleophile by hydrogen bonding.109 We have shown

evidence for the fact that this process was occurring with inversion of configuration105

as expected for an SN2 process and this is described in the next section. Hydrolysis of

49 in refluxing 6N HC1 gave ornithine, 43, in >85% yield and this was converted to

arginine, 38, by reacting the Cu2+ chelate of the omithine with 0-methylisourea tosylate

in presence of NaOH.97
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Following the above procedure, the S-deuterioalcohol 45a was converted into

2RS, -2H]omithine, 43a, and then to 2RS, [3R -2H]arginine, 38e, and the R-

deuterioalcohol was converted into 2RS, [3S-2H]ornithine, 43b, and then to 2RS, [3S-

21-1] arginine, 38f, respectively.

Synthesis of 8-N-[13CMlethyl-L-arginine, 50a

Arginines methylated in the guanidino portion of the molecule are known to

occur in nature11° and they are known to be formed by methylation of protein side

chains during post-translational modifications. However, 5-N- methylarginine, 50, is

different since the methyl group is present in the ornithine portion of the molecule. The

presence of 50 in the root tuber of Trichosanthes cucumeroides has been reported in the

literature.111 8-N-Methylornithine, 51, is also known to be present in nature112 and

Leete et a1.113 have shown that it is a normal biosynthetic precursor to nicotine.

In the case of blasticidin S, the S-N- methyl group in the P-arginine moiety could

arise from 50 or by the methylation of an advanced intermediate such as demethyl

blasticidin S. Feeding a suitably labeled 50 was necessary to determine if it was a real

intermediate. Hence, synthesis of the title compound was carried out based on literature

procedures114 (Scheme 17). Accordingly, L-ornithine, 43a, was converted into 5-N-

tosyl, a-N-benzoyl-L-ornithine, 52, by the known procedures.113,115 Methylation of
52 using CH3I by the literature procedures required the use of 300% excess of

114,115aCH31. Since our plan was to introduce the label by using 13CH3I, this

procedure seemed unsuitable. It was found that this reaction could be achieved in good

yield with the use of stoichiometric amounts of CH3I, if the reaction was conducted in

dry DMSO. Thus, treatment of 52 with aqueous NaOH at 40 °C followed by freeze-

drying provided the sodium salt 53. Redissolving this in dry DMSO and reacting it
with 1.2 equivalents of CH3I at room temperature yielded the methylated product 54 in

>90% yield. Compound 54 was hydrolyzed by refluxing in 48% HBr to give
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1. Cu', NaHCO3,
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Scheme 17. Synthesis of S-N- Methyl -L-Arginine

3-N-methyl-L-ornithine, 51, in 91% yield. Via this procedure, compound 53 was

methylated using 13CH3I and hydrolyzed to give S- N- [13C]- methyl -L- arginine, 51a.

Use of S-methyl thiopseudouronium iodidel 14 to convert 51a into 50a did not

prove to be very good in our hands. Alternatively, it was achieved in 54% yield by

using 0-methylisourea tosylate.97

Synthesis of 3RS- [2,2- 2H2]- /3-Arginine, 23a

As mentioned earlier in Table 3, only a few /3 -amino acids are known to occur

naturally. However, they are important compounds since many of them are found to be

the components of naturally occurring, biologically active peptides. In addition, their

importance is also attributed to the fact that /3-amino acids are synthetic precursors to 13-

lactams, one of the most biologically active group of compounds. Hence there has been

a significant effort towards their syntheses.116 Also, recently, a number of procedures

have been reported in the literature dealing with the syntheses of /3-amino acids using

modern synthetic tools.117 However, most of these procedures are well suited only for

the synthesis of simple aliphatic and aromatic /3-amino acids. Syntheses of basic /3-

amino acids such as fl-lysine118 and f3 -N-methyl-/3-arginine119 have also been achieved
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and the key strategy here was the Arndt-Eistert homologation120 of an a-amino acid.

Synthesis of a derivative of /3- lysine by catalytic reduction of an enamino ester has been

reported by Aberhart et al.61a

Initially we considered synthesizing /3-arginine, 23, from 0-ornithine, 55, via

the Michael addition of a 'nitrogen nucleophile' to 5,6-dihydro-2(1H)-pyridone, 56,

followed by the cleavage of the lactam 57, as shown in Scheme 18. However, this

NI12
NHz

CO2H c=:
11

CO2H az>
2N
..N,N,

H N"
23 55

57

R2N:

=>

Scheme 18. Proposed Synthesis of /3- Arginine

route had to be abandoned in the very early stages since the method121 available to

prepare the pyridone 56 gave only a 10% yield, which was totally unacceptable for a

labeled synthesis. Hence, we decided to try the Amdt-Eistert homologation method.

The appropriate a-amino acid that could be converted into 13-ornithine by this method is

2,4-diaminobutyric acid, 58. It is commercially available from Aldrich and also has

been prepared by Yoneta et al.122 from asparagine as shown in Scheme 19.

0 NH-CBZ

H2N)7LCOOH

a -N-CBZ-Asparagine

Ac20, Py NH-CBZ

NC
COOH

H2, Pt02 NH2

H2N COOH

58

Scheme 19. Yoneta's Synthesis of 2,4-Diaminobutyric Acid
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Commercially available DL-2,4-diaminobutyric acid, 58, was converted into [3-

ornithine, 55, and then to /3- arginine, 23, as shown in Scheme 20. Protection of both

of the amino groups of 58 as their BOC derivatives was done in one step using 2.5

equivalents of BOC-ON123 and this gave bis-BOC acid 59 in >85% yield. Initial

attempts to carry out the Arndt-Eistert reaction on 59 using the corresponding acid

chloride or mixed anhydride prepared in the presence of Et3N at room temperature was

found to be difficult. This was probably due to the reactivity of carbamates of activated

a-amino acids to undergo cylization to give oxazolones.124 However, modified Arndt-

Eistert conditions used by Wakamiya et al.118 were found to be successful in our case.

112N

58

BOC-ON,
Et3N

OH
Aq. Acetone

BOC 1. C1CO2Et,

BOC
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NH N112 Cu"

HiN
/'\)N CO211
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O
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2. CH2N2, Ether
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H.,

N112 6N HC1, A N

CO211
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II2N
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N
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23 55

Scheme 20. Synthesis of P-Arginine

61

Accordingly, compound 59 was treated with ethyl chloroformate in presence of N-

methyl morpholine at <0 °C and the resulting mixed anhydride was reacted with

ethereal diazomethane to give the diazoketone 60. Without purification, the diazoketone

taken in methanol was subjected to a Wolff rearrangement in the presence of silver

benzoate and Et3N to give bis-BOC -P-ornithine methyl ester, 61, in >90% yield.

irolysis of 61 in (ANT HC1 at reflux yielded 55 in 85% yield.
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It was envisioned that use of CH3OD instead of CH3OH during the

rearrangement of the diazoketone 60 would yield the methyl ester 61a, monodeuteriated

at C-2. When this was tried, the 1H NMR of the product showed that the deuterium

enrichment at C-2 was >90% (by NMR) suggesting that C-2 was almost completely

dideuteriated. This was probably due to the rearrangement of deuteriated diazoketone

60a, formed in situ by the exchange of acidic proton of 60 with CH3OD in the presence

of Et3N, as shown in Scheme 21. In fact, this was rather a more useful product.

Et3N,
D.

60
Me0

H.N' BOC

H,

N= N
BOC

60a

AgOBz

H.
N' BOC

C= 0
Me0D

BOC

H. N' BOC

CO2Me

D D

61a

Scheme 21. Possible Mechanism for the Formation Dideuteriated 61a

Conversion of /3- ornithine, 55, to /3-arginine, 23, proved to be difficult when

the reaction was tried using the conditions normally employed for the conversion of a-

ornithine, 43, to a-arginine, 38. The sluggishness of the Cu2+ chelate of 55 to

undergo reaction with O- methylisourea tosylate in the presence of NaOH97 could have

been due to the nature of the chelate formed during the reaction. Of the possible chelates

62, 63 and 64, shown in Figure 16, 63 and 64 would not be highly reactive towards

Cu

H2N H2N 0

62
63

OH

Cu

H2N*" -..`. NH2
O

0

Figure 16. Cu2+ Chelates of /3-Ornithine

64
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8-guanidination, since the 8-amino group would be masked by the chelation.

At this time we also considered an alternate route (Scheme 22) for the synthesis

of 23. Accordingly, the commercially available a-N-BOC asparagine, 65, was

dehydrated125 by reacting with Ac20/Py to give nitrile 66 and subjected to Arndt-Eistert

homologation to give the methyl ester 67. Our plan was to reduce the cyano group of

67 to give P-N-B0C-f3-ornithine methyl ester, 68, which could be readily guanidinated

at the 8-amino group without the interference of the /3 -amino group, using reagents like

1-guany1-3,5-dimethyl pyrazole126 in the presence of Et3N in DMSO. However,

problems were encountered in the reduction of 67 by H2 in the presence of Pt02.

When the reaction was carried out in absolute EtOH, the reaction was too slow and low

yielding, possibly because of poisoning of the catalyst Pt02 by the product, amine 68.

0 NH-BOC Ac20, Py
NC

H2N COOH

65

1. C1CO2Et, NMM

CH2N2, Ether
NH-BOC 3. AgOBz, Et3N, Me0H

COOH

66

NH-BOC

NC CO2Me

67

H2, Pt° H2, Pt02, HC1

NH-BOC

CO2Me
H2N

68 H2N

Scheme 22. Alternate Attempt to Synthesize 13-Arginine

Nr12.

CO2Me

However, addition of a few drops of concentrated HC1 increased the speed of the

reaction, but also caused cleavage of the BOC group to give /3- ornithine as the major

product. Use of other acid-stable amino protecting groups such as benzyl and

benzyloxy carbonyl (CBZ) were unsuitable since they would not be stable to the

catalytic reduction step.127 Hence we had to abandon this route.

In the meantime, we also tried different conditions to achieve the conversion of

the copper chelate of 55 into 23 using different reagents, such as S-methyl
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thiopseudouronium iodide,114 and 1- guanyl- 3,5- dimethyl pyrazole126 but these were

not successful. Finally, this problem was solved when we found that the copper chelate

of 55 was reacting with S-methyl isothiouronium sulfate97 in the presence of NaOH to

give 23. Initially, the 1H NMR chemical shifts of the product caused some confusion

over whether the guanidination was occurring at the 8-amino group or at /3 -amino

group. However, LR HETCOSY NMR analysis128 of the resulting product confirmed

that the reaction was indeed occurring at the 8-NH2 group. The spectrum (Figure 17)

showed long range coupling of the proton on C-5 (3.19 ppm) to the guanidino carbon

(157.21 ppm). Had the reaction been at the /3-NH2 group, the proton at C-3 (3.43 ppm)

would have shown the long range coupling to the guanidino carbon, but this was totally

absent in our case.

Thus, having optimized the conditions for the conversion of P-omithine to /3-

arginine, the dideuterio /3- omithine 55a was converted into dideuterio P-arginine 23a in

74% yield and the product was purified by cation exchange chromatography using

Dowex 50W-X8 (H+) resin. It was found that the P-arginine was very hygroscopic and

recrystallization of the product was impossible.

Determination of Absolute Stereochemistry of Chiral ly Deuteriated

Alcohols 45a and 45b

Chiral ly deuteriated alcohols 45a and 45b were obtained by Midland reduction

of the deuterioaldehyde 44a using R-Alpine borane and S-Alpine borane, respectively.

Based on the theoretical rationalization, as well as on the previous results,99 J02,103,104

we could predict that 45a (obtained by R-Alpine borane reduction) should have 'S'

configuration and 45b (obtained by S-Alpine borane reduction) should have 'R'

configuration. In order to confirm this, we used the method of Gerlach and Zagalak.129

This method has been widely used in the determination of the stereochemistry of chirally



C-1
C-6

CH3CN

C-3

C-2

C-5

C-4

CH3CN

NH NH2

H2N
4

COOH
I

2

H

C-6

11-5

7.

II

444

1.4

- 1.6

- 1.8

- 2.0

- 2.2

- 2.4

- 2.6

_ 2.8

1.- 3.2

_ 3.6

3.8

- 4.0

180 170 168 150 140 130 120 110 100 90 80 70 60 50 40 310 210 10. 11 -10 PPM
PPM

Figure 17. LR HETCOSY of 16-Arginine



46

deuteriated alcohols13° and involves the 1H NMR analysis of the (-)-camphanate ester

of the alcohol in the presence of a lanthanide shift reagent such as Eu(thd)3.131 At

appropriate concentrations of the shift reagent, the prochiral methylene protons adjacent

to the oxygen appear well resolved and it has been established that the pro-S hydrogen

resonates further downfield than the pro-R hydrogen.129 This empirical rule has been

found to hold good by all literature precedents 104b,104c, 104g,104h,129,130,131 and no

contradiction has been reported so far.

Eu(fod)3 Analysis of (-)-Camphanates 69a and 69b

The (-)-camphanate of the unlabeled alcohol 45 was prepared by reaction with

freshly sublimed (-)-camphanoyl chloride in presence of Et3N (Scheme 23). Analysis

of the 1H NMR of the camphanate 69 was repeatedly tried using Eu(thd)3 but no

resolution of the resonances due to the prochiral methylene protons was observed. We

45

(-)-Camphanoyl
Chloride, Et3N

0

)1'
N

0

69

Scheme 23. Synthesis of (-)-Camphanate 69

were able to resolve these resonances by using Eu(fod)3 as suggested by Prof. James

Coward, with whom our group had been colloborating on a study of the
stereochemistry of the spermidine synthase reaction. Coward and coworkers132 had

prepared chirally deuteriated phthalimido tosylates 70a and 70b, as intermediates in

their synthesis of chirally deuteriated S-adenosyl rnethylthiopropylamines. Their

synthesis as shown in Scheme 24, was achieved by using a combination of enzymatic
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and chemical reactions starting with glutamic acid, 71. Chirality of the tosylates 70a

and 70b was determined by converting each to its corresponding acetate, 72a and 72b,

and analyzing its 1H NMR spectrum using the chiral shift reagent Eu(hfc)3. The results

were further checked by analyses of the corresponding (-)-camphanates 69a and 69b,

HOOC

H2N

71

1. Glutamate
decaxboxylase, D20/H20

2. Phthalic anhydride
3. C1CO2Et, Et3N

COOH
4. NaN3. 5. t-BuOH, A

6. N2H4. 7. TsC1
HAD 8. Phthalic anhydride

9. NaNO2, AcOH
10. Na2CO3, dioxane, A

1. HC1, Me0H
Ha Hb 2. (-)-Camphanoyl

Chloride, Py

0
69a Hb = 2H
69b =2H

0-Camph

Ha sHb

0-Ts

0
70a Ha=2H
70b HI, =2H

1

Bu4NOAc
Acetone

0
72a 111,=2H
72b 1-1., =2H

Scheme 24. Coward's Synthesis of Chirally Deuteriated 70a and 70b

obtained by hydrolysis of the acetates and esterification with (-)-camphanoyl chloride, in

the presence of Eu(fod)3. These results showed that 69a and 72a had R-configuration

and 69b and 72b had S-configuration.132 (Vide infra for the correct assignments).

When we carried out the analysis of the unlabeled camphanate 69 in presence of
Eu(fod)3, the prochiral methylene protons adjacent to oxygen were found to resolve at

80 mole% of the shift reagent. Also, it was noticed that the prochiral methylene

adjacent to the phthalimido group shifted downfield first and resolved before that of the

methylene next to oxygen. (-)-Camphanates 69a and 69b were next prepared from the
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alcohols 45a and 45b, respectively and subjected to analysis. In each case the
methylene adjacent to oxygen was found to be resolved at 80 mole% of Eu(fod)3, but

the results were surprising (Figure 18). The camphanate 69a obtained from the alcohol

45a was showing the smaller peak in the higher field resonance, indicating that the

deuterium was in the pro-R position. However, 45a derived from R-alpine borane

H DNX0

69a

D H

0

69b

6.40 6.30 6.20 6.10
PPM

6.50 6.40 6.30 6.20
PPM

Figure 18. Eu(fod)3 Analyses of (-)-Camphanates 69a and 69b

reduction was anticipated to be in the pro-S position, based on the prediction and

precedents of the Midland reduction. To confirm that the small peak was real and not

due to any impurity, a small amount of unlabeled camphanate 69 was added to the

NMR tube and this led to an increase in the area of the small upfield peak, indicating that

it was real. Similarly, complementary results were obtained from analysis of the

camphanate 69b, derived from the alcohol 45b.
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These results contradicted dogma and indicated one of the empirical rules the

Midland reduction or the Gerlach and Zagalak method - was giving anomalous results.

However, it was absolutely necessary to solve this problem and assign the correct

absolute configuration of the alcohols 45a and 45b, since the interpretation of the steric

course of /3-arginine formation was dependent upon this.

Establishment of the Absolute Stereochemistry of Phthalimidopropanol,
45a

Since establishment of the absolute stereochemistry of the alcohols 45a and 45b

was crucial, it was decided to convert the phthalimido alcohol into a known chirally

deuteriated primary alcohol whose analysis would be totally unambiguous. Many

chirally deuteriated aliphatic primary alcohols (C-2 to C-8) have been synthesized

unambiguously and they are known to behave normally in the Gerlach and Zagalak

analysis.102b,104b,104f,104i,104j,129,130m We envisioned that the phthalimido alcohol

could be converted into some aliphatic alcohol by chemical reactions that would not

affect the chirality of the deuterium-labeled center. Accordingly, the hydroxyl group of

45 was protected as t-butyldimethylsilyl (t-BDMS) ether and the resulting silyl ether 73

45

t-BDMS Cl
Et3N

0 N2H4, Me0H

73

1121\T"" O -t -BDMS

74

<31;MS Cl
Et3N

H2N OH

75

Scheme 25. Synthesis of t-Butyldimethylsiloxy Propylamine 74
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on treatment with methanolic hydrazine hydrate gave the amine, 74, in 60% yield as

shown in Scheme 25. The same compound, 74, necessary to optimize the subsequent

reaction conditions was prepared in large scale from 3-aminopropanol, 75, in 90% yield

by treatment with t- butyldimethylsilyl chloride (t-BDMS C1) in the presence of Et3N.

