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Abstract: N-SuccinyliL-diaminopimelate aminotransferase (DAP-AT) (EC 2.6.1.17), a key enzyme in the bacterial
pathway toL-lysine, was purified to near homogeneity (1500-fold) in five steps from wild gpeherichia coli

ATCC 9637. This pyridoxal phosphate (PLP) dependent enzyme has a molecular weight of 39.9 kDa, appears to
form an active homodimer, and useglutamate as the amino group donor for its substidtsuccinyla-amino-
e-ketopimelic acid {a) (Km = 0.18 + 0.04 mM, ket = 86 & 5 s71). Progress of the reaction is monitored by
spectrophotometric observation of decrease in NADPH concentration at 340 nm in a coupled enzyme assay with
L-glutamate dehydrogenase (EC 1.4.1.4). Stereochemically Jauveas synthesized as its trilithium salt by ene
reaction of methyl glyoxylate with methy-succinyl+-allylglycinate @a) followed by hydrogenation of the double

bond, Dess Martin oxidation of the alcohol, and careful lithium hydroxide hydrolysis. Similar approaches allowed
synthesis of a series of substrate analodiesg having differentN-acyl substituents, as well as derivatives missing

the carboxyl group or the amide functionali/3and17, respectively). Compounds lacking the keto functionality

(18a 18c and19) were also prepared. Assay of DAP-AT shows that the enzyme has quite strict requirements for
substrate recognition, but it will accept compounds with an aromatic ring in place of the terminal succinyl carboxyl
group inla(e.g.N-Cbz-a-amino<-ketopimelic acid {¢)). Reaction of substratds,c with hydrazine hydrate followed

by NaCNBH; reduction gives 2N-(succinylamino))- 208 and 2-(-Cbz-amino)-6-hydrazinoheptane-1,7-dioic acids
(200, respectively. These are the most potent slow-binding inhibitors of any DAP-metabolyzing enzyme reported
so far Ki* for DAP-AT: 20ais 22 + 4 nM; 20cis 54 + 9 nM).

Introduction high specificity of some enzymes for the structural features
inherent in the substrat&%,the ability of key enzymes to
transform certain inhibitors into normal metabolic intermediétes,
ineffective transport into cells, and the presence of alternative
routes tomesobAP.

L-Lysine is formed in bacteria via three main avenues from
L-tetrahydrodipicolinic acidu- THDP) (Figure 1) In E. coli,
and many other bacteria, succinylation i6fTHDP affords
N-succinyla-amino<-ketopimelic acid,® which after transami-
nation byN-succinyliL-DAP aminotransferase (EC 2.6.1.27),
gives N-succinyl+L-DAP. Desuccinylation yieldsL-DAP,°

The increased incidence of pathogenic bacteria which are
resistant to conventional antibiotics currently used in treatment
of infectious disease continues to stimulate interest in alternative
strategies to disrupt microbial cell wall synthesis and thereby
inhibit their growth! The biosynthesis of the peptidoglycan
layer in bacterial cells provides numerous targets for further
antibiotic developmerit. The key cross-linking amino acid in
this essential structural polymer can be variable but is usually
mesediaminopimelic acid fesobAP) in Gram negative
bacteria and its biosynthetic productlysine, in Gram positive
organisms. Since mammals lack the DAP biosynthetic pathway  (5) For leading references see: (a) Abbott, S. D.; Lane-Bell, P.; Sidhu,
and require_-lysine in their die€ there has been considerable K. P. S.; Vederas, J. CI. Am. Chem. Sod 994 116, 6513-6520. (b)

; ; T B Song, Y. H.; Niederer, D.; Lane-Bell, P.; Lam, L. K. P.; Crawley, S.; Palcic,
interest in s;pecmc inhibition of enzymes enroute to t_he_se M. M : Pickard, M. A.: Pruess. D. L; Vederas, J. £.Org. Chemn1994
metabolitest> Some of the major obstacles to antibiotic 59 5784-5793. (c) Williams, R. M.; Yuan, CJ. Org. Chem1992 57,
development emerging from these studies include unexpectedly6519-6527. (d) Bold, G.; Allmendinger, T.; Herold, P.; Moesch, L.; Scha
H.-P.; Duthaler, R. OHely. Chim. Actal992 75, 865-882. (e) Jurgens,
A. R. Tetrahedron Lett1992 33, 4727-4730. (f) Mengin-Lecreulx, D.;
Blanot, D.; Van Heijenoort, JJ. Bacteriol. 1994 176, 4321-4327. (g)
Williams, R. M.; Fegley, G. J.; Gallegos, R.; Schaefer, F.; Pruess, D. L.
Tetrahedron1996 52, 1149-1164.

(6) Gelb, M. H.; Lin, Y.; Pickard, M. A.; Song, Y.; Vederas, J. C., J
Am. Chem. Sod99Q 112, 4932-4942.

(7) For a summary of early work on the. coli L-lysine pathway see:
(a) Gilvarg, C.Meth. Enzymol1962 5, 848-850. (b) Kindler, S. HMeth.

® Abstract published imdvance ACS Abstractguly 15, 1996.

(1) Amébile-Cuevas, C. F.; QGdenas-Garcia, M.; Ludgar, MAm.
Scientist1995 83, 320-329.

(2) (a) Ward, J. B. InAntibiotic Inhibitors of Bacterial Cell Wall
Biosynthesis Tipper, D. J., Ed.; Pergamon Press: New York, 1987; pp
1-43. (b) Bugg, T. D. H.; Walsh, C. TNat. Prod. Rep1992 9, 199-
215. (c) Cooper, S.; Metzger, NEMS Microbiol. Lett.1988 36, 191—
194,

(3) (a) Patte, J.-C. IAmino Acids; Biosynthesis and Genetic Regulation
Herrmann, K. M., Somerville, R. L., Eds.; Addison-Wesley: Reading, MA,
1983; pp 213-228. Sagib, K. M.; Hay, S. M.; Rees, W. RBiochim.
Biophys. Actal994 1219 398-404. (b) For recent purification of a plant

Enzymol.1962 5, 851-853. (c) Peterkofsky, BMeth. Enzymol1962 5,
853-858. (d) Work, E.Meth. Enzymol1962 5, 858-864. (e) Work, E.
Meth. Enzymol1962 5, 864-870. (f) Berges, D. A.; DeWolf, W. E.; Dunn,
G. L.; Newman, S. J.; Schmidt, J.; Taggart, J.; Gilvarg]J(Biol. Chem.

enzyme (dihydrodipicolinate synthase) in the DAP pathway see: Dereppe, 1986 261, 6160-6167.

C.; Bold, G.; Ghisalba, O.; Ebert, E.; Stchél.-P.Plant Physiol.1992 98,

(8) Simms, S. A,; Voige, W. H.; Gilvarg, Cl. Biol. Chem1984 259

813-821. (c) For recent crystal structures of dihydrodipicolinate synthase 2734-2741.

from E. coli see: Mirwaldt, C.; Korndder, |.; Huber, R.J. Mol. Biol.

1995 246, 227-239. Scapin, G.; Blanchard, J. S.; Sacchettini, J. C.

Biochemistryl995 34, 3502-3512.
(4) For a review see: Cox, R. Blat. Prod. Rep1996 13, 29-43.
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(9) (a) Gilvarg, CJ. Biol. Chem1961, 236, 1429-1431. (b) Peterkofsky,
B.; Gilvarg, C.J. Biol. Chem1961 236, 1432-1438. (c) Literature values
for DAP-AT conversion of substrate: fota, K, = 0.50 mM; for
L-glutamate Ky, = 5.20 mM (Tris, pH 8.0, 30C).
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Figure 1. Biochemical routes ta-lysine in bacteria.

and epimerization then generatesseDAP .1t Certain bacteria
such adBBacillus megateriunandB. subtilisutilize N-acetylated
intermediates instead of the N-succinylated versiéngereas
others such adBacillus sphaericusreductively aminateL-
THDPA directly in a single NADPH dependent step catalyzed
by DAP dehydrogenase to generateseDAP directly® Dual
pathways are known to occur By macerans which uses both
the N-acetylated route and DAP dehydrogeridsad also in
Mycobacterium beis'®> and Corynebacterium glutamicuh§
both of which have the enzymes required for the N-succinylated
route as well as the DAP dehydrogenase.

Despite extensive study of the enzymes and genes involved

in DAP biosynthesis in bacteria and higher plaitd; detailed
examination ofN-succinyltL-DAP aminotransferase has not
been described since Gilvarg and co-workers achieved partial
purification in the 19608. One of the difficulties has been the
lack of an efficient chemical synthesis of pure substrate,
N-succinyla-amino<-ketopimelic acid 1a), and its analogues.

As part of our continuing effort to develop antimicrobial
inhibitors of the DAP pathwa$t® we now describe the
chemical synthesis of pure substrates, the purification of
N-succinyl+L-DAP aminotransferase (EC 2.6.1.17) (DAP-AT)

(10) (a) Kindler, S. H.; Gilvarg, CJ. Biol. Chem.196Q 235 3532-
3535. (b) Lin, Y.; Myhrman, R.; Schrag, M. L.; Gelb, M. B. Biol. Chem.
1988 263 1622-1627.

(11) Wiseman, J. S.; Nichols, J. 3. Biol. Chem.1984 259 8907
8914.

(12) (a) Sundharadas, G.; Gilvarg, L.Biol. Chem1967, 242, 3983~
3984. (b) Chen, N.-Y.; Jiang, S.-Q.; Klein, D. A.; Paulus JHBiol. Chem.
1993 268 9448-9465.

(13) (a) Misono, H.; Soda, KI. Biol. Chem198Q 255 10599-10605.

(b) Misono, H.; Soda, KAgric. Biol. Chem198Q 44, 227-229.

(14) Bartlett, A. T. M.; White, P. JJ. Gen. Microbiol. 1985 131, 2145~
2152.

(15) Cirillo, J. D.; Weisbrod, T. R.; Banerjee, A.; Bloom, B. R.; Jacobs,
W. R., Jr.J. Bacteriol.1994 176 4424-4429.