Attempts were made to convert the primary amino group into a good leaving

group so that it could be displaced by some nucleophile.133 Conversion of the amino

group into the N, N-ditosylamide or N-tosyl, N-triflate and reacting them with

nucleophiles such as r or Cl- or fr proved unsuccessful. Attempts to halodeaminate

the amino group by employing t-BuONO/TiC14134 also did not prove to be useful in our

hands. Finally, the amino group was successfully replaced by a tosyl group by

following the method of White135 as shown in Scheme 26. Tosylation of the amine 74

using tosyl chloride and Et3N yielded compound 76 which was nitrosated using

NaNO2, Ac20/AcOH to give the nitrosotosylate 77. This was rearranged without any

purification by heating at reflux in CC14 in the presence of anhydrous Na2CO3 to give

tosylate 78 in 64% overall yield. Alkyl cuprates are known to displace tosylates by

nucleophilic attack136 and hence we had a choice at this stage to convert the tosylate 78

into any desired aliphatic alcohol derivative by reacting it with the corresponding

cuprate. Lithium di -(n- butyl)- cuprate was chosen since this would generate the silyl

ether 79, and subsequently 1-heptanol, 80, by desilylation. Unequivocal synthesis and

NaNO2 Ts

H2N """--""-% O -t -BDMS
Ts Cl, Et3N Ts

O -t -BDMS
Ac20,AcOH O -t -BDMS

74 76 770

OH

80

Bu4NF

O -t -BDMS

79

Na2CO3

I CC14, ABu2CuLi

-78 °C
Ts ,

0 O -t -BDMS
78

Scheme 26. Synthesis of 1-Heptanol From the Amine 74
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analysis of chirally deuteriated 1-heptanol has been achieved by Schwab et al.1041,104j

and hence this could be used as a direct standard for our analysis.

Accordingly, treatment of 78 with lithium di -(n- butyl)- cuprate136 provided the

silyl ether 79 and this was deprotected with tetrabutylammonium fluoride (TBAF) to

give 1-heptanol, 80, in >90% overall yield from 78. The heptanol was converted into

its (- )- camphanate 81 and analyzed by the Gerlach and Zagalak method. In the presence

of 80 mole% of Eu(thd)3, the 1H NMR spectrum of 81 showed that the prochiral

methylene adjacent to oxygen was well resolved. Following the above procedure, the

chirally deuteriated alcohol 45a was converted into its (-)-camphanate 81a via chirally

deuteriated 1-heptanol 80a. The 1H NMR spectrum of 81a in the presence of Eu(thd)3

12

OH

chlode, Et3N
(- )- Camphanoyl

Dri \/./.} 0

80a 81a

5.10 5.00 4.90 4.80 4.70
PPM

Figure 19. (-)-Camphanate of Heptanol 80a and Its Eu(thd)3 Analysis

showed the methylene protons of adjacent to oxygen well resolved and this time the

smaller peak was the downfield resonance (Figure 19). Addition of a small amount of

unlabeled camphanate 81 was found to increase the area of the smaller peak indicating

that it was real. Thus, it was proved that the camphanate 81a and the alcohol 80a had

the 'S' configuration. This result revealed that the parent alcohol 45a, which appeared

to have the 'R' configuration from the Gerlach-Zagalak analysis of its camphanate 69a,

also had the 'S' configuration as expected from the Midland reduction. Similarly, the
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alcohol 45b, even though appeared to have the 'S' configuration from the analysis of its

camphanate 69b, should have the 'R' configuration. These observations led to the

reversal of the configurations assigned earlier to the tosylates 70a and 70b by

Coward132 and thus enabled us to establish unequivocally that the spermidine synthase

reaction was proceeding by a single displacement mechanism.137

These results clearly revealed that the Midland reduction had proceeded normally

while the Gerlach and Zagalak analysis of the phthalimido compounds 69a, 69b, 72a

and 72b had yielded a result in contradiction to the empirical rule. This could be

possibly attributed to the interference of the phthalimido group in the chelation of the

europium shift reagent with the ester group, thus creating an opposite effect.

Eu(hfc)3 Analysis of Phthalimidoacetate 72b

One of the important concerns during the synthesis of the chirally deuteriated

ornithines and arginines was the stereochemical outcome of the nucleophilic substitution

of the mesylate 48 to give compound 49. To determine this, we treated the mesylate

48a with tetra-N-butylammonium acetate (Figure 20) and the resulting acetate 72b was

48a

Bu4NAc
Acetone

6.40 6.30 6.20 6.10 6.00
PPM

Figure 20. Phthalimidoacetate 72b and Its Eu(hfc)3 Analysis

analyzed by 1H NMR in the presence of Eu(hfc)3. Comparison of the shift reagent

analyses of the derivatives of the alcohol 45a, viz the camphanate 69a and the acetate
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72b obtained by the nucleophilic displacement, was expected to reveal the steric course

of the displacement process. When the analysis of 72b was carried out, the resonances

due to the methylene protons adjacent to the oxygen were resolved upon adding 30

mole% of Eu(hfc)3 and the smaller peak due to deuterium was the downfield resonance

whereas the smaller peak was the upfield resonance for the camphanate 69a (Figure

20). This clearly indicated that nucleophilic attack at the mesylate carbon had proceeded

with complete inversion, as expected for a SN2 reaction, and the assignment of the

absolute configurations of the chirally deuteriated ornithines and arginines was correct.

It should be noted that in the case of Coward's analyses132 of the acetate 72a

and the corresponding camphanate 69a, the results obtained were identical, as expected,

since the reactions employed to prepare 69a from 72a did not affect the chiral center.

1H NMR Analysis of N,O- bis- Camphanic Derivative 82a

The Gerlach and Zagalak method has been used to determine the absolute

stereochemistry of chirally deuteriated primary amines by shift reagent analysis of the

corresponding (-)-camphanamide derivatives.130e,130k,1301,138 Earlier work in our

laboratory 130k had demonstrated that the stereochemistry of diamines could also be

established by this method by 1H NMR analysis of the corresponding N,N-bis-

camphanamides in the presence of such shift reagents. However, a limitation was

observed in that compounds with less than four carbons between the nitrogens (viz

diaminoethane and diaminopropane) did not yield resolved spectra. Hence the carbon

chain length seemed to be an important factor. Also, Gani et al.139 have reported that in

the case of the N- phthaloyl,O- camphanate and N- acetyl,O- camphanate derivatives of 2-

aminoethanol, the prochiral methylene proton resonances could not be resolved with

shift reagents. However, they reported that in the case of corresponding N,0-

biscamphanic derivative, all four prochiral hydrogen resonances were well resolved

without any shift reagent,139 and the pro-R hydrogen adjacent to the oxygen appeared
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downfield compared to the resonance due to the pro-S hydrogen.

Intrigued by these observations, we became interested in the NMR behavior of

the N,0-bis-camphanic derivative of the chirally deuteriated 3-aminopropanol 75a.

Accordingly, the unlabeled bis-camphanic derivative 82 was prepared by treatment of 3-

aminopropanol, 75, with 2.2 equivalents of (-)-camphanoyl chloride in the presence of

Et3N and catalytic amounts of 4-(dimethylamino)pyridine (DMAP). This compound

had been prepared in our laboratory in conjunction with stereochemical studies of

homoserine dehydrogenase.14° Deuteriatedderivative 82a was prepared similarly from

75a obtained by the hydrazinolysis of 45a (Scheme 27). The 400 MHz 1H NMR

0Ha N2144 pa (-)-Camphanoyl Cl
Me0H i] Et3N, DMAP 0 Ha

OH 142N ''...""'''' OH
N 0

45a Ha =211 75
75a Ha= 2H

H

82
82a Ha = 2H

Scheme 27. Preparation of N,O-Biscamphanic Derivative, 82a

spectrum of 82a showed the resonance due to the prochiral methylene protons adjacent

to the oxygen well resolved without any shift reagent. The smaller peak (due to 2H in

the pro-S position) was found to be the upfield resonance (Figure 21). This result was

Without
shift reagent

4.40 4.20
PPM

4.00

With
shift reagent

4.90 4.88 4.70 4.60 4.S0
PPM

Figure 21. Portions of 1H NMR N,O-Bis-(-)-Camphanic Derivative 82a
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identical to the observation of Gani et al.139 for the aminoethanol derivative.

Furthermore, addition of Eu(fod)3 only shifted the peaks downfield with enhanced

separation but did not cause any change in the relative position of the resolved peaks. It

should be noted that the relative positions of the pro-R and pro-S hydrogen resonances

of the prochiral methylene were opposite to that of the Gerlach - Zagalak prediction.129

Arginine Feedings

Feeding of DL- [3 -13C, 2- 15N]Arginine, 38a

The purpose of this experiment was to unequivocally establish the origin of the

0-amino group of the J3- arginine moiety of blasticidin S. Although this feeding had

been done by Woo,16 results could not be interpreted conclusively because of the

interfering peaks from an impurity in the 13C NMR analysis. Hence this feeding was

repeated using 37 mg of 38a (all that remained after Woo's use) admixed with 16.46

gCi of DL[1-14C]arginine and the resulting blasticidin S la was purified by the

standard procedure. Radioactivity data indicated a 30% incorporation of 14C arginine

based on both D- and L-isomers, corresponding to a 5.2% enrichment in 13C.

When the 13C NMR spectrum of la was obtained at neutral pH, interpretation

of the result was difficult because of the close proximity of the peak of interest (C-13 at

48.7 ppm) and that of C-15 (at 48.6 ppm). This problem was circumvented by

acquiring the spectrum after adjusting the pH of the NMR sample to 8.25 (pD = 8.65)

using Na0D/D20 (Figure 22). Now the peak due to C-13 appeared at 46.5 ppm,

showing enrichment over the natural abundance and also a small shoulder peak at 3.2
Hz up field to the natural abundance peak. The shoulder peak was interpreted as one of

the two peaks of a spin coupled doublet, the other peak being buried under the natural

abundance peak due to an up field shift (-1.6 Hz) observed because of 13C shielding

due to the heavier 15N nucleus. Indeed this prediction was found to be true when a
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clean doublet (.Tc_N = 3.2 Hz) was revealed by carrying out a spectral subtraction of the

13C NMR of authentic blasticidin S acquired under identical conditions as that of la.

Normalization of the integrals against the C-15 resonance gave an enrichment of 3.8%.

With the evidence of arginine racemase activity described later, it was clear that

only one enantiomer was directly used in the biosynthetic process and this was

apparently L-arginine.55 This result unequivocally revealed that the 13-amino group of

the /3- arginine moiety of blasticidin S was originating from the intramolecular migration

of the a-amino group of a-arginine to the 13-carbon (Figure 22). An intermolecular

process was clearly ruled out since only 0.2% of the la molecules would have an intact

13C-15N bond under such circumstances. This value was obtained by multiplying the

effective 13C concentration (enrichment, 3.8% + natural abundance, 1.1%) with the

effective 15N concentration (enrichment, 3.8% + natural abundance, 0.35%). It would

be too low to show a clear doublet of such magnitude. This result in conjunction with

Woo's studies suggested that the mechanism of /3-arginine formation was probably

similar to that of /3- lysine formation.

Feeding of DL-[2-211]Arginine, 38c

Woo's feeding of trideuterio arginine 38b had indicated that a deuterium from

C-3 of arginine was migrating to C-2 of arginine during the aminomutase reaction.

However, the fractional distribution of deuterium between C-12 and C-13 of lb, which

had been the C-2 and C-3 of arginine, respectively, could have been due to either a

partial migration of deuterium from C-3 to C-2, inherent in the nature of the mechanism

involved or a partial loss of the a-deuterium of a-arginine by a process unrelated to the

biosynthetic process under study. Both of these possibilities have been observed in
biochemical reactions. For example, in the case of /3- lysine biosynthesis, the

aminomutase process is known to be mediated by SAM as one of the co-factors and it is

known to transfer the 3-pro-R hydrogen of a-lysine with <100% efficiency. Similarly,
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partial loss of the a-hydrogen is a common process in amino acids by which D- and L-

isomers are interconverted by a racemase enzyme.

A feeding of DL-[2-2H]arginine, 38c, (200mg) admixed with 13.72iaCi of DL-

[1-14C]arginine was carried out. The resulting blasticidin S lc was purified by the

usual procedure and a 27% incorporation of radioactivity was determined. Upon

analysis by 2H NMR, lc showed a single peak at 82.7 ppm (H-12) in addition to those

from t-BuOH (1.27 ppm, added for spectral reference and deuterium quantification) and

residual HOD (4.89 ppm) (Figure 23). By comparing the deuterium content of 17.7

innol expected based on 14C incorporation to that obtained from integration, 7.45 wnol,

it was clear that only 42% of the deuterium had been retained and the remaining 58%

had been lost (Figure 23). This suggested that the fractional ratio obtained in the 38b

feeding was due to the partial loss of the a-deuterium and hence the migration of

deuterium from C-3 to C-2 might be complete. The partial loss of the original a-

hydrogen of a-arginine could be attributed to the presence of arginine racemase [EC

5.1.1.9], which is known to catalyze the interconversion of D- and L-arginines. Soda

et al.141 have isolated and characterized this enzyme from Pseudomonas graveolans.

Feeding of DL- [3,3- 2H2]Arginine, 38d

Results from the previous feeding suggested that the migration of hydrogen

from C-3 to C-2 of arginine during the /3- arginine formation might be occurring without

any loss. To confirm this, a feeding was carried out using 97 mg of DL-[3,3-
2H2]arginine, 38d, along with 10.9 laCi of DL41-14C]arginine. The resulting

blasticidin S ld showed a 30% incorporation of radioactivity corresponding to a 12.5%

enrichment of deuterium. The 2H NMR spectrum of ld (Figure 24) showed peaks at

2.7 (H-12) and 3.7 ppm (H-13) with an integration ratio of 45 : 55. This approximately

1 : 1 ratio indicated that the 2H migration from C-3 to C-2 of arginine was almost

complete during /3- arginine formation (Figure 24).
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Feeding of (2R S ,3R)- [3-21-1]Arginine, 38e and (2R S ,3R)- [3 -

211]Arginine, 38f

The objective of these feedings, as mentioned earlier, was to unravel the

'cryptic' stereochemistry involved in the hydrogen migration from C-3 to C-2 during the

conversion of a-arginine into 16-arginine in the biosynthesis of blasticidin S. This

would reveal which of the two prochiral hydrogens at C-3 of arginine was migrating

and also if the amino group was introduced with inversion or retention of configuration

at C-3. Separate feedings of each of the chirally deuteriated arginines were carried out

using 90 mg of 38e and 65 mg of 38f, respectively.

The 2H NMR spectrum of blasticidin S le (Figure 25) resulting from feeding

38e showed resonances at 2.7 (H-12) and 3.7 ppm (H-13) and the integrals

corresponded to a ratio of 64 : 36. This indicated that most of the deuterium from the 3-

pro-R position of 38e had migrated to C-12, which had been the C-2 of arginine. The

peak due to residual HOD at 4.8 ppm was huge and it was found impossible to remove

it even after drying the sample at 100 °C for 48h at high vacuum. Also, the observation

of a rather high quantity of deuterium at C-13 was unexpected. It could be either due to

a lower optical purity at C-3 of 38e resulting from the nucleophilic substitution process

in generating 49a, or due to the presence of a primary kinetic effect whereby the

breakage of C-D bond during the biosynthetic process was less favorable compared to

that of a C-H bond. However, the migration of 3-pro-R deuterium was clearly revealed

from this result and suggested that the stereochemistry of the process closely resembled

that of /3-lysine formation.

When the 2H NMR spectrum of blasticidin S if (Figure 26) resulting from

feeding 38f was acquired, deuterium resonances were observed at 2.7 (H-12) and 3.7

ppm (H-13). The integrals corresponded to a ratio of 15 : 85. This revealed that all of

the 3-pro-S deuterium had been retained without any migration or loss (Figure 26).

Observation of deuterium at C-12 (2.7 ppm) was probably due to the migration of
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residual deuterium that had been present at the 3-pro-R position of arginine 38f,

resulting from the S- Alpine borane reduction which proceeded only in 74%

enantiomeric excess. Comparing the stereochemistry at C-13 of blasticidin S and the

result from this feeding experiment, it was obvious that the intramolecular migration of

the a-amino group to the )3-carbon of arginine had proceeded with inversion at C-3 of

arginine, again resembling the stereochemistry of )3-lysine formation.61 By analogy

with the mechanism of /3- lysine formation, it could be expected that the migration of

pro-R hydrogen from C-3 to C-2 also proceeded with inversion at C-2 of arginine.

Feeding of 6-N-[13C]Methyl-L-Arginine, 50a

The results of the experiments mentioned so far indicated that a-arginine was

converted into J3- arginine and incorporated into blasticidin S during the biosynthetic

process. However, before such a final conclusion could be accepted, it was necessary

to determine if the N-methyl group of blasticidin S was originating from an intermediate

such as 3-N-methylarginine, 50, or introduced at a later stage by the methylation of an

advanced intermediate such as demethyl blasticidin S. This information was necessary

to decide the correct precursor for the putative enzyme, arginine-2,3-aminomutase and

also to interpret the timing of the methylation process.

Hence a feeding was carried out using 50 mg of S-N- [13C]methylarginine, 50a,

along with 1.13 µCi of [guanidino-14C]-L-arginine as a control. Resulting blasticidin S

lg, purified by the standard method, showed a 42% incorporation of [14C1-arginine

based on radioactivity. If 50a had been indeed a real intermediate, the 13C NMR

analysis of lg should have shown an enrichment for C-16 at 37.8 ppm. However,

when the spectrum was acquired, no enrichment was observed for this peak and we

concluded that 50a was probably not a precursor to blasticidin S. This result also

supported the biogenetic proposal (Scheme 6) that blasticidin S was produced by

methylation of demethyl blasticidin S and not vice versa.
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Feeding of DL- [2,2- 2H2]- /3- Arginine 23a and DL-12,2-2H2] /3-Ornithine

55a

Intermediacy of /3- arginine during the biosynthesis of blasticidin S was

becoming evident from the above mentioned experiments. However, to prove this, we

carried out a feeding experiment using DL-[2,2- 2H2]- /3- arginine, 23a. To a growing

culture of S. griseochromogenes, 50 mg of 23a was fed and the resulting blasticidin S

lh was isolated in the usual way. The 2H NMR spectrum of lh (Figure 27) showed a

single resonance at 82.7 ppm (H-12) and from the integration, a 24% incorporation of

23a was calculated based on both D- and L-isomers. From the structure of blasticidin S

we could say that only the L-isomer would be the correct intermediate which would

correspond to a 48% incorporation of /3-arginine. This result clearly supported the

hypothesis of 13-arginine being an intermediate in the biosynthetic pathway to 1.

Another experiment was also carried out by feeding DL-[2,2-2H2] /3-ornithine,

55a, to test the possibility of fl-arginine biosynthesis via the alternate route shown in

Scheme 28. Thus /3-arginine might also be produced from a-ornithine via /3-ornithine.
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Scheme 28. Possible Routes For /3-Arginine Biosynthesis
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If this was the major pathway, we would expect to see a better incorporation of

55a into blasticidin S than that observed with 23a. When the blasticidin S li resulting

from feeding 50 mg of 55a was analyzed by 2H NMR spectroscopy, a peak was seen

at S 2.7 ppm (H-12) as shown in Figure 27. However, the integral of the peak

corresponded to only a 2.7% incorporation of both enantiomers of 55a (5.4% of one

isomer). This result made it very unlikely that /3- ornithine was the natural precursor to

blasticidin S and hence the alternate possibility for the biosynthesis of /3-arginine was

ruled out. Nonetheless, the incorporation of 55a into blasticidin S was interesting and

this observation could be rationalized by the possible production of ii-arginine from /3-

ornithine mediated by non specific enzyme(s) of the urea cycle.

Glucose Feedings

The second objective of our project was to understand the mechanism of glucose

transformations occurring during the biosynthesis of blasticidin S. The biochemical

modifications of the glucose moiety in this process are: (i) substitution of -OH at C-1

with cytosine; (ii) oxidation of C-6 to -COOH; (iii) transamination at C-4 with retention

of configuration and (iv) deoxygenation at C-2 and C-3 with introduction of a double

bond between C-2 and C-3. Though the sequence of these reactions in vivo is not

known, some assumptions could be made based on the various biogenetically related

metabolites isolated by Seto et al.38-42 from S. griseochromogenes (see Scheme 6).

Various chemically and biochemically rational mechanisms could be proposed

for the deoxygenation process at C-2 and C-3 and the double bond formation between

them, and some of these are shown in Scheme 29. For example, the hypothetical

nucleoside 83 could be converted into the imine 84 via oxidation of C-6 to -COOH

followed by oxidation of C-4 to a ketone and condensation with pyridoxamine

phosphate. 1,4-Elimination of water from 84 to form the imine 85 followed by
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hydration of the imine could give compound 86. This could produce imine 87 by either

a direct 1,6-elimination of water (path A) or a stepwise elimination via 88 (path B) and

stereospecific reduction of 87 could yield the desired nucleoside cytosinine, 2.

Alternatively, the imine 85 could be converted into 2 via 89 (path C), a route similar to

that of 3,6-dideoxysugar formation.142 Another possible route is path D where the

imine 90 formed from nucleoside 83 could undergo 2-deoxygenation84 and then be

converted into 2 via compound 91. Compound 91 could also be obtained via path E

by the dehydration of 4-ketonucleoside, 92.

It was apparent that these mechanisms could be discriminated by following the

fate of the original carbinol hydrogens of glucose. We felt that this could be done in a

single experiment by feeding a multiply deuterium labeled glucose and analyzing the

resulting blasticidin S by 2H NMR spectroscopy, instead of a series of feedings using

3H and 14C labeled glucoses and locating the labels by cumbersome chemical

degradations. Multiply deuterium labeled glucoses such as perdeuterio D-glucose,

[2,3,4,5,6,6-2H6]-D -glucose and [2,3,4,6,6-2H5] -D -glucose are known86 but only

[2,3,4,6,6 2H5] -D- glucose, 20a, has been routinely commercially available. They

have been used in a few investigations143 but not for biosynthetic studies. However,

before using them for biosynthetic studies, it should be kept in mind that glucose is the

ultimate precursor to the metabolites of microorganisms, plants and animals and it is

often difficult to confine the labeling to only one part of a complex structure. Hence

incorporation of such a multiply labeled precursor into all parts of the product is

possible, and if this happens by random pathways it would not yield any useful

information pertinent to our goal. However, if such an incorporation happens by rather

specific pathways, the labeling pattern could be mapped out and the information could

be used to define the mechanism of a biochemical process. Pentadeuterioglucose, 20a,

has been used in our laboratory to investigate glucose metabolism in the biosynthesis of

antibiotics sarubicin A and streptothricin F, in addition to blasticidin S.144 In the case
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of streptothricin F, clear interpretation of results from this experiment was impossible

due to random labeling. However, in the case of sarubicin A, results were clearly

interpretable from the relevant labeling observed by 2H NMR.

Before carrying out this glucose feeding, a fermentation was carried out to

monitor the glucose level of the production medium during the incubation in order to

determine the correct time to administer the labeled glucose. It was found that the

amount of free glucose in the medium during the production of 1 was very low and

constant throughout. Seto et al.55 had reported a 3.7% incorporation of [U-14C] -D -

glucose into blasticidin S. However, when a feeding using [U-14C] -D-glucose was

carried out the resulting blasticidin S lj showed only a 1.6% incorporation.

Feeding of [1-2H] -D-Glucose, 20b

The purpose of this experiment was to determine the fate of H-1 of glucose as

well as to have an idea regarding the level of specific incorporation of 2H-labeled

glucose into blasticidin S, before carrying out the feeding of 20a. [1-211]-D-Glucose,

20b, had been prepared by Dr. Palaniswamy in our laboratory by adopting the
procedure of Perlin et al.145 Feeding 90.5 mg of 20b along with 18.0 pEi of [U-14q-

D -glucose resulted in blasticidin S lk, which was purified by the standard method.

Radioactivity data indicated a 0.76% incorporation of [14C] glucose. When the 2H

NMR spectrum of lk was acquired at room temperature, only t-BuOH and residual

HOD peaks were obvious, but a small hump was visible at 6.5 ppm, possibly due to a
broad resonance. It integrated for 0.4 p.mol of 2H, and based on the percent 14C

incorporation, this corresponded to 80% of the expected 2H enrichment. Broadening

of deuterium resonances is a common phenomenon due to quadrupole relaxation and the

peaks are known to sharpen if the spectrum is acquired at elevated temperature.92c

Prior to obtaining the NMR spectrum at elevated temperature, the stability of

blasticidin S under such conditions was checked. It was found that blasticidin S at
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neutral pH was stable at 60-70 °C for >2 days. Next, when the 2H NMR spectrum of

lk was acquired at 60 °C, a sharp peak was observed at 6 6.48 ppm, in addition to

those from t-BuOH and residual HOD, as shown in Figure 29. Integration of the peak

indicated that >85% of the 2H fed was exclusively incorporated at C-5 in the

hexeneuronic moiety of lk, which had been C-1 of glucose. Thus, H-1 of glucose was

found to be retained during the biological transformations leading to blasticidin S.

Feeding of [2,3,4,6,6-2H5]-D-Glucose, 20a

Having obtained information that glucose appeared to be exclusively labeling the

hexeneuronic acid moiety of blasticidin S, we carried out the feeding of 20a (275 mg)

along with 10.4 of [U- 14C] -D- glucose. A 1.07 % incorporation of [14q-glucose

was calculated from the radioactivity data. 2H NMR Analysis at 70 °C, of the resulting

blasticidin 11 showed resonances at 6.11 (H-6), 5.92 (H-7), 3.06 (N-CH3), 2.7 (H-12)

and 2.08 ppm (H-14) as shown in Figure 30. The enrichments calculated from the

integrations were 0.39%, 0.56%, 0.44%, 0.15% and 0.28% respectively. Thus, in the

hexeneuronic acid moiety deuterium labels from C-2 and C-3 of glucose were retained

and those at C-6 were lost by oxidation to -COOH while the deuterium at C-4 was

apparently lost during the oxidation/transamination process.

Labeling of the N-methyl group could be explained in a straightforward

manner.146 The S-methyl group of SAM is known to be the biological precursor of the

N-methyl group of blasticidin S. As shown in Scheme 31, C-1 and C-6 of glucose get

involved in 'one carbon' metabolism after glycolysis and each leads to the labeling of

the S-methyl group of methionine. Similarly, the resulting deuterium at the H-12 and

H-14 positions indicated that 20a was probably involved in arginine biosynthesis after

glycolysis, leading to in vivo production of C-2- and C-4-deuteriated arginines.147 As
shown in Scheme 31, [2 -2H2]-acetyl -CoA, 93, resulting from the glycolysis of 20a

could enter the Kreb's Cycle to generate [4- 2H]- a- ketoglutarate, 94. Conversion of 94
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The ratio of deuterium at H-6 and H-7 was expected to be 1:1 if both were intact

during the biosynthetic process. However, it was found to be 0.7 : 1.0. The difference

might be simply due to equilibration of phosphoglucose and phosphofructose by the

enzyme phosphoglucose isomerase, which is known to shuttle the proton between C-1

and C-2 with <100% efficiency.148 More significant was the retention of both

deuterium from the C-2 and C-3 of glucose, which clearly excluded the operation of

path D and path E, both of which involve the loss of deuterium from C-3 by the

common )3-eliminative dehydration process.149

Cell Free Work on S. griseochromogenes

From feeding various labeled arginines to S. griseochromogenes, it was clear

that a-arginine was converted into {3-arginine during the biosynthesis of blasticidin

S.79,94 The enzyme responsible for this process would be arginine-2,3-aminomutase.

By comparing the information obtained so far on the mechanism and stereochemistry of

this process, it was apparent that arginine-2,3-aminomutase was operating by a similar

mechanism to that of lysine-2,3-aminomutase. We wanted to study the mechanism of

the aminomutase process in detail and this required carrying out cell-free work. We

were especially interested in knowing details such as the co-factor requirements of the

enzyme, which would permit us to define the mechanism more clearly.

Hence, it was attempted to prepare a cell-free extract of S. griseochromogenes

that contained arginine-2,3-aminomutase activity. As a first step, we needed a system

that could separate and detect a- and /.3- arginines in a mixture for the enzyme assay.

Originally, Barker and coworkers had used high voltage paper electrophoresis for

separating a-and f3- lysines in their study of lysine-2,3-aminomutase.60 At the

beginning, we resorted to this method. It was found that a mixture of a- and /3-

arginines could be well separated by carrying out the high voltage paper electrophoresis
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at 4500 V (45-50 mA) for 15 minutes using 0.3 M formic acid as buffer. /3- Arginine

was found to move faster (20.5 cm) towards the cathode followed by a-arginine (14.5

cm), as detected by ninhydrin spray. A control experiment using /3-arginine solutions

of known concentrations revealed that the technique was sensitive to a lowest quantity

of 0.5 .tg of /3- arginine. Aberhart et a161a have used an HPLC assay to detect a-and /3-

lysines using a UV detector. Recently Aberhart has developed a highly sensitive HPLC

assay using a fluorescence detector and a number of a- and /3-amino acids have been

separated as their with O- phthalaldehyde derivatives.71a It has now been shown that

this system could be used for the separation of a- and /3- arginines, too.150

The cell-free preparation of S. griseochromogenes was prepared following the

protocol used by Barker et al. in their isolation of lysine-2,3-aminomutase.60

Accordingly, a crude cell-free extract was prepared from a 72-hour fermentation (1000

mL) and tested for the arginine-2,3-aminomutase activity by following the assay

procedure used by Aberhart for lysine-2,3- aminomutase.78 The reaction mixture was

incubated at 35 °C and samples were taken at 1, 2, 4, and 8 hours. Analysis by high

voltage paper electrophoresis did not show any /3-arginine in these samples. The

electrophoresis was repeated after concentrating the samples by lyophilization and still

no /3- arginine could be detected. Lysine-2,3-aminomutase is known to be deactivated

by exposure to atmospheric oxygen. However, this activity could be regenerated by
adding small amount of sodium hydrosulfite (Na2S204).6038 Hence, another enzyme

reaction was carried out including 250 'IL of sodium hydrosulfite solution (25 µg/mL)

in the reaction mixture. Still, no activity was detectable.

Further purification of the supernatant was carried out, hoping that it would lead

to a higher specific concentration, if the arginine-2,3-aminomutase was present in the

supernatant. However it did not give any positive result. We have repeated the same
procedure taking more precautions such as using degassed water and carrying out the
reaction under an inert atmosphere. Instead of S-adenosylmethionine coenzyme B12
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was also tried. Another reaction was tried using [l-14Q-DL-arginine as the substrate,

such that if any /3- arginine was formed, it could be observed by detecting the

radioactivity. None of these experiments so far have indicated the presence of any

arginine-2,3-aminomutase activity. One of the major reasons for the failure to detect

any activity might be the nature of complex medium used for the cell growth. The high

protein content of the medium might be complicating the purification process as well as

destabilizing the enzyme.

Summary And Scope

In conclusion, by the above-mentioned experiments it was shown that the

biosynthesis of the /3-arginine moiety of blasticidin S from a-arginine occurred by an

intramolecular migration of the a-amino group to the /3- position with inversion of

configuration at C-3 while the 3-pro-R hydrogen migrated in the opposite direction.

The nature of hydrogen migration - whether inter- or intramolecular - is yet to be

determined. This mechanism of /3-arginine formation is similar to that of P-lysine61

formation and clearly different from that of /3-tyrosine formation.72 Hence we could

say that /3- arginine, 13-lysine and /3-tyrosine, which appeared to be members of a

coherent group of metabolites /3-amino acids derived from a-amino acids in fact are

not all biogenetically related. The enzymes responsible for /3- lysine and /3- arginine

probably evolved from a common ancestor while the enzyme responsible for /3-tyrosine

apparently evolved independently.

Our initial efforts to find the arginine-2,3-aminomutase activity in crude cell-free

extracts of S. griseochromogenes have not been successful yet. This could be attributed

to one or more of the following reasons: a. complexity of the medium, b. presence of

arginine racemase, c. instability of the enzyme due to the presence of proteases, d.

inactivation of the enzyme by exposure to air, e. sensitivity of the assay procedure .

Hence a careful study is necessary to overcome this difficulty. This could include trying
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a less complex medium such as the synthetic medium reported by Yonehara et a1.48 The

HPLC assay developed by Aberhart7la seems to work for a- and 13-arginines150 and

hence this would be a better and more sensitive alternative to the high voltage paper

electrophoresis assay used in this work.

The result from the feeding of 8-N-[13C]methylarginine, 50a, indicated that it

was not an intermediate to blasticidin S. This supported the proposed pathway of

methylation of demethyl blasticidin S to give blasticidin S. Also, the result from feeding

pentadeuterio glucose (20a) is interesting. It has indicated that both of the deuterium

labels at C-2 and C-3 of glucose were retained during the deoxygenation and the

introduction of the double bond at C-6 and C-7 of the hexeneuronic acid moiety. This

eliminated the common /3-eliminative dehydration mechanism149 for the double bond

formation and has suggested a novel mechanism for the process.144 Further

understanding of this process would require cell-free studies.

Another important observation came out of our shift reagent analyses of the

chirally deuteriated phthalimido compounds 69a, 69b and 72b. The empirical method

of Gerlach and Zagalak129 could also give erroneous results if the substrate has hetero-

atoms that could interfere in the shift reagent analysis. Hence in such cases it would be

absolutely necessary to convert it to a configurational standard and carry out the
analysis. .



80

Experimental

Synthesis of Labeled Precursors

General

1H NMR and 13C NMR were recorded either on a Bruker AM 400 (400.13

MHz and 100.61 MHz respectively) or on a Varian FT-80A (80 MHz and 20 MHz

respectively). All 13C NMR spectra were broadband decoupled. All NMR spectra
were obtained using 5 mm NMR tubes. 1H and 13C samples were prepared in CDC13,

DMSO-d6 or D20 and the chemical shifts are reported in parts per million relative to an

internal standard of TMS (S 1H=0, 13C=0), CH3CN (S 111=1.93, 13C=1.3) or t-BuOH
(61H, 2H= 1.27). IR spectra were recorded on either a Perkin Elmer 727B or Nicolet

5DXB FT -IR spectrometer. Low-resolution mass spectra were recorded on a Varian

MAT CH-7 instrument and high-resolution mass spectra were recorded on a Kratos MS

50 TC spectrometer. UV spectra were obtained on either a Cary 210 or an IBM 9420

spectrometer. Melting points were recorded using a Buchi melting point apparatus and

are uncorrected. Elemental analyses were performed at Desert Analytics (Tucson, AZ).

Flash chromatography was carried out on silica gel (EM Reagents, Keiselgel
60, 230-400 mesh). Analytical thin layer chromatograpy (TLC) was performed on
precoated Keiselgel 60 F254 (either aluminum or glass backed) plates, or on Eastman

13254 cellulose (plastic backed) plates. Preparative TLC was carried out on precoated
Kieselgel 60 F254 glass plates (20 cm x 20 cm x 2 mm). Ion exchange resins were

purchased from either Bio-Rad Laboratories (Richmond, CA) or Sigma Chemical
Company (St. Louis, MO) and were converted to the necessary ionic form according to

the manufacturer's recommendations.
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Materials

Solvents for the routine acquisition of NMR spectra were purchased from either

Aldrich Chemical Company, Inc. (Milwaukee, WI), Stohler/KOR Stable Isotopes

(Cambridge, MA), or Cambridge Isotope Laboratories (Woburn, MA). Deuterium

depleted water for 2H NMR was purchased from Aldrich or Cambridge Isotopes.