(16) Eggeling, L.Amino Acids1994 6, 261—272.

(17) Couper, L.; McKendrick, J. E.; Robins, D. J.; Chrystal, E. J. T.
Bioorg. Med. Chem. Letfl994 4, 2267-2272.
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Figure 2. Syntheses of DAP-AT substratds—g. See Table 1 for
yields.

to apparent homogeneity, and substrate specificity studies, as
well as the synthesis and testing of potent inhibitors of this
enzymel8

Results and Discussion

Synthesis of §)-N-Succinyl-a-amino-e-ketopimelic Acid
(1a) and Substrate Analogues.The intermolecular ene reac-
tion provides a convenient route to functionalizedami-
nopimelic acid derivatives by condensation of protected allylg-
lycines with methyl glyoxylaté® We initially sought to
synthesize the pure enantiomers § configuration) of both
N-succinyl andN-acetyl substratedab in order to compare
their activities with purifiedN-succinyl+L-DAP aminotrans-
ferase (DAP-AT). Racemill-acetyl allylglycine ) is readily
resolved with pork kidney acylase by the literature procedtre,
with modified purification using cation exchange chromatog-
raphy to generate-allylglycine (3) in >99% enantiomeric
excess and superior yield-00%) (Figure 2). Acylation with
either succinic or acetic anhydride in aqueous base, followed
by methyl ester formation with diazomethane, and ene reaction
of the resulting protected derivativéds,b with methyl glyoxy-
late (obtained by oxidation of dimethyl tartrate) under Lewis
acid conditions (FeG) at room temperature affords the ene
adductsba,b(1:1 mixture of diastereomers) (Table 1). Catalytic
hydrogenation proceeds smoothly to give the saturated hydroxy
esters6a,b. Although many standard oxidation methods (e.qg.
Swern?! H,CrOy/Si0,,22 ("PryRUQyYNMO,2 MnO4/CuSQ24)

(18) For an example of a substrate analog inhibitor of another ami-
notransferase as a useful drug see: CasarBetPahedron Lett1994 35,
3049-3050.

(19) Agouridas, K.; Girodeau, J. M.; Pineau, Retrahedron Lett1985
26, 3115-3118.

(20) Black, S.; Wright, N. GJ. Biol. Chem.1955 213 39-50.

(21) Mancuso, A. J.; Huang, S.-L.; Swern, D.Org. Chem1978 43,
2480-2482.

(22) Santaniello, E.; Ponti, F.; Manzocchi, 8ynthesi4 978 534-535.




Substrates and Inhibitors of DAP-AT

Table 1. lIsolated % Yields of Reaction Produtts
reacn, product
enereacn5 redn,6 acylation,6 oxidn,8 hydrolysis,1

a 47 91 79 99
b 46 95 70 92
c 65 99 (7)° 84 56 98
d 80 13 99
e 56 64 99
f 83 60 99
g 58 63 95

a See Figure 2 for structures and Experimental Section for procedures.
b Reduction removes Chz groupNot optimized.

proceed in unexpectedly low yield, a 2.5 fold excess of
the Dess-Martin periodinané readily affords the desired
a-keto estersBa,b. Careful hydrolysis with 1.0 equiv/ester
moiety of lithium hydroxide hydrate in 50/50 water/acetonitrile
quantitatively generates the pure lithium saltdafb as stable
compounds. Acidification ofa(e.g. pH 4) results in immediate
decomposition.

Slight modification of this procedure permits preparation of
a variety ofN-acyl derivativesdl.c—g. Ene reaction of the N-Cbz
analogue4c requires use of Snglinstead of FeG| and
hydrogenation of the adduBtin the presence of Boc anhydride
gives the Boc-protected compoufid in 80% yield. Alterna-
tively, hydrogenation of4c in ca. 10% CH{ in methanol

J. Am. Chem. Soc., Vol. 118, No. 32, 179%4d

1. NH,OAc HO,C CO,H
1a or 1c
2. NaCNBH3 NH, NHR
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NH, NH, NH, NH,
meso-DAP LL-DAP
L |
Ar-F
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HO,C coH  Ar= 1} NH
NHAr  NHAr OQNIINOZ

Figure 3. Stereochemical analysis dfa,c by formation of Marfey
derivatives for HPLC.

17. Direct acylation of racemio-aminopimelic acid provides
access td8ac, whereas hydrolysis dda gives 19.

without an acylating agent present produces the expected amino Assay, Purification, and Substrate Specificity of DAP

alcohol as its hydrochloride saltin quantitative yield. Selective
N-acylation using standard conditions in the presence of pyridine
followed by oxidation yields the amide8c—g, which are

Aminotransferase. The availability of the natural substrata
allows utilization of an efficient continuous assay for the
pyridoxal phosphate (PLP) dependent DAP-AT through cou-

transformed to the corresponding substrate analogues (as lithiunpling of the “forward” reaction with.-glutamate dehydrogenase

salts)1c—g as above.

To test the optical purity of these compounds, the lithium
salts of then-keto acidsla,c were reductively aminatéglusing
ammonium acetate and sodium cyanoborohydride in methanol
to produce N-protected DAP derivatives