Lithium aluminum deuteride (98 atom % D), 38% DC1 in D20 (99 atom % D),

methanol-d1 (99 atom % D) and [13C]-methyliodide (98 atom % 13C) were purchased

from Aldrich Chemical Company. Europium shift reagents tris-(2,2,6,6-tetramethyl-

3,5 -heptanedionato)-europium(III), Eu(thd)3, (also known as tris-(dipivaloyl

methanato)-europium(III), Eu(dpm)3), tris-(6,6,7,7,8,8,8-heptafluoro-2,2-dimethy1-

3,5-octanedionato)-europium, Eu(fod)3, and tris- [3-(heptafluoropropylhydroxy-

methylene)-(+)-camphoratoFeuropium(III), Eu(hfc)3, were purchased from Aldrich

and freshly sublimed under reduced pressure before usage (150 °C/0.05 mm Hg).

(-)-Camphanoyl chloride was obtained from Fluka Chemical Corp. (Ronkonkoma,

NY) and used after purification by sublimation (70 °C/0.03 mm Hg). R-Alpine borane

and S-Alpine borane were obtained from Aldrich as 0.5 M solutions in tetrahydrofuran
(THF). All other reagents for the synthetic studies were used without further

purification unless noted, and were obtained from either Aldrich, Sigma, VWR

Scientific, American Scientific Products or Fluka Chemical Corp.

All solvents were reagent grade and used as purchased except the following.

Dry THF was distilled over sodium or potassium using benzophenone ketyl as the
indicator, and dimethylsulfoxide (DMSO), dimethyl-formamide (DMF) and
dichloromethane were distilled over CaH2.
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DL[2-211]Arginine Hydrochloride, 38c

A solution of DL-arginine (1.0 g, 4.75 mmol) in D20 (1.5 mL) and DC1 (0.25

mL) was heated at 150 °C in a heavy-walled pressure tube for 10 h after which the

D20/DC1 were removed by rotary evaporation. A small aliquot of the sample was

checked by 1H NMR and showed only 50% 2H enrichment at C-2. Hence a fresh

batch of D20/DC1 was added and the exchange was continued for another 10 h. After

repeating this one more time, the resulting solution was concentrated by rotary

evaporation. The resulting material was redissolved in H2O, adjusted the pH to 6.5

and the paste obtained on solvent removal was recrystallized from Et0H-H20 to give

540 mg (54%) of pure 38c: mp >230 °C (lit.151 235 °C dec.); IR (1% KBr) 3400,

1683, 1636 cm-1; 1H NMR (D20, 80 MHz) 8 3.80 (t, <0.02 H, J=6.8 Hz), 3.25 (t,

2H, J=7 Hz), 1.85 (m, 4H).

DL[3,3-2H2]Arginine Hydrochloride, 38d

DL- [2,3,3- 2H3]Arginine, 38b, (380 mg, 1.78 mmol) was dissolved in water

(8 mL) and 20% HC1 (1.1 mL) in a heavy-walled pressure tube and heated at 180 °C.
The spent H20/HC1 was replaced by fresh H20/HC1. At the end of eight consecutive

exchanges, the resulting solution was diluted with water (100 mL), adjusted to pH 5.0

using 1N NaOH and purified by ion exchange chromatography (Dowex 50W-X8, H+,

100 mesh, 15 cm x 1.5 cm). After washing with 300 mL of H2O, 38d was eluted off

the column using 0.2 N NH4OH. Fractions containing arginine were combined,

concentrated at ambient temperature by rotary evaporation to remove ammonia and
lyophilized to give 120 mg (32%) of pure 38d: TLC (n-Bu0H-Me2CO-H20-Et2NH

2:2:2:1 on cellulose, 0.25% ethanolic ninhydrin spray) Rf 0.29: 1H NMR (D20, 80

MHz) 8 3.82 (s, 0.9 H), 3.35 (t, 2H, J=6.8 Hz), 1.8 (t, 2H, J=6.8 Hz). Integration
of the peak at 8 3.82 showed 90% removal of a-deuterium.
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N-(3-Hydroxypropyl)phthalimide, 45

To a stirred suspension of LiA1H4 (2.5 g, 0.066 mol) in anhydrous ether (150

mL) at 0 °C under N2, ethyl 3-chloropropionate, 46, (15 g, 0.11 mol) was added

dropwise over 30 min while keeping the temperature at 0 °C. The mixture was warmed

to room temperature and stirred for 3 h, and then cooled to 5 °C in an ice bath. Excess

LiA1H4 was quenched by successive addition of H2O (2.4 mL), NaOH (15% solution,

2.4 mL) and H2O (7.2 mL).152 The mixture was stirred for 30 min, allowed to settle

for 2 h and the resulting precipitate was removed by vacuum filtration. The residue

was thoroughly washed with ether and the combined filtrates were evaporated under

reduced pressure.

The resulting crude 3-chloropropanol was reacted with potassium phthalimide

(35.3 g, 0.19 mol) in dry DMF (100 mL) at 120 °C for 4 h.153 After cooling to room

temperature, CHC13 (150 mL) was added and the mixture was poured into water (500

mL). The organic layer was repeatedly washed with water and dried (Na2SO4), and

upon removal of the solvent under reduced pressure gave a white, crystalline solid

which was recrystallized from 95% EtOH. This yielded 11.0 g (49% from 46) of 45:

TLC (EtOAc on silica gel, UV detection) Rf 0.44; mp 75-76 °C (lit.154 75-79 °C); IR

(CHC13) 3350, 1725, 1450 cm-1; 1H NMR (CDC13, 80 MHz) 8 7.77 (m, 4H), 3.86

(t, 2H, J=6.4 Hz), 3.59 (t, 2H, J=6 Hz), 2.55 (br s, 1H), 1.87 (tt, 2H, J=6 Hz).

N-(3-Hydroxy-[3,3-2H2ipropyl)phthalimide, 45c

Via the above procedure, the ester 46 (15 g, 0.11 mol) was reduced with
LiA1D4 (2.71 g, 0.064 mol) and then converted into 11.5 g (51% from 46) of 45c: 1H

NMR (CDC13, 80 MHz) 8 7.79 (m, 4H), 3.86 (t, 2H, J=8 Hz), 2.51 (br s, 1H), 1.87

(t, 2H, J=8 Hz).
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N- (3- Oxopropyl)phthalimide, 44

Oxalyl chloride (0.32 mL, 3.52 mmol) was taken up in dry CH2C12 (25 mL)

and stirred under N2 at -60 °C. To this was added dry DMSO (0.6 mL, 7.04 mmol) in

dry CH2C12 (5 mL) and the resulting mixture was stirred for 5 min.101 A solution of

45 (0.765 g, 3.2 mmol in 10 mL dry CH2C12) was then added to the reaction flask

with continuous stirring, while the temperature was maintained below -50 °C. After 25

min, Et3N (2.3 mL, 16 mmol) was added dropwise and the resulting paste was allowed

to warm to room temperature. After stirring for 5 min, water (50 mL) was added, the

phases were separated and the organic layer was washed successively with 1% HC1,

5% Na2CO3 and H2O. It was then dried (Na2SO4) and concentrated in vacuo to give a

white solid. Recrystallization from CH2C12-hexane gave 0.59 g (91%) of aldehyde 44:

TLC (EtOAc, silica gel, UV detection) Rf 0.62; mp 126-127 °C (lit.155 125-126 °C); IR

3025, 2980, 1772, 1715 cm-1; 1H NMR (CDC13, 80 MHz) 8 9.82 (t, 1H, J=1.3 Hz),

7.70-7.90 (m, 4H), 4.04 (t, 2H, J=7 Hz), 2.87 (dt, 2H, J=7, 1.3 Hz).

N-(3-0xo43-21-11propyl)phthalimide, 44a

Via the above procedure, dideuterio-alcohol 45c (11.0 g, 53 mmol) was
converted into 9.84 g (91%) of deuterio-aldehyde 44a: 1H NMR (CDC13, 80 MHz) S

7.78 (m, 4H), 4.04 (t, 2H, J=9 Hz), 2.87 (t, 2H, J=9 Hz).

Midland Reduction of Aldehyde 44

A solution of the aldehyde 44 (500 mg, 2.5 mmol) in dry THE (10 mL) was

added dropwise to the stirred reagent, S-Alpine Borane (6 mL 0.5 M solution, 3

mmol), under N2. After 10 min the mixture was heated at reflux for 2 h, cooled to

room temperature and the solvent was removed under reduced pressure. The resulting

paste was dissolved in anhydrous ether (50 mL) and cooled in an ice bath.
Ethanolamine (0.2 mL, 3.2 mmol) was added and the mixture was stirred for 20 min.
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The white precipitate formed was removed by filtration under vacuum and the filtrate

was concentrated in vacuo to give a yellowish oil. This was subjected to flash column

chromatography156 (SiO2, hexane -EtOAc 1:1) to give 380 mg (75%) of pure alcohol.

TLC, mp and 1H NMR were same as that of alcohol 45.

Midland Reductions of Aldehyde 44a

Via the above procedure, the deuterio-aldehyde 44a (a total of 4.5 g, 22.05

mmol in two batches) was reduced using R-Alpine Borane (a total of 47.5 mL, 0.5 M

solution, 24.7 mmol in two batches) to give 3.6 g of [3S-211]-alcohol 45a (80% yield).

Similarly, the deuterio-aldehyde 44a (a total of 4.5 g, 22.05 mmol in two batches) was

reduced using S-Alpine borane (a total of 47.5 mL, 0.5 M solution, 24.7 mmol in two

batches) to give 2.65 g (58%) of [3R-2H] alcohol 45b. Compounds 45a and 45b
showed identical TLC and mp as that of 45; 1H NMR (CDC13, 80 MHz) 8 7.81 (m,

4H), 3.86 (t, 2H, J=6.2 Hz), 3.61 (t, 1H, J=1.2 Hz), 2.55 (br s, 1H), 1.92 (q, 2H,

J=6.2 Hz).

N-[ 3-[( Methylsulfonyl )oxy]propyl]phthalimide, 48

The following procedure is typical. To a stirred solution of the alcohol 45 (1.0
g, 4.8 mmol) and methanesulfonyl chloride (0.42 mL, 5.36 mmol) in dry CH2C12 (50

mL) at -78 °C under N2 was added Et3N (0.75 mL, 5.36 mmol) dropwise. After 1 h,

the resulting paste was warmed to room temperature, stirred at 25 °C for 2 h and then

poured into cold water (50 mL). The layers were separated and the organic layer was
washed with water, dried (Na2S 04) and the solid obtained on solvent removal

recrystallized from 95% EtOH to give 1.38 g (100%) of mesylate 48: TLC (EtOAc,
SiO2, UV detection) Rf 0.52; mp 132-133 °C; IR (CHC13) 3300, 3130, 1770, 1378

cm-1; 1H NMR (CDC13, 80 MHz) 8 7.80 (m, 4H), 4.25 (t, 2H, J=6 Hz), 3.84 (t, 2H,

J=6.5 Hz), 3.05 (s, 3H), 2.15 (tt, 2H, J=6 Hz); 13C NMR (CDC13, 100.6 MHz) S
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168.24, 134.16, 131.99, 123.35, 67.21, 37.45, 34.44, 28.28. Anal. calcd for

C12H13NO5S: C, 50.87; H, 4.63; N, 4.94; S, 11.32. Found: C, 51.17; H, 4.46; N,

4.83; S, 11.07.

N-[3(R)-[(Methylsulfonyl)oxy]-[3-2H]propyl]phthalimide, 48a and N-

[3(S)4(Methylsulfonyl)oxy]13-211]propyliphthalimide, 48b

Via the above procedure, [3S-211]-alcohol 45a (2.0 g, 9.7 mmol) and [3R -2H]-

alcohol 45b (2.1 g, 10.2 mmol) were each converted into their mesylates 48a (2.70 g,

95%) and 48b (2.75 g, 95%) respectively. TLC, mp and IR of 48a and 48b were

identical to that of 48: 1H NMR (CDC13, 80 MHz) S 7.80 (m, 411); 4.25 (t, 1H, J=6.1

Hz), 3.84 (t, 211, J=6.6 Hz), 3.04 (s, 311), 3.15 (q, 2H, J=6 Hz).

Ethyl-(2RS)-2-acetamido-2-cyano-5-phthalimidopentanoate, 49

The following procedure is typical. Ethyl acetamidocyanoacetate (1.95 g, 11.4

mmol) was added to a freshly prepared solution of NaOEt (11.4 mmol) in EtOH (16

mL) and stirred at 65 °C for 30 min. After cooling to room temperature, all ethanol

was removed under vacuum. The resulting solid, under N2, was redissolved in dry

DMSO; mesylate 48 was then added and the mixture was allowed to react at 70 °C for 8

h. After cooling to room temperature and removing the DMSO by rotary evaporation

under high vacuum, the residue was washed with water and recrystallized from 95%

EtOH to give 1.75 g (63%) of the adduct 49: TLC (hexane -EtOAc 1:3, silica gel, UV

detection) Rf 0.43; mp 212 °C; IR (CHC13) 3420, 3010, 2247, 1750, 1716, 1680,

1440 cm-1; 1H NMR (CDC13, 80 MHz) 8 7.70-7.90 (m, 4H), 6.91 (br s, 111), 4.32

(q, 2H, J=7.1 Hz), 3.77 (t, 211, J=6.3 Hz), 1.90-2.30 (m, 711), 1.34 (t, 311, J=7 Hz);

13C NMR (CDC13/DMSO-d6, 100.6 MHz) 8 170.39, 167.90, 166.47, 134.15,

131.79, 123.09, 116.87, 62.75, 57.14, 36.85, 33.21, 23.42, 21.78, 13.86; EIMS

m/z (relative intensity) 357 (M+, 14), 284 (60), 215 (57), 160 (100), 130 (30); Anal.
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calcd for C18H19N305: C, 60.50; H, 5.36; N, 11.75. Found: C, 60.17; H, 5.25; N,

11.63.

Ethyl-(2RS)-2-acetamido-2-cyano-5-phthalimido-[3R-2H]pentanoate,
49a, and Ethyl-(2RS)-2-acetamido-2-cyano-5-phthalimido-[3S-.
2H]pentanoate, 49b

Via the above procedure, [3S- 2H]-mesylate 48a (2.13 g, 7.58 mmol) was

converted into 1.80 g (66%) of [3R- 2H]-pentanoate 49a, and the [3R-2H]-mesylate

48b (2.18 g, 7.76 mmol) was converted into 1.75 g (63%) of [3S- 2H]- pentanoate

49b: TLC and mp were identical to that of the unlabeled pentanoate 48; 1H NMR

(CDC13, 80 MHz) 8 7.70-7.90 (m, 4H); 6.91 (br s, 1H), 4.32 (q, 2H, J=7.2 Hz),

3.77 (t, 2H, J=6.3 Hz), 1.70-2.30 (m, 6H), 1.33 (t, 3H, J=7.1 Hz).

(2RS)-Ornithine Hydrochloride; 43

This was obtained from the phthalimidopentanoate 49 (1.75 g, 4.89 mmol) by

heating at reflux in 6N HC1 (60 mL) for 15 h. After cooling to room temperature the

precipitated solid was removed by filtration and HC1 was removed by rotary
evaporation. The resulting solid was taken up in 95% EtOH and concentrated NH4OH

was added dropwise until cloudiness appeared. Upon leaving this at 4 °C overnight,

735 mg (88%) of ornithine, 43, was obtained as a white powder: TLC (n-Bu0H-
Me2CO-H20-Et2NH 2:2:2:1 on cellulose, 0.25% ethanolic ninhydrin spray) Rf 0.45;

mp >230 °C dec. (11157 232 °C, dec.); IR (1% KBr) 2900, 1610, 1560 cm-1; 1H NMR

(D20, 80 MHz) 8 3.82 (t, 1H, J=6.1 Hz), 3.35 (t, 2H, J=7.2 Hz), 1.80 (m, 4H).
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(2R S,3R )43-2HiOrnithine Hydrochloride, 43a, and (2R S ,3S)-[3-
211]Ornithine Hydrochloride, 43b

Via the above procedure, the [3R- 2H]-pentanoate 49a (1.75 g, 4.89 mmol) was

converted into 0.73 g (87%) of [3R-2H]ornithine, 43a, and [3S-21-I]-pentanoate 49b

(1.8 g, 5.03 mmol) was converted into 0.81 g (95%) of [3S-2H]ornithine, 43b: TLC

and mp were the same as above; 1H NMR (D20, 80 MHz) 8 3.86 (d, 1H, J=7.8 Hz),

3.12 (t, 2H, J=6.3 Hz), 1.90 (m, 3H).

(2RS)-Arginine Hydrochloride, 38

This compound was prepared via the literature procedure.97 Accordingly,

(2RS)-ornithine, 43 (337 mg, 2 mmol), was boiled with excess CuCO3- Cu(OH)2 in

water (20 mL). After 1 min, undissolved copper carbonate was removed by filtration

and washed with water (1 mL). To the combined filtrate was added 0-methylisourea

tosylate (546 mg, 2.35 mmol), the pH was adjusted to 10 using 2N NaOH and the

mixture stirred at room temperature for 5 days, at which point most of the ornithine was

converted into arginine. The reaction mixture was acidified to pH 1 (using 1N HC1),

saturated with H2S gas and the black CuS precipitate formed was removed by filtration.

The filtrate was boiled to remove the excess H2S and the resulting supernatant was

adjusted to pH 4.5. Purification by ion exchange chromatograpy (Dowex 50W-X8,
11±, 100 mesh, 15 cm x 1.5 cm , eluted with 0.2 M NH4OH) gave 250 mg (60%) of

arginine, 38: mp 234 °C, dec. (lit151 235 °C, dec.); IR (1% KBr) 3400, 3150, 2900,
1683, 1653 cm-1; 1H NMR (D20, 80 MHz) 8 3.82 (1H, t, J=6.7 Hz), 3.28 (2H, t,

J=7 Hz), 1.84 (4H, m).
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(2R S ,3R )43-21-1]Arginine Hydrochloride, 38e and (2RS,3S)-[3-
211]Arginine Hydrochloride, 38f

Via the above procedure arginines 38e and 38f were prepared from ornithines

43a and 43b respectively. Thus the copper chelate of ornithine 43a, (200 mg, 1.2

mmol) was reacted with 0-methylisourea tosylate (300 mg, 1.3 mmol) to give 120 mg

(47%) of pure arginine 38e. Similarly, ornithine 43b (200 mg, 1.2 mmol) was

converted into 130 mg (51%) ofpure arginine 38f: TLC and mp were the same that of

38; 1H NMR (D20, 400 MHz) 8 3.82 (d, 1H, J=7.6 Hz), 3.31 (t, 2H, J=6.8 Hz),

1.95 (m, 1H), 1.75 (m, 2H).

8-N-Tosyl-a-N-benzoyl-L-ornithine Hydrochloride, 52

This compound was prepared from L-ornithine, 43c, via the literature

procedures. 113,115 Accordingly, a solution of 43c (1.21 g, 7.2 mmol) in water (20

mL) was boiled with excess CuCO3-Cu(OH)2 (2.12 g, 9 6 mmol) and the undissolved

copper carbonate was removed by filtration. After cooling to room temperature,

NaHCO3 (3.0 g, 35.7 mmol) was added to the filtrate and dissolved by stirring. Then,

a solution of tosyl chloride (2.06 g, 10.8 mmol) in acetone (20 mL) was added and the

reaction mixture stirred for 12 h. The light blue precipitate that formed was filtered,

washed with water, acetone and then with ether and air dried. The solid was taken up

in water (30 mL) by warming in the presence of concentrated HC1 (4 mL). The

resulting solution was saturated with H2S gas and the precipitated black CuS was

removed by filtration. Boiling off the excess H2S and concentration of the filtrate by

rotary evaporation after adjusting the pH to 6.8 gave a white solid. This was filtered,

washed with H2O and EtOH and dried to give 1.06 g (46%) of 8- N- tosyl -L- ornithine:

mp 234 °C (lit.113 226-230 °C ); [a]D25 = +21.6 (c = 1, AcOH), lit.115b [a]D23=

+20.8 (c = 2, 6N HC1); 1H NMR (D20 + 1 drop 40% NaOD/D20, 400 MHz) 87.36

(m. 4H), 2.95 (br t, 1H), 2.56 (br t, 2H), 2.24 (s, 3H), 1.29 (m, 4H).
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6-N-Tosyl-L-ornithine (1.06 g, 3.4 mmol) was dissolved in a solution of

NaOH (164 mg, 4.1 mmol in 4 mL H2O) and stirred vigorously. Benzoyl chloride

(0.54 mL, 4.65 mmol) was added dropwise to the reaction mixture, followed by more

aqueous NaOH (164 mg, 4.1 mmol in 2 mL 1120). After stirring for 4 h, the reaction

mixture was acidified with 6N HC1 and the resulting gum was dissolved in EtOAc.

This was washed with water, dried (Na2SO4) and concentrated in vacuo to yield 1.4 g

(92%) of 52: mp 182 °C (lit.115b 182 °C); [a]D25 = +1.9 (c = 1, AcOH), lit.115b

[a]D25 = +2.1 (c = 1, AcOH); 1H NMR (DMSO-d6, 400 MHz) 612.65 (br s, 1H),

8.55 (d, 111, J=7.6 Hz), 7.30-7.90 (m, 911), 4.28 (m, 1H), 3.35 (br, 1H), 2.72 (dt,

2H, J=6.2 Hz), 2.33 (s, 3H), 1.75 (dm, 2H), 1.47 (m, 2H).

8-N -Methyl- 8-N-tosyl-a-N-benzoyl-L-ornithine, 54

5-N-Tosyl-a-N-benzoyl-L-ornithine, 52, (390 mg, 1 mmol) was stirred with

aqueous NaOH (1 mL of 2N solution, 2 mmol) at 45 °C for 15 min and the mixture

was lyophilized. The resulting solid was redissolved in dry DMSO (2 mL) and stirred

with CH3I (80 }IL, 1.28 mmol). After 10 h, the mixture was poured into water (100

mL) and acidified by adding 6N HC1. The white pasty material obtained was

recrystallized from hexane -EtOAc to give 360 mg (89%) of 54: mp 191 °C (lit.115a
160 °C); [a]D25 = -2.8 (c = 1, AcOH), lit.115b [a]D25 = -3.1 (c = 1, AcOH); 1H NMR

(DMSO-d6, 400 MHz) 5 12.58 (br s, 1H), 8.64-7.38 (m, 9H), 4.38 (m, 11-1), 3.39

(br, 1H), 2.98 (dm, 2H), 2.61 (s, 311), 2.37 (s, 311), 1.83 (m, 2H), 1.58 (m, 2H);
13C NMR (DMSO-d6, 100.6 MHz) 5 173.55, 166.50, 143.08, 133.95, 133.92,

131.28, 129.71, 128.15, 127.38, 127.06, 52.16, 49.17, 34.30, 27.65, 23.72, 20.86.

8-N-03C1Methyl-8-N-tosyl-a-N-benzoyl-L-ornithine, 54a

Via the above procedure, 1.0 g of 52 (2.54 mmol) was reacted with
[13C]methyliodide (190 gL, 3 mmol) and 0.95 g (77% based on MeI) of 54a was
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obtained: mp 190-192 °C. The 1H NMR was the same as that of 54 except for S 2.62

(d, 3H, JC-H = 149.2 Hz). The 13C NMR was the same as that of 54, except for S

34.30 which showed 13C enrichment.

8-N-Methyl-L-ornithine Hydrochloride, 51

This was obtained by hydrolysis of 54 (500 mg, 1.28 mmol) by heating at

reflux in 48% HBr (3.6 ml) for 3 h. After cooling to room temperature and removing

the precipitated solids by filtration, the filtrate was adjusted to pH 5 and purified by ion

exchange chromatography (Dowex 50W-X8, H+, 100 mesh, 15 cm x 1.5 cm, eluted

with 0.2 N NH4OH). Lyophilization of the appropriate fractions followed by

recrystallization of the solid from Et0H-H20 gave 210 mg (90%) pure 51: TLC (n-

Bu0H-Me2CO-H20-Et2NH 2:2:2:1 on cellulose, 0.25% ethanolic ninhydrin spray) Rf

0.45 (same as ornithine); mp 234 °C (lit.115b 236 °C); [a]D25 = +23.7 (c = 1, 6 N
115b [a]D25 +34.3HC1), lit. (c = 0.5, 6 N HC1); 1H NMR (D20, 400 MHz) 8 3.63

(t, 1H, J=6 Hz), 2.94 (m, 2H), 2.62 (s, 3H), 1.55 - 1.83 (m, 4H); 13C NMR (D20,

100.6 MHz) 8 174.32, 54.97, 48.67, 33.13, 27.75, 21.86.

8-N 413C]Methyl-L-ornithine Hydrochloride, 51a

Via the procedure decribed above, compound 54a (0.85 g, 2.1 mmol) was

hydrolyzed to give 0.35 g (91%) of 51a after recrystallization. TLC and mp were

same as that of 51; 1H and 13C NMR spectra were the same as that of 51 except for

1H at 8 2.58 (d, 3H, Jc_H = 143 Hz) and 13C at 8 33.13 (13C enriched).

8-N-[13C]Methyl-L-arginine Hydrochloride, 50a

Via the standard literature procedure97 (see preparation 38) compound 51a

(184 mg, 0.95 mmol) was reacted with 0-methylisourea tosylate (300 mg, 1.29 mmol)

to give 90 mg of 8-N413C]-methyl-L-arginine, 50a (54% based on recovered 51a):
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TLC was the same as that of DL-arginine, 38; mp 261 °C; [04]1325 = +11.6 (c = 0.5,

H20), lit.114 [a]D25 = +14.3 (c = 2, H20); 1H NMR (D20, 400 MHz) 8 3.63 (t, 1H,

J=5.9 Hz), 3.25 (m, 2H), 2.90 (d, 3H, Jc_H=140 Hz), 1.50 - 1.80 (m, 4H); 13C

NMR (D20, 100.6 MHz) 8 174.62, 156.86, 54.74, 49.98, 36.18 (13C enriched),

27.62, 22.83.

DL-2,4-Di-(t-butoxycarbonyl)aminobutyric Acid, 59

To a mixture of DL- 2,4- diaminobutyric acid, 58,(1.0 g, 5.23 mmol) and BOC

ON (3.6 g, 14.6 mmol) in 50% aqueous acetone (75 mL) was added Et3N (3.5 mL,

25.1 mmol) and the mixture stirred at room temperature for 20 h. After removal of

acetone by rotary evaporation, the aqueous solution was adjusted to pH 10 using 2N

NaOH and washed with EtOAc. The resulting aqueous layer was then adjusted to pH

2.5 using cold 1N HC1 and extracted with EtOAc. This was done quickly to avoid any

cleavage of the BOC groups. The organic layer was dried (Na2SO4), concentrated in

vacuo, and the resulting solid was recrystallized from hexane -EtOAc to give 1.45 g

(87%) of pure 59, as a white powder: TLC (CHC13 -MeOH 7:3, on silica gel, 0.25%

ethanolic ninhydrin spray) Rf 0.40; mp 157 °C; IR (1% KBr) 3355, 3000, 1739,

1733, 1692 cm-1; 111 NMR (DMSO-d6, 400 MHz) 8 12.41 (br s, 1H), 6.98 (br d,

1H), 6.69 (br t, 1H), 3.91 (m, 111), 2.97 (m, 211), 1.60-1.90 (m, 2H), 1.39 (s,
18H); 13C NMR (DMSO-d6, 100.6 MHz) 8 173.94, 155.50, 77.94, 77.46, 51.26,

37.04, 31.03, 28.21; FABMS (monothioglycerol + Me0H) m/z (relative intensity)

319 (M+H+, 0.7), 263 (1.7), 207 (13.4), 163 (19.6), 59 (100); HRFABMS
(monothioglycerol + Me0H): Exact mass calcd for C14H27N206: 319.1869 (M+H+).

Found: 319.1869.
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DL -Methyl 3, 5- di-( t-butoxycarbonyl)aminopentanoate, 61

To a stirring solution of the acid 59 (1.3 g, 4.08 mmol) and ethylchloroformate

(670 p.L, 7 mmol) in EtOAc (15 mL) cooled in an ice-salt bath was added dropwise, N-

methylmorpholine (770 !IL, 7 mmol). After 4 h, the white precipitate formed (amine

hydrochloride) was removed by filtration while cold, and the filtrate was treated with

excess ethereal diazomethane and stirred for 8 h at 0 °C. Excess diazomethane was

removed by warming to 40 °C and the solution was concentrated in vacuo. To the

resulting yellowish, oily diazoketone 60 taken up in Me0H (15 mL) was added a
solution of silver benzoate (350 mg, 1.5 mmol) in Et3N (2 mL, 14.3 mmol) and the

mixture stirred for 10 h. The dark brown paste obtained upon solvent removal was

taken up in EtOAc (25 mL), filtered through celite and the filtrate was successively

washed with saturated NaHCO3, saturated NaC1, 1N HC1 and saturated NaCl. The

resulting solution was concentrated by rotary evaporation and further purified by flash

column chromatography (SiO2, 16 cm x 3.5 cm, 30% EtOAc in hexane) to give 1.27 g

(90%) of pure 61 as a paste, which solidified upon standing: TLC (hexane-EtOAc 7:3,

on silica gel, 0.25% ethanolic ninhydrin spray) Rf 0.22; mp 55-60 °C; IR (CC14) 3435,

2980, 1742, 1737, 1722, 1391 cm 1; 1H NMR (CDC13, 400 MHz) 8 5.25 (m, 2H),

3.99 (m, 1H), 3.68 (s, 3H), 3.38 2.92 (br m, 2H), 2.54 (m, 2H), 1.65 (m, 2H),
1.43 (s, 18H); 13C NMR (CDC13, 100.6 MHz) 8 172.06, 156.07, 155.90, 79.53,

79.07, 51.72, 44.92, 39.18, 37.18, 35.00, 28.45, 28.36. FABMS (monothioglycerol

+ Me0H) m/z (relative intensity) 347 (M+H+, 5), 291 (4.6), 235 (18.5), 191 (26.1),

90 (46.2), 59 (100); HRFABMS (monothioglycerol + Me0H): Exact mass calcd for
Ci6H3iN206: 347.2182 (M+H+). Found: 347.2183.

DL-Methyl 3,5-di-(t-butoxycarbonyl)amino-[2,2-2H2jpentanoate, 61a

This compound was prepared via the procedure described above, except
CH3OD was used instead of CH3OH during the rearrangement of the diazoketone 60.
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Thus, the diazoketone 60 resulting from the acid 59 (1.2 g, 3.76 mmol) was

rearranged in CH3OD (30 mL) in the presence of silver benzoate (300 mg, 1.31 mmol)

and Et3N (3.0 mL, 21.45 mmol) to give 1.17 g (90%) of pure dideuteriated ester 61a:

TLC same as that of 61; 1H NMR (CDC13, 400 MHz) 8 5.18 (br, 2H), 3.98 (m, 1H),

3.68 (s, 3H), 3.37-2.93 (m, 2H), 2.55 (m, <0.2 H), 1.62 (m, 2H), 1.43 (s, 18H).

DL-f3-Ornithine Hydrochloride, 55

This was obtained by hydrolysis of methyl ester 61 (760 mg, 2.2 mmol) in 6N

HC1 (10 mL) at reflux for 10 h. The resulting mixture was rotary evaporated to remove

all HC1. Addition of water (5 mL) and rotary evaporation was repeated two more

times. The paste obtained was taken up in 95% EtOH (30 mL) and concentrated

NH4OH added until cloudiness appeared. After standing at 4 °C overnight, 300 mg

(82%) of /3-ornithineHC1, 55, was obtained as a solid: TLC (n-Bu0H-Me2CO-H20-

Et2NH 2:2:2:1, on cellulose, 0.25% ethanolic ninhydrin spray) Rf 0.40; mp 197 °C; IR

(1% KBr) 3400, 2850, 1626, 1200 cm-1; 1H NMR (D20, 400 MHz) 8 3.47 (tt, 1H,

J=6 Hz), 2.98 (t, 2H, J=8 Hz), 2.40 (m, 2H), 1.91 (m, 2H); 13C NMR (D20, 100.6

MHz) 8177.55, 47.14, 38.36, 36.23, 30.34; FABMS (monothio-glycerol + Me0H +

HC1) m/z (relative intensity) 133 (M+ H+, 12.5), 90 (83.0), 59 (100). HRFABMS

(monothioglycerol + Me0H + HC1): Exact mass calcd for C5H13N202: 133.0977

(M+11+). Found: 133.0977.

DL-[2,2-2H2]-fl-Ornithine Hydrochloride, 55a

Via the above procedure, dideuterio-ester 61a (1.1 g, 3.16 mmol) was

hydrolyzed by heating at reflux in 6N HC1 (20 mL) to yield 460 mg (85%) of
dideuterio- /3-ornithine 55a: TLC and mp same as that of 55; 1H NMR same as that of

55 except for 8 2.40 (m, <0.2H).
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DL- /3- Arginine Hydrochloride, 23

The amino acid 55 (337 mg, 2 mmol) in water (3 mL) was boiled with excess

CuCO3.Cu(OH)2 for 1 min. The undissolved copper carbonate was removed by

filtration, washed with water and the filtrate was cooled to room temperature. S-

Methylisothiouronium sulfate (835 mg, 3 mmol) was added to the solution. After

adjustment to pH 9.7 with 4N NaOH, and the mixture was stirred for 4 days.

Precipitated copper methylthiolate was removed by filtration, and the filtrate

concentrated by rotary evaporation, diluted with water (50 mL), adjusted to pH 5 and

purified by ion exchange chroMatography (Dowex 50W-X8, H+, 100 mesh, 15 cm x

2.5 cm, eluted with 0.5N NH4OH). Combination and lyophilization of appropriate

fractions gave 280 mg (67%) of /3- arginine, 23, as a yellowish glassy solid which

could not be recrystallized because of its very high hygroscopic nature: TLC (n-

Bu0H-Me2CO-H20- Et2NH 2:2:2:1, on cellulose, 0.25% ethanolic ninhydrin spray)

Rf 0.22; mp of flavianate derivative 280 °C (dec); IR (1% KBr) 3200, 2360, 1650,

1390 cm-1; 1H NMR (D20, 400 MHz) S 3.43 (tt, 1H, J=6.1 Hz), 3.19 (t, 2H, J=7.1

Hz), 2.40 (m, 2H), 1.83 (m, 2H); 13C NMR (D20, 100.6 MHz) 8 177.96, 157.21,

47.29, 38.82, 37.87, 31.70; FABMS (monothioglycerol + Me0H + HC1) m/z

(relative intensity) 175 (M+H+, 33.5), 158 (10), 90 (86.7), 59 (100); HRFABMS

(monothioglycerol + Me0H + HC1): Exact mass calcd for C6H15N402: 175.1194

(M+H+). Found: 175.1191.

DL-[2,2-2H2]-13-Arginine Hydrochloride, 23a

Via the procedure described above, the dideuterio-P-ornithine 55a (458 mg,

2.7 mmol) was reacted with S-methyl isothiouronium sulfate (1.2 g, 4.3 mmol) and

yielded 420 mg (74%) of dideuterio-P-arginine 23a after ion exchange

chromatography: TLC same as that of 23; 1H NMR (D20, 400 MHz) 63.44 (t, 1H,

J=6.8 Hz), 3.20 (t, 2H, J=7.1 Hz), 2.40 (m, <0.2 H), 1.87 (m, 2H).
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3-Phthalimidopropyl-(-)-camphanate, 69

The alcohol 45 (512 mg, 0.25 mmol) in CH2C12 (4 mL), stirred with freshly

sublimed (-)-camphanoyl chloride (60 mg, 0.28 mmol) at -78 °C, was treated dropwise

with Et3N (39 mL, 0.27 mmol). After 2 h, the reaction mixture was allowed to warm

to room temperature and stirred for 5 h more. Crude product was obtained by washing

the reaction mixture with water (2 x 5 mL), drying the organic layer (Na2SO4) and

removing the solvent under reduced pressure. It was further purified by passage
through a small bed of SiO2 (EtOAc solvent). Recrystallization from hexane -EtOAc

provided 94 mg (98%) of pure camphanate 69: TLC (hexane -EtOAc 1:2, SiO2, UV

detection) Rf 0.38; mp 106 °C; IR (CHC13) 3019, 1754, 1716, 1362 cm-1; 1H NMR

(CDC13, 80 MHz) 8 7.78 (m, 4H), 4.28 (t, 2H, J=6.1 Hz), 3.81 (t, 2H, J=6.7 Hz),

1.60-2.70 (m, 6H), 1.11 (s, 3H), 1.09 (s, 3H), 1.00 (s, 3H); 13C NMR (CDC13,

100.6 MHz) 8 178.03, 168.23, 167.39, 134.08, 132.04, 123.32, 91.12, 62.87,

54.80, 54.12, 34.82, 30.73, 28.97, 27.83, 16.77, 16.68, 9.68; HRMS: Exact mass
calcd for C21H23N06: 385.1525. Found 385.1518; Anal. calcd for C21H23N06: C,

65.43; H, 6.02; N, 3.63. Found: C, 64.97; H, 59.5; N, 3.53.

(-)-Camphanates 69a and 69b

These compounds were prepared from the corresponding alcohols 45a and

45b respectively, adopting the procedure described above. Thus, the alcohol 45a (100

mg, 0.48 mmol) was converted into 128 mg (69%) of (-)-camphanate 69a and the

alcohol 45b (100 mg, 0.48 mmol) was converted into 150 mg (80%) of ( -)-
camphanate 69b; 1H NMR of 69a and 69b same as that of 69, except for 8 4.28 (t,

1H, J=6.4 Hz).
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N[ 34(t-Butyldimethylsilyl)oxybropyl]phthalimide, 73

Triethyl amine (0.19 mL, 1.33 mmol) was added dropwise to a stirred solution

of phthalimidopropanol 45 (205 mg, 1 mmol), t-BDMSC1 (200 mg, 1.33 mmol) and a

catalytic amount (10 mole %) of 4-(dimethylamino)pyridine in CH2C12 (10 mL) at

0 °C. After 1 h, the mixture was allowed to warm to room temperature and stirred for

another 8 h. After washing with water (2 x 15 mL), the organic layer was dried

(Na2SO4) and concentrated in vacuo. The resulting oily residue was purified by flash

column chromatography (30 g Si02, 6% EtOAc in hexane) to give 300 mg (95%) of

pure product as a colorless oil: TLC (hexane -EtOAc 8:2, on silica gel, UV detection)

Rf 0.47; IR (neat) 3076, 2950, 1715, 1395 cm-1; 111 NMR (CDC13, 400 MHz) 5

7.85-7.69 (m, 4H), 3.79 (t, 2H, J=7 Hz), 3.67 (t, 2H, J=6.1 Hz), 1.89 (tt, 2H, J=6.7

Hz), 0.86 (s, 9H), 0.03 (s, 6H); 13C NMR (CDC13, 100.6 MHz) 8 168.33, 133.77,

132.34, 123.10, 60.91, 35.60, 31.56, 25.86, 18.24, -5.43; FABMS m/z (relative

intensity) 320 (M+H+; 3.2), 304 (17), 262 (100); HRFABMS: Exact mass calcd for

C13H16NO3Si (M-57): 262.0899. Found: 262.0899; Anal. calcd for C17H25NO3Si:

C, 63.91; H, 7.88; N, 4.38. Found: C, 63.91; H, 7.91; N, 4.37.

N13(S)-[( t-Butyldimethylsilyl)oxy]-[3-211]propyllphthalimide, 73a

Via the above procedure, [1S-21-1]-phthalimidopropanol 45a (0.42 g, 2.05

mmol) was converted into 0.64 g (97%) of the t-BDMS derivative 73a: 1H NMR

(CDC13, 400 MHz) 8 7.85-7.69 (m, 4H), 3.79 (t, 211, J=7 Hz), 3.67 (t, 1H, J=6.1

Hz), 1.89 (dt, 2H, J=6.7 Hz), 0.86 (s, 9H), 0.03 (s, 6H).

3- [(t- Butyldimethylsilyl )oxy]propylamine, 74

The phthalimidosilyl ether 73 (520 mg, 1.62 mmol) was treated with excess

methanolic hydrazine hydrate (30 mL of 0.2 M solution) and allowed to react for 8 h at

room temperature, whereupon the reaction mixture was concentrated under reduced
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pressure. Absolute ethanol (20 mL) was added to the resulting material and this was

then concentrated in vacuo to remove the excess N2H4. The resulting residue was

taken up in CH2C12 (20 mL), and the undissolved material was removed by filtration

and washed with CH2C12. Concentration of the filtrate under reduced pressure and

Kugelrohr distillation of the residue (35-40 °C / 5 mm Hg) gave 275 mg (89%) of pure

amine 74: TLC (CHC13 -MeOH 9:1 on alumina, 0.25% ethanolic ninhydrin spray) Rf

0.30; IR (neat) 3300, 2950, 2850, 1395 cm-1; 1H NMR (CDC13, 400 MHz) 8 3.68 (t,

2H, J=6.1 Hz), 2.75 (t, 2H, J=7.2 Hz), 1.80 (br 2H), 1.66 (tt, 2H, J=6 Hz), 0.84 (s,

9H) 0.03 (s, 6H); 13C NMR (CDC13, 100.6 MHz) 8 61.24, 39.44, 36.46, 25.95,

18.29, -5.34; ELMS m/z (relative intensity) 132 (M-57, 100%), 104 (42%), 75 (32%);

HRMS calcd for C5H14NOSi (M-57): 132.0844. Found: 132.0845.

Alternatively, compound 74 was prepared from 3-aminopropanol, 75, (0.98

mL, 13.07 mmol) by stirring with t-BDMSC1 (2.35 g, 15.7 mmol) and Et3N (2.2 mL,

15.7 mmol) in CH2C12 (40 mL) at room temperature for 8h in the presence of a

catalytic amount (10 mole %) of 4-(dimethylamino)pyridine. After washing the

reaction mixture with water the organic layer was dried (Na2SO4) and concentrated

under reduced pressure. The residue was Kugelrohr distilled to give 2.20 g (89%) of

compound 74 as a colorless oil.

3 (S)1(t-Butyldimethylsilyl)oxy]-[3-21-1]propylamine, 74a

Via the above procedure, the deuteriated compound 73a (0.70 g, 2.2 mmol)

was converted into 0.24 g (58%) of [3S-2E1] -amine 74a: 1H NMR (CDC13, 400 MHz)

8 3.68 (t, 1H, J=5.6 Hz), 2.80 (t, 2H, J=6.5 Hz), 2.20 (br, 2H), 1.66 (dt, 2H, J=6.5

Hz), 0.89 (s, 9H), 0.03 (s, 6H).
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N-[3-[( t-Butyldimethylsilyl)oxy]propyll-p-toluenesulfonamide, 76

A stirred solution of the amine 74 (945 mg, 5 mmol) and p-toluenesulfonyl

chloride (1.05 g, 5.5 mmol) in CH2C12 (15 mL) at 0 °C was treated dropwise with

Et3N (0.76 mL, 5.5 mmol). After 2h, it was warmed to room temperature and stirred

for 6 h more. The reaction mixture was washed with water (3 x 20 mL), the organic

layer dried (Na2SO4), and the crude oily product obtained upon solvent removal was

purified by flash column chromatography (30 g SiO2, CH2C12 solvent) to give 1.60 g

(93%) of sulfonamide 76 as an oil: TLC (hexane -EtOAc 8:2, on silica gel, UV

detection) Rf 0.18; IR (neat) 3285, 3037, 2950, 1600 cm-1; 1H NMR (CDC13, 400

MHz) S 7.70-7.30 (m, 4H), 5.20 (br t, 1H), 3.61 (t, 2H, J=5.6 Hz), 3.05 (dt, 2H,

J=6.2 Hz), 2.39 (s, 3H), 1.62 (tt, 2H, J=6.1 Hz), 0.88 (s, 9H), 0.03 (s, 6H); 13C

NMR (CDC13, 100.6 MHz) 8 143.18, 137.13, 129.63, 127.15, 62.17, 42.13, 31.25,

25.86, 21.49, 18.13, -5.51; FABMS: m/z (relative intensity) 344 (M+H+, 13.1) 328

(9), 286 (63), 147 (88), 73 (100); HRMS: Exact mass calcd for C12H2oNO3SSi (M-

57): 286.0933. Found: 286.0935.

N13(S)4(t-Butyldimethylsilyl)oxyl-[3-2H]propyl]-p-toluenesulfon-
amide, 76a

The above mentioned procedure was followed to convert the deuteriated amine

74a (240 mg, 1.26 mmol) into 0.364 g (84%) of sulfonamide 76a: 1H NMR (CDC13,

400 MHz) 8 7.54-7.29 (m, 4H), 5.20 (br t, 1H), 3.63 (t, 1H, 1=5.4 Hz), 3.08 (dt,

2H, J=6.1 Hz), 2.43 (s, 3H), 1.65 (dt, 2H, 1=5.8 Hz), 0.87 (s, 9H), 0.03 (s, 6H).

1[( t-butyldimethylsilyl)oxy]heptane, 79

To a stirred solution of the sulfonamide 76 (171 mg, 0.5 mmol) in glacial acetic

acid (0.51 mL) and acetic anhydride (2.5 mL) at 0 °C was added finely powdered
NaNO2 (0.77 g, 11.1 mmol) over a period of 4 h, and the stirring continued at 0 °C for
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12 h more. The reaction mixture was poured into cold H2O (15 mL), stirred for 15

min, extracted into ether, washed successively with H2O, 5% NaHCO3, H2O and

saturated NaCl, dried over Na2SO4 and concentrated in vacuo to give 0.178 g (96%)

crude nitrosotosylate 77, as a yellowish oil: TLC (hexane -EtOAc 7:3, on silica gel,

UV detection) Rf 0.7; IR (neat) 3044, 2950, 2850, 1600 crn4; 1H NMR (CDC13, 400

MHz) 8 7.89-7.35 (m, 4H), 3.77 (t, 2H, J=7.2 Hz), 3.50 (t, 2H, J=6.1 Hz), 2.45 (s,

3H), 1.60 (tt, 2H, J=6.5 Hz), 0.89 (s, 9H), 0.03 (s, 6H).

The nitrosotosylate 77 and anhydrous Na2CO3 (55 mg, 0.52 mmol) were

heated at reflux in CC14 (15 mL) under an N2 atmosphere for 20 h. Solid Na2CO3 was

removed by filtration and the filtrate was concentrated in vacuo to give 130 mg (79%

crude yield) of tosylate 78 as an oil: TLC (CHC13 on silica gel, UV detection) Rf 0.50;

IR (neat) 3038, 2950, 1600, 1490 cm-1; 1H NMR (CDC13, 400 MHz) 8 7.80-7.30 (m,

4H), 4.15 (t, 2H, J=6.5 Hz), 3.65 (t, 2H, J=5.7 Hz), 2.48 (s, 3H), 1.87 (tt, 2H,

J=5.9 Hz), 0.88 (s, 9H), 0.03 (s, 6H).

To the crude tosylate 78, dried under vacuum and taken up in anhydrous ether

(5 mL) at -78 °C, was added dropwise lithium di-n-butylcuprate (2.7 mmol) [prepared

from BuLi (3.5 mL of a 1.55 M solution, 5.42 mmol) and Cul (517 mg, 2.71 mmol) at

-78 °C in ether].136 After 6 h, the reaction mixture was worked up in the standard

way136 and purified by Kugelrohr distillation (70 °C/10 mm Hg) to give 40 mg (35%

overall yield from sulfonamide 76) of pure silyl ether 79: TLC (hexane, on silica gel,

detection with 0.5% vanillin and 1.5% concentrated H2SO4 in Me0H) Rf 0.31; IR

(neat) 2960, 2856, 1450 cm-1; 1H NMR (CDC13, 400 MHz) 33.55 (t, 2H, J=6.5 Hz),

1.46 (m, 2H), 1.23 (m, 8H), 0.84 (m, 12H), 0.03 (s, 6H); 13C NMR (CDC13, 100.6

MHz) 8 63.36, 32.93, 31.89. 29.13, 26.00, 25.80, 25.66, 22.63, 14.07, -5.23;

EIMS: m/z (relative intensity) 230 (M+, 2.6), 173 (100), 132 (20), 75 (48); HRMS:

Exact mass calcd for C9H21OSi (M-57): 173.1361. Found: 173.1361.
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1( S)-[( t- Butyldimethylsilyl )oxy]- [1- 2H]heptane, 79a

Via the procedure described above, the deuteriated sulfonamide 76a (195 mg,

0.57 mmol) was converted into 210 mg (99% crude yield) of nitrososulfonamide 77a

and then rearranged to give 164 mg (83% crude yield) of tosylate 78a. This was

treated with Bu2CuLi (3.1 mmol) and 95 mg (70% overall from 76a) of silyl ether 79a

was obtained after purification: 1H NMR (CDC13, 400 MHz) 8 3.65 (t, 1H, J=6.5

Hz), 1.55 (m, 2H), 1.26 (m, 8H), 0.89 (m, 12H), 0.03 (s, 6H).

1-Heptanol, 80

The heptyl silyl ether 79 (115 mg, 0.5 mmol) in THE (5 mL) at room

temperature was stirred with tetrabutylammonium fluoride (1 mL, 1.0 M solution) for

24 h. The residue obtained on solvent removal was taken up in CH2C12 (10 mL),

washed with water (2 x 10 mL) and concentrated in vacuo. The resulting oily material

was Kugelrohr distilled (60-65 °C/10 mm Hg) and 58 mg (100%) of 1-heptanol, 80,

was obtained, which was identical to authentic heptanol: TLC (hexane -EtOAc 4:1 on

silica gel, detection with 0.5% vanillin and 1.5% concentrated H2SO4 in methanol) Rf

0.54; IR (neat) 3340, 2860, 1370, 1055 cm-1; 1H NMR (CDC13, 400 MHz) 8 3.58 (t,

2H, J=6.7 Hz), 3.35 (br, 1H), 1.54 (tt, 2H, J=7 Hz), 1.30 (m, 8H), 0.88 (t, 3H,

J=7.2 Hz).

1 (S)11-211illeptanol, 80a

This compound was prepared using the procedure described above. Thus, the

deuteriated silyl ether 79a (90 mg, 0.39 mmol) was converted into 43 mg (94%) of

deuteriated heptanol 80a: 1H NMR identical to that of 80 except for 8 3.58 (t, 1H,

J=6.4 Hz), 1.54 (dt, 2H, J=6.7 Hz).



102

1-Heptyl-(-)-camphanate, 81

The following procedure is typical. A mixture of 1-heptanol (50 mg, 0.51

mmol) and (-)-camphanoyl chloride (120 mg, 0.56 mmol) taken up in CH2C12 (6 mL)

at -78 °C was treated dropwise with Et3N (80 p.L, 0.55 mmol) and stirred for 2 h, after

which it was allowed to warm to room temperature and stirred for another 10 h. The

reaction mixture was washed with water (2 x 10 mL), and the CH2C12 layer dried

(Na2S 04) and concentrated by rotary evaporation. Purification by flash column

chromatography (10 g SiO2, 1% EtOAc in hexane) yielded 70 mg (51%) of pure (-)-

camphanate 81: TLC (hexane -EtOAc 9:1 on silica gel, detected with 0.5% vanillin and

1.5% concentrated H2SO4 in Me0H) Rf 0.18; IR (neat) 2850, 1788, 1753, 1733, 1260

cm-1; 1H NMR (CDC13, 400 MHz) 8 4.20 (dt, 2H, J=6.6 Hz), 2.43 (m, 1H), 1.85-

2.08 (m, 2H), 1.67 (m, 3H), 1.32 (m, 8H), 1.12 (s, 3H), 1.06 (s, 3H), 0.97 (s, 3H),

0.88 (t, 3H, 3=6.5 Hz); 13C NMR (CDC13, 100.6 MHz) 8 178.16, 167.57, 91.21,

65.77, 54.80, 54.09, 31.68, 30.67, 29.02, 28.82, 28.61, 25.81, 22.55, 16.80,

14.02, 9.72, 1.02.

1(S)[1-211illeptyl-(-)-camphanate, 81a

This compound was prepared from deuteriated heptanol 80a (43 mg, 0.36

mmol) via the procedure described above, except a catalytic amount (10 mole %) 4-

(dimethylamino)pyridine was also used and 58 mg (54%) of pure camphanate 81a was

obtained: 1H NMR spectrum same as that of 81, except for 54.20 (t, 1H, J=6.7 Hz).

N- [3(R) -[( Acetoxy )- [3- 2H]propyl]phthalimide, 72b

The mesylate 48a (60 mg, 0.21 mmol) and tetra-n-butylammonium acetate (340

mg, 1.13 mmol) were stirred for 15 h in dry acetone (5 mL) at room temperature.

Acetone was removed in vacuo and the residue was taken up in CH2C12 (10 mL),

washed with water (2 x 10 mL) and dried over Na2SO4. Solvent removal by rotary
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evaporation and purification of the residue by flash column chromatography (8 g Si02,

20% EtOAc in hexane) gave 53 mg (100%) of pure crystalline acetate 72b: TLC

(hexane -EtOAc 4:1 on silica gel, UV detection) Rf 0.17; mp 62 °C (lit.158 63-65 °C); IR

(CHC13) 3066, 2950, 1768, 1720, 1037 cm-1; 1H NMR (CDC13, 400 MHz) 8 7.70-

7.90 (m, 4H), 4.12 (t, 1H, J=6 Hz), 3.80 (t, 2H, J=6.7 Hz), 1.90-2.10 (m, 5H).

N,O-Biscamphanic Derivative of 3-Aminopropanol, 82

3-Aminopropanol, 75 (38 p.L, 0.5 mmol) with (-)-camphanoyl chloride (238

mg, 1.1 mmol) and 10 mole % 4- (dimethylamino)pyridine in CH2C12 (4 mL) at -78 °C

was treated dropwise with Et3N (153 pL, 1.1 mmol) and stirred for 2 h. The mixture

was warmed to room temperature, stirred for 15 h more and worked up by washing

with water (2 x 10 mL) and drying over Na2SO4. The residue obtained on solvent

removal was recrystallized from hexane-EtOAc to yield 200 mg (92%) of white

crystalline compound 82: TLC (hexane -EtOAc 1:2 on silica gel, detected with 0.5%

vanillin and 1.5% concentrated H2SO4 in Me0H) Rf 0.58; mp 134 °C; IR (CHC13)

3430, 2970, 1787, 1745, 1735, 1672 cm-1; 1H NMR (CDC13, 400 MHz) 8 6.60 (br t,

1H), 4.28 (t, 2H, J=6.2 Hz), 3.44 (m, 2H), 2.50 (m, 2H), 1.70-2.10 (m, 8H), 1.07-

1.12 (m, 12H), 0.98 (s, 3H), 0.91 (s, 3H); 13C NMR (CDC13, 100.6 MHz) 45 178.1,

178.02, 167.52, 167.24, 92.46, 91.04, 62.85, 55.27 54.78, 54.17, 53.85, 35.83,

30.74, 29.07, 28.92, 28.73, 16.78, 16.76, 16.75, 16.54, 9.75, 9.74; HRMS: Exact

mass calcd for C23H33N07: 435.2247. Found: 435.2249.

N,O-Biscamphanic Derivative of 1(S)-3-amino-R-21-11propanol, 82a

This compound was prepared via the above procedure, using [1S-21-1]-

aminopropanol, 75a. Compound 75a was obtained from phthalimidopropanol 45a
(300 mg, 1.45 mmol) by reaction with methanolic hydrazine hydrate (30 mL of 0.2 M
solution). Removal of excess of N2H4 followed by Kugelrohr distillation of the
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residue (80 °C/10 mm Hg) gave 100 mg (90%) of 75a: 1H NMR (D20, 400 MHz), S

3.47 (m, 1H), 2.53 (t, 2H, J=7 Hz), 1.53 (dt, 2H, J=7 Hz).

Reacting 75a (18.6 mg, 0.25 mmol) with (-)-camphanoyl chloride (125 mg,

0.57 mmol) as described earlier gave 95 mg (87%) of deuteriated biscamphanic

derivative 82a: 1H NMR spectrum same as that of 82, except the peak at 8 4.28 was

resolved into 8 4.26 (t, 1H, J=6 Hz) and 4.13 (m, <0.111).

Shift Reagent Study

The following procedure is typical. A known quantity of the unlabeled (-)-

camphanate to be studied was used to prepare the NMR sample in CDC13 (450 .tL with

1% TMS, dried over molecular sieves) and placed in a 5 mm NMR tube. A known

quantity of freshly sublimed appropriate shift reagent (usually equimolar quantity) was

placed in a 2 mL vial and dissolved in CDC13 (400 gL). The 1H NMR spectrum of the

sample was recorded first without adding any shift reagent and again after each addition

of an aliquot of the shift reagent. The mole % of the shift reagent at which the best

resolution resulted was noted and used for the study of the deuteriated samples. The

results are summarized in Table 4.

Table 4. Data of the Shift Reagent Study

Compound Amount used

mg (.tmol)
Shift reagent

(mole % for best resolution)
A ppm of the

resolved peaks

69a 20 mg (52 gmol) Eu(fod)3 (80 mole %) 0.16

69b 19 mg (49 gmol) Eu(fod)3 (75 mole %) 0.17

72b 12 mg (48 gmol) Eu(hfc)3 (30 mole %) 0.20

81a 9 mg (30 gmol) Eu(dpm)3 (80 mole %) 0.15

82a 10 mg (23 gmol) Eu(fod)3 (40 mole %) 0.37
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Biosynthetic Studies

General

Streptomyces griseochromogenes ATCC 21024 used in the present studies was

that used by Woo.16 Soybean flour was purchased from Fred Meyer Stores Inc.,

Corvallis, and dried brewers yeast was purchased from the First Alternative Co-op

Store, Corvallis. Bacto agar and yeast extract were purchased from Difco Laboratories

(Detroit, MI). Beef extract, polypeptone, brain heart infusion agar, brain heart infusion

broth and trypticase soy broth were purchased from Baltimore Biological Laboratories

(Cockeysville, MD). Wheat embryo was a gift from Kaken Chemical Company (Japan)

and malt extract was purchased from Sigma Chemical Company (St. Louis, MO).

Baffled flasks used for fermentation were purchased from Be 11co Glass Inc.

(Vineland, NJ). Sterilization of the culture media was performed in an AMSCO general

purpose steam powered sterilizer operating at 121 °C. Fermentations were carried out

in a Lab-Line model 3595 gyrotatory incubator shaker at 28-29 °C and 225-250 RPM.

Incubations for bioassays and slant preparations were done in VWR model 1520

incubators. All sterile transfers were done in a Edge GARDTM hood manufactured by

The Baker Company, Inc. (Sanford, ME). Centrifugations were carried out on an IEC

model B-20A centrifuge and cell disruptions were accomplished using a Heat Systems -

Ultrasonics, Inc., model W-225R cell disrupter (Farmingdale, NY). The paper disks

used for bioassay (# 740-E) were purchased from Scheicher and Schuell (Keene, NH).

Paper electrophoresis was carried out using a Camag high voltage electrophoresis

system (Camag, Inc., Wilmington, NC).

Radioactive isotopes used for feeding were purchased from Research Products

International Corporation (Mount Prospect, IL) or New England Nuclear (Boston,

MA). Radioactivity measurements were carried out using a Beckman model LS 7800

liquid scintillation counter with automatic quench correction through external

standardization to yield disintegrations per minute (dpm). The samples were dissolved
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in 10 mL of Beckman Redi- So1veTM MP scintillation cocktail in glass or plastic vials.

Microgram samples were weighed on a Cahn model 29 Automatic Electrobalance. 2H

NMR Samples of the biosynthetic products were prepared in deuterium depleted water

obtained from Aldrich or from Cambridge Isotopes (2H content = natural abundance x

10-2) with 25 1.LL t-BuOH as an internal reference for chemical shift (3 1.27) and

quantification by integration (0.38 p.mol 2H in the methyl groups). The 2H NMR

spectra were recorded at 61.4 MHz on a Bruker AM 400 spectrometer. They were

proton decoupled and run unlocked.

Bioassay

Preparation of Endospore Suspension of Bacillus circulans

The endospores of B. circulars were prepared with the help of Peter Yorgey.

The procedure provided by Shirley Gerpheride (Upjohn Company, Kalamazoo, MI)

for the preparation of B. subtilis spores (used in acivicin studies) was adopted. All

these operations were carried out under sterile conditions.

B. circulans (obtained from the Department of Microbiology, Oregon State

University) maintained on Nutrient Agar (Difco) at 4 °C was used for the preparation of

endospores. It was streaked on a BHI agar plate (containing 20 mL of sterile 5.2%

brain heart infusion agar dehydrated media in dd H2O), using a sterile inoculating loop

and incubated upside down at 37 °C for 24 h. Seven isolated colonies were scraped off

the agar using the inoculating loop and placed in 10 mL sterile BHI broth (consisting of
3.7% brain heart infusion broth dehydrated media in dd H2O), vortexed to get a

homogeneous solution and 3.1 mL of this each was pipetted into two Roux bottles,

each containing 250 mL sporulating agar [prepared from 3% trypticase soy broth

(BBL), 1% MnC12.4H20 and 1.5% bacto agar (Difco) in dd H2O], spread evenly on

the surface and incubated at 32 °C. After 6 days, when the growth was found to be

good, the incubation was shifted to 37 °C (to induce sporulation) and incubated for 7
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days at which time the sporulation was found to be optimum (microscopic examination

of the spores by staining with crystal violet; endospores are resistant to staining). The

spores were harvested as follows. Sterile 0.9% saline (25 mL) was placed into each

Roux bottle and the spores were carefully scraped off the surface using a sterile

inoculating loop and poured into sterile 50 mL centrifuge tubes. The agar surface was

rinsed with additional saline solution (2 x 15 mL) and the combined spore suspensions

centrifuged at 10,000 x g. The pellets were resuspended in saline solution (a total of 40

mL), vortexed and centrifuged again. The resulting pellets were diluted to 36 mL with

sterile saline, vortexed and 3 mL of this suspension was placed in each of 12 sterile

screw cap slant tubes. They were pasteurized at 70 °C in a water bath for 30 min with

gentle agitation and stored at 4 °C for future use.

Preparation of Bioassay Plates

Sterile peptone agar [consisting of 0.5% Trypticase peptone (BBL) and 1.5%

Bacto agar in dd H2O at pH 9] equilibrated at 50 °C in a water bath was inoculated with

0.2% v/v of the stock spore suspension of B. circulans. To minimize the error during

the transfer, 1 mL of the stock spore was initially diluted to 3 mL using sterile saline

and 0.6 mL of this suspension was used per 100 mL of peptone agar. Ten milliliter of

the resulting agar were dispensed on each petri plate, allowed to solidify and used for

the bioassay. These plates could be stored for a maximum of one week at 4 °C, after

which the bioassay values were found to deviate from the standard.

The Bioassay

Paper bioassay disks or sterile stainless steel wells (up to 4 per plate) were

placed evenly on the agar plate prepared as above and 75 pL of the solution to be

assayed was placed on each disk or in each well and incubated at 37 °C for 16 h. The

diameter of the inhibition zone was measured and used to calculate the antibiotic
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equivalent from the standard curve. Generally the assay was done in duplicate and the

standard curve was re-established from time to time. In the case of fermentations using

the baffled flask, the broth was diluted 15 20 fold to get the inhibition zone into the

proper range.

Fermentation

Maintenance of S. griseochromogenes

Normally, S. griseochromogenes is maintained on yeast-malt extract agar slants

at 4 °C. However, the production of blasticidin S was found to decrease as the slant

aged (-18 months). Hence new slants were prepared from time to time, using the S.

griseochromogenes spores stored on agar plugs at -196 °C (liquid N2). This was

accomplished by transferring the agar plug (using sterile gloves) into 50 mL of YME

broth (consisting of 0.4% yeast extract, 1.0% malt extract and 0.4% dextrose in dd

H2O at pH 7.3) and incubating the broth in a shaker at 29 °C, 255 RPM for 48 h. A

portion of the resulting growth (0.1 mL) was used to inoculate each YME agar slant

(consisting of 0.4% yeast extract, 1.0% malt extract, 0.4% dextrose and 2% Bacto agar

in dd H2O at pH 7.3) which were then incubated at 29 °C. After 7 days, the slants

showed dense growth of spores and they were stored at 4 °C.

Production of Blasticidin S

Sterile Kaken seed medium (50 mL) taken in a 250 mL Erlenmeyer flask was

inoculated with S. griseochromogenes spores from a healthy slant (-1.5 cm2 of the

slant) using a sterile inoculating loop. It was incubated at 28 °C and 225 RPM in a

gyrotatory shaker for 48 h, at which time it showed dense growth. Using a sterile

pipette, 4 mL of this seed culture (2% v/v) was transferred to 200 mL of sterile Kaken

production medium prepared in a 1 L baffled flask and then incubated at 28 °C and 225

RPM in the incubator shaker. The production was found to be maximum at 120 h.
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Feeding Protocol

Labeled arginines were fed in two pulses, at 24 h and 36 h, respectively, after

inoculation of the production medium. Labeled glucoses were fed in a single pulse at

44 h after inoculation. All the fermentations were carried out using Bellco baffled flask

except the feeding of [U- 14C] -D- glucose and [1-21-1] -D-glucose, which were done in

Erlenmeyer flasks. Generally, the precursor to be fed was weighed out, mixed with the

appropriate radioactive labeled compound in a 10 mL volumetric flask and diluted to the

exact mark with dd H2O. Duplicate samples of 5011L each were taken for scintillation

counting and the remainder was used for the feeding. The precursor solution in a

syringe was slowly injected into the production medium at the appropriate time, in a

sterile manner by filtering through a Gelman membrane filter (Product No. 4192, pore

size 0.2 Ilm).

Purification of Blasticidin S

The production broth, harvested after 120 h of incubation, was centrifuged at

10,000 x g for 20 min to remove the solid materials. The pellets were washed with a

minimum amount of water and the washings were combined. The total volume of the

broth was noted and a sample of 1 mL was taken for bioassay and radioactivity

counting. Similarly, samples were taken after each stage of purification for the same

purpose.

The supernatant was carefully adjusted to pH 2.0 using 6N HC1 and allowed

to stand for 20 min. Precipitated colloidal materials were removed by centrifugation,

the supernatant neutralized to pH 7.0 using 4N NaOH and passed through an anion

exchange column (Bio-Rad AG2-X8, OH-, 50-100 mesh, 13 cm x 5 cm) and the

column washed with 250 mL water. The non-bound fractions and washings

containing blasticidin S were collected. The flow rate was rather high (6-8 mL/min)

and the non-bound fractions and washings were carefully neutralized using 6N HC1, as
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they were collected. These measures were taken to avoid decomposition of blasticidin

S in the highly basic eluant. The resulting solution, adjusted to pH 5.5, was next

loaded onto a cation exchange column (Bio-Rad 50W-X2, H±, 100-200 mesh, 23 cm x

3.5 cm), at a flow rate of 2.0 mL/min. The column was washed with 200 mL water

and then with 400 mL of 5% pyridine to remove impurities. Blasticidin S was eluted

off the column using 1.2% NH4OH and fractions of 10 mL size were collected. The

presence of blasticidin S was detected by UV light, ninhydrin spray and confirmed by

TLC (n-Bu0H-Me0H-NH3-H20 5:2:2:1 on silica gel, Rf 0.35). Usually, blasticidin S

started coming out after 600 mL of NH4OH elution. The earliest and latest fractions

showed a low concentration of blasticidin S and more impurities and hence they were

normally omitted. The center fractions were pooled, NH3 was removed by rotary

evaporation at ambient temperature, and the solution lyophilized. Fluffy material was

obtained and was taken up in 10 mL H2O, adjusted to pH 6.8 using 1N HC1, and

lyophilized again. On recrystallization of the resulting solid from CO2-free water-

Me0H, pure blasticidin S was obtained. Radioactive samples were repeatedly

recrystallized until constant specific activity was obtained. Samples for radioactivity

counting as well as for 2H NMR spectroscopic analysis were dried under vacuum for

24 h in an Abderhalden dryer.

Calculations in Feeding Experiments

Various calculations were performed to determine the % incorporation, %

enrichment, dilution and specific activity based on the amount of precursor fed,

bioassay and radioactivity data. The formulae used for these calculations are given

below.

Specific activity fed =

dpm of the precursor fed

mmol of precursor fed



Specific activity isolated

Dilution

% Incorporation

% Enrichment =

2H Expected (gmol)
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dpm of isolated blasticidin S

mmol of isolated blasticidin S (from initial bioassay)

specific activity fed

specific activity isolated

mmol of blasticidin S isolated

mmol of precursor fed

100

dilution

enrichment*

100

*: based on radioactivity

100

x

dilution

x gmol of blasticidin S used for 2H NMR

Feedings

DL- [3 -13C, 2- 15N]Arginine, 38a

Blasticidin S la was obtained from

fermentation are given below.

Fermentation size:

Amount of 38a fed:

Total activity of DL-[1-14C]arginine fed:

Feeding mode/time:

feeding 38a and the details of the

2 x 200 mL

37 mg, 0.17 mmol

36.22 x 106 dpm

two pulses/24 h and

36 h after inoculation



Specific activity fed:

Total la produced:

Total activity isolated:

Specific activity isolated:

Pure la obtained after recrystallization:

213 x 106 dpm/mmol

412 mg, 0.975 mmol

10.9 x 106 dpm

11.2 x 106 dpm/mmol

77 mg, 0.17 mmol

Details of the radioactivity data obtained during the purification are given in Table 5.

Table 5. Radioactivity Data of 38a Feeding

Source Bioassay Total activity % Of total fed

Centrifugate 412 mg 17.3 x 106 dpm 47.8

After OH- column 330 mg 15.2 x 106 dpm 44.2

After H+ column 187 mg 7.86 x 106 dpm 21

112

Dilution value

% Incorporation

% Enrichment

19.06

30.16 (based on both D- and L-isomers)

5.2

The 13C NMR spectrum of la was acquired using 15 mg of the sample. The

pD of the sample was adjusted to 8.65 using Na0D/D20 to separate the resonances of

C-13 and C-15. The spectrum (Figure 22) showed a 3.8% enrichment for C-13 (5

46.5 ppm) over natural abundance as well as a spin coupled doublet (Jc_N = 3.2 Hz)

burried under the natural abundance peak, which was clearly revealed when the

subtraction of the 13C NMR spectrum of la from that of authentic 1 (acquired under

identical conditions) was carried out.



DL- [2- 2H]Arginine, 38c

Blasticidin S lc was obtained from feeding 38c.

are given below.

Fermentation size:

Amount of 38c fed:

Total activity of DL- [1- 14C]arginine fed:

Feeding mode/time:

Specific activity fed:

Total lc produced:

Total activity isolated:

Specific activity isolated:

Pure lc obtained after recrystallization:
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Details of the fermentation

2 x 200 mL

200 mg, 0.95 mmol

30.2 x 106 dpm

two pulses/24 h and

36 h after inoculation

31.79 x 106 dpm/mmol

478 mg, 1.13 mmol

8.13 x 106 dpm

7.2 x 106 dpm/mmol

80 mg, 0.175 mmol

Details of the radioactivity data obtained during the purification are given in Table 6a.

Table 6a. Radioactivity Data of 38c Feeding

Source Bioassay Total activity % Of total fed

Centrifugate 478 mg 12.8 x 106 dpm 42.4

After OH' column 337 mg 9.5 x 106 dpm 31.6

After H+ column 176 mg 3.7 x 106 dpm 12.4

Dilution value = 4.4

% Incorporation = 27.0 (based on both D- and L-isomers)

% Enrichment = 22.72

Amount of lc used for 2H NMR = 36 mg, 78.4 innol

2H expected = 17.72 gmol

The 2H NMR spectral data of lc obtained at 298 °K (Figure 23) are given in Table 6b.
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Table 6b. 2H NMR Data of lc

8 (ppm) Assignment Integration (µmol of 2H)

1.27

2.8

4.89

t-BuOH

H-12

HOD

0.38

7.45

By comparing the amount of 2H observed in the 2H NMR spectrum of lc to that

expected in lc, it was calculated that only 42% of 2H was retained in lc.

DL-[3,3-2H2]Arginine, 38d

Blasticidin S ld was obtained from feeding 38d.

data are given below.

Fermentation size:

Amount of 38d fed:

Total activity of DL-[1-14C]arginine fed:

Feeding mode/time:

Specific activity fed:

Total ld produced:

Total activity isolated:

Specific activity isolated:

Pure ld obtained after recrystallization:

The fermentation and feeding

2 x 200 mL

96 mg, 0.46 mmol

23.9 x 106 dpm

two pulses/24 h and

36 h after inoculation

51.74 x 106 dpm/mmol

468 mg, 1.11 mmol

7.14 x 106 dpm

6.43 x 106 dpm/mmol

70 mg, 0.15 mmol

Details of the radioactivity data obtained during the purification are given in Table 7a.
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Table 7a. Radioactivity Data of 38d Feeding

Source Bioassay Total activity % Of total fed

Centrifugate 468 mg 11.3 x 106 dpm 47.3

After 01-1- column 264 mg 8.7 x 106 dpm 36.3

After H+ column 170 mg 4.06 x 106 dpm 17

Dilution value = 8.03

% Incorporation = 30 (based on both D- and L-isomers)

% Enrichment = 12.45

Amount of id used for 2H NMR = 27 mg, 58.8 p,mol

2H expected = 7.35 mol/position

The 2H NMR Spectral data of ld acquired at 298 °K (Figure 24) are given in Table 7b.

Table 7b. 2H NMR Data of ld

8 (ppm) Assignment Integration (pmol 2H)

1.27 t-BuOH

2.7 H-12

3.7 H-13

4.90 HOD

0.38

5.25

6.24

The distribution ratio of 2H between H-12 and H-13 was 45:55, roughly of equal value

indicating that there was almost a complete transfer of one of the deuteriums from C-3

of arginine to C-2.
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(2RS,3R)- [3- 2H]Arginine, 38e

Blasticidin S le was obtained from feeding 38e and the fermentation/ feeding

data are summarized below.

Fermentation size:

Amount of 38e fed:

Total activity of DL[1-14C]arginine fed:

Feeding mod e/time:

Specific activity fed:

Total le produced:

Total activity isolated:

Specific activity isolated:

Pure le obtained after recrystallization:

2 x 200 mL

90 mg, 0.42 mmol

5.24 x 106 dpm

two pulses/24 h and

36 h after inoculation

12.28 x 106 dpm/mmol

512 mg, 1.21 mmol

1.61 x 106 dpm

1.33 x 106 dpm/mmol

190 mg, 0.41 mmol

Details of the radioactivity data obtained during the purification are given in Table 8a.

Table 8a. Radioactivity Data of 38e Feeding

Source Bioassay Total activity % Of total fed

Centrifugate 512 mg 2.45 x 106 dpm 46.7

After OH- column 448 mg 2.02 x 106 dpm 38.5

After H+ column 225 mg 1.17 x 106 dpm 22.4

Dilution value = 9.12

% Incorporation = 30.8 (based on both D- and L-isomers)

% Enrichment = 10.96

Amount of le used for 2H NMR = 30 mg, 65.31=01

2H expected = 7.151=01
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The 2H NMR spectrum of le was acquired at 310 °K (Figure 25) and the data is given

below (Table 8b).

Table 8b. 2H NMR Data of le

8 (ppm) Assignment Integration (1=01 of 2H)

1.27 t-BuOH 0.38

2.68 H-12 2.49

3.68 H-13 1.43

4.72 HOD

Most of the deuterium was found to be present at H-12 of le which had been the C-2

of C-2 ofarginine. This indicated that pro-3-R deuterium had migrated from C-3 to C-2

during the biosynthesis of le.

(2RS,3S)- [3- 2H]Arginine, 38f

Blasticidin S if was obtained from feeding 38f and the fermentation/ feeding

data are summarized below.

Fermentation size:

Amount of 38f fed:

Total activity of DL-[1-14C]arginine fed:

Feeding mode/time:

Specific activity fed:

Total if produced:

Total activity isolated:

Specific activity isolated:

2 x 200 mL

65 mg, 0.308 mmol

9.79 x 106 dpm

two pulses/24 h and

36 h after inoculation

31.78 x 106 dpm/mmol

500 mg, 1.18 mmol

3.09 x 106 dpm

2.61 x 106 dpm/mmol
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Pure if obtained after recrystallization: 180 mg, 0.39 mmol

Details of the radioactivity data obtained during the purification are given in Table 9a.

Table 9a. Radioactivity Data of 38f Feeding

Source Bioassay Total activity % Of total fed

Centrifugate 500 mg 4.66 x 106 dpm 47.6

After OH- column 476 mg 3.92 x 106 dpm 40.0

After H+ column 280 mg 2.79 x 106 dpm 28.5

Dilution value = 12.22

% Incorporation = 31.6 (based on both D- and L-isomers)

% Enrichment = 8.2

Amount of if used for 2H NMR = 30 mg, 65.3 p.mol

2H Expected = 7.15 .tmol

The 2H NMR spectrum of if was acquired at 310 °K (Figure 26) and the data are given

below (Table 9b).

Table 9b. 2H NMR Data of if

S (ppm) Assignment Integration (pmol of 2H)

1.27 t-BuOH 0.38

2.70 H-12 0.65

3.67 H-13 3.70

4.71 HOD

Most of the 2H was present at H-13, which had been the C-3 of arginine, indicating

that the pro-3S -deuterium had not migrated during the biosynthesis of blasticidin S.
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5- N- [13C]Methyl -L- Arginine, 50a

Blasticidin S lg was obtained from feeding 50a and the fermentation/ feeding

data are given below.

Fermentation size:

Amount of 50a fed:

Total activity of [guanidino-14C]-L-arginine fed:

Feeding mode/time:

Total lg produced:

Specific activity isolated:

1 x 200 mL

50 mg, 0.22 mmol

2.5 x 106 dpm

two pulses/24 h and

36 h after inoculation

486 mg, 1.15 mmol

0.99 x 106 dpm/mmol

Details of the radioactivity data obtained during the purification are given in Table 10.

Table 10. Radioactivity Data of 50a Feeding

Source Bioassay Total activity % Of total fed

Centrifugate 486 mg 1.45 x 106 dpm 58

After OH' column 251 mg 1.18 x 106 dpm 47

After H+ column 172 mg 1.32 x 106 dpm 53

% Incorporation of [guanidino-14Q-L-arginine = 42

The 13C NMR spectrum of lg was acquired using 36 mg of the sample.

However, the peak at 8 37.8 (N-CH3 group, C-16) did not show any enrichment,

indicating that 50a was not incorporated.

DL-[2,2-2H2]-P-Arginine, 23a

Blasticidin S lh was obtained from feeding 23a and the fermentation/ feeding

data are given below.

Fermentation size: 1 x 200 mL
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Amount of 23a fed: 50 mg, 0.24 mmol

Feeding mode/time: two pulses/24 h and

36 h after inoculation

Specific amount of 2H fed: 1800 gmol 2H/mmol

of 23a.

Total lh produced: 320 mg, 0.76 mmol

Pure lh obtained after recrystallization: 137 mg, 0.3 mmol

Amount of lh used for 2H NMR 39 mg, 84.96 mmol

The 2H NMR spectrum was acquired at 298 °K (Figure 27) and the data are given in

Table 11.

Table 11. 2H NMR Data of lh

8 (ppm) Assignment Integration (pmol of 211)

1.27 t-BuOH 0.38

2.71 H-12 11.44

4.86 HOD

Specific amount of 2H in isolated lh 134.65 ginolimmol

Dilution value 13.37

% Enrichment 6.73

From these values, a 24% incorporation of 23a was calculated, based on both

D- and L-isomers. Assuming that only the L-isomer is the precursor to blasticidin S,

this amounts to a 48% incorporation.

DL- [2,2- 2H2]Ornithine, 55a

Blasticidin S li was obtained from feeding 55a and the fermentation/feeding

data are given below:



Fermentation size:

Amount of 55a fed:

Feeding mode/time:

Specific amount of 2H fed:

Total li produced:

Pure li obtained after recrystallization:

Amount of li used for 2H NMR:
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1 x 200 mL

50 mg, 0.293 mmol

two pulses/24 h and

36 h after inoculation

1800 p,mol/mmol of 55a

184 mg, 0.43 mmol

90 mg, 0.2 mmol

21 mg, 45.71.tmol

The 2H NMR spectrum of li was acquired at 320 °K and the data are given in Table

12.

Table 12. 2H NMR Data of li

8 (PPIT1)

1.27

2.69

4.55

Assignment Integration (limo' of H)

t-BuOH

H-12

HOD

0.38

1.47

Specific amount of 2H in isolated li

Dilution value

% Enrichment

32.79 gmol/mmol

54.89

1.82

These values corresponded to a 2.7% incorporation of 55a (based on both D-

and L-isomers). The TLC of the sample was checked to make sure that the peak

observed was not due to any residual omithine 55a that could have co-eluted with li.

R 14C}-D-Glucose Feeding

Blasticidin S lj was obtained form the feeding of [U- 14C] -D- glucose. The

fermentation/feeding data are given below.
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Fermentation size: 2 x 250 mL

Total activity of [U-14C1-D-glucose fed: 34.1 x 106 dpm

Feeding mode/time: single pulse at 44 h

after inoculation

Total lj produced: 306 mg, 0.72 mmol

The radioactivity data obtained during the purification are given in Table 13.

Table 13. Radioactivity Data of [U- 14C] -D- Glucose Feeding

Source Bioassay Total activity % Of total fed

Centrifugate 306 mg 4.62 x 106 dpm 13.5

After OH- column 160 mg 1.02 x 106 dpm 2.99

After HI" column 132 mg 0.39 x 106 dpm 1.14

Blasticidin S lj was recrystallized from CO2-free H2O : Me0H to a constant

specific activity and the values are given below.

dpm/mg after 1st recrystallization 1536

dpm/mg after 2nd recrystallization 1630

dpm/mg after 3rd recrystallization 1634

dpm/mg after 4th recrystallization 1627

dpm/mg after 5th recrystallization 1656

Average dpm/mg of lj 1637

(mean of 2nd - 5th recrystallizations)

Total activity isolated 0.54 x 106 dpm

Specific activity isolated 0.75 x 106 dpm/mmol

% Incorporation 1.58
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[1- 2H] -D- Glucose, 20b

Blasticidin S lk was obtained from feeding 20b. The feeding/ fermentation

data are given below.

Fermentation size: 2 x 250 mL

Amount of 20b fed: 90.5 mg, 0.5 mmol

Total activity of [U-14C1-D-glucose fed: 39.7 x 106 dpm

Feeding mode/time: Single pulse at 44 h

after inoculation

Specific activity fed: 7.9 x 107 dpm/mmol

Total lk produced: 74 mg, 0.17 mmol

Total activity isolated: 1.31 x 106 dpm

Specific activity isolated: 1.77 x 106 dpm/mmol

Pure lk obtained after recrystallization: 11 mg, 24 gmol

The total production of lk was low for unknown reasons. Details of the radioactivity

data obtained during the purification are given in Table 14a.

Table 14a. Radioactivity Data of 20b Feeding

Source Bioassay Total activity % Of total fed

Centrifugate 74.0 mg 3.6 x 106 dpm 9.1

After OH- column 31.4 mg 1.02 x 106 dpm 2.6

After H+ column 16.3 mg 0.22 x 106 dpm 0.5

Dilution value = 44.6

% Incorporation = 0.76

% Enrichment = 2.24

Amount of lk used for 2H NMR = 10 mg, 21.8 Rtnol

2H expected = 0.49 ilmol
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Initially, when the 2H NMR spectrum of 1k was acquired at 298 °K, only t-BuOH and

HOD peaks were visible. However, when it was acquired at 333 °K (Figure 29), peaks

due to 2H incorporated into blasticidin S showed up. The data are given in Table 14b.

Table 14b. 2H NMR Data of 1k

S (ppm) Assignment Integration (.tmol of 2H)

1.27 t-BuOH 0.38

4.39 HOD

6.48 H-5 0.41

Thus >85% of the 2H fed was found to be exclusively incorporated at H-5 of

blasticidin S.

[2,3,4,6,6-2H51-D-Glucose, 20a

Blasticidin S 11 was obtained from the feeding of 20a and the feeding/

fermentation data are summarized below.

Fermentation size: 2 x 250 mL

Amount of 20a fed: 275 mg, 1.48 mmol

Total activity of [U-14q-D-glucose fed: 22.88 x 106 dpm

Feeding mode/time: single pulse at 44 h

after inoculation

Specific activity fed: 15.4 x 106 dpm/mmol

Total 11 produced: 370 mg, 0.87 mmol

Total activity isolated: 0.24 x 106 dpm

Specific activity isolated: 0.28 x 106 dpm/mmol

Pure 11 obtained after recrystallization: 88 mg, 0.19 mmol
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The radioactivity data obtained during the purification are given in Table 15a.

Table 15a, Radioactivity Data of 20a Feeding

Source Bioassay Total activity % Of total fed

Centrifugate 370 mg 1.95 x 106 dpm 8.5

After OH- column 256 mg 0.8 x 106 dpm 3.47

After H+ column 200 mg 0.42 x 106 dpm 1.83

Dilution value = 55

% Incorporation = 1.07

% Enrichment = 1.82

Amount of 11 used for 2H NMR = 35 mg, 76.2 gmol

2H expected = 1.38 pmol/position

The 2H NMR spectral data of 11, acquired at 343 °K are given in Table 15b.

Table 15b. 2H NMR Data of 11

S (ppm) Assignment Integration (..trnol of 2H)

1.27 t-BuOH 0.38

2.08 H-14 0.22

2.70 H-12 0.116

3.06 H-16 0.345

4.32 HOD

5.92 11-7 0.44

6.11 H-6 0.307



126

Cell-Free Work on S. griseochromogenes

High Voltage Paper Electrophoresis of a- and J3- Arginines

To a high speed chromatograpy paper (200 mm x 400 mm, purchased from

Schleicher and Schuell Inc., Keene, NH, product # 2043-B) moistened with 0.3 M

formic acid, authentic samples of a- and P-arginines were applied as spots and the

electrophoresis was carried out for 15 min at 4500 V (45-50 mA) using 0.3 M formic

acid as buffer. The pherogram was dried in a stream of warm air, and the amino acids

were detected by spraying with 0.25% ethanolic ninhydrin followed by drying with a

heat gun. J3- Arginine moved faster (20.5 cm) towards the cathode than a-arginine

(14.5 cm). The spots corresponding to the amino acids were in purple color.

Electrophoresis of /3-arginine solutions of known concentrations, varying from 2 µg/mL

to 0.01 µg/mL revealed that the lowest detection limit of the technique was 0.5 pg of

P-arginine.

Preparaion of Cell-Free Extract of S. griseochromogenes

The procedure adopted to prepare the cell free extracts of S. griseochromogenes

was based on that used by used by Barker et al. in their isolation of lysine-2,3-

aminomutase from Clostridium SB4.60 Accordingly, a 1000 mL fermentation was

harvested 72 hours after inoculation and centrifuged at 11,000 x g . The pellets were

washed with 30 mM Tris buffer (pH 7.8) containing 1 mM dithiothreitol (DTT) and

centrifuged at 19,800 x g. The resulting pellets were resuspended in 400 mL of the

buffer and sonicated (maximum power, 50% duty cycle, 15 minutes) in 60 mL portions

with cooling in an ice bath. The resulting lysate was centrifuged at 19,800 x g and the

supernatant and pellets were tested for arginine-2,3-aminomutase activity. Initially,

double distilled water was used for the preparation of various buffer and reagent

solutions. Later this was changed to degassed water, prepared by boiling the double

distilled water for 3 hours and then cooling under an N2 atmosphere.
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Assay For Arginine-2,3-Aminomutase

The assay method was based on the procedure used by Aberhart for studies of

lysine-2,3-aminomutase.78 The reaction mixture consisted of the following reagent

solutions (prepared in buffer solution and adjusted to pH 7.8) in the amounts

mentioned, in addition to the enzyme.

L-Arginine hydrochloride (5 mg/mL) = 2 mL

FeSO4.7H20 (5.9 µg/mL) = 200 ill.

Dithiothreitol (DTT) (4.1 mg/mL) = 175

Pyridoxal phosphate (0.46 mg/mL) = 175 !IL

S-Adenosyl methionine (2.0 mg/mL) = 5001.th

These solutions were first placed in two 20 mL vials and then 2.0 mL of the

supernatant was added to one of them and 2.0 mL of the resuspended pellet mixture was

added to the other. They were each incubated at 35 °C. Samples (150 tL)were taken at

1, 2, 4 and 8 hours for analysis by high voltage paper electrophoresis. Repeating the

experiment with variations such as addition of sodium hydrosulfite (Na2S2O4) solution

(250 25 µg/mL) and usage of coenzyme B12 instead of S-adenosylmethionine were

carried out as described above. A radioactive assay was also carried out by using the

same recipe as above except [1-14C] -DL-arginine was used as the substrate for the

enzyme. After electrophoresis the spots corresponding to the Rf of ii-arginine were cut

and used for scintillation counting.

Purification of The Crude Extract

Further purification of the crude cell-free extract was carried out using 50 mL of

the supernatant. These operations were performed in a cold room at 4 °C. The

supernatant was stirred gently for 30 minutes while adding a 5% streptomycin sulfate

solution (50 mL) to precipitate the nucleic acids. The resulting turbid solution was

centrifuged at 19,800 x g and the supernatant was then treated with enzyme grade
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ammonium sulfate with gentle stirring. At 50% saturation, a precipitate was formed. It

was centrifuged at 19,800 x g and the resulting pellets were resuspended in 5 mL of 30

mM Tris chloride, 10 mM DTT, 0.1 mM pyridoxal phosphate buffer, pH 7.8 and

tested for the activity. /3- Arginine was not detectable in the reaction mixture.
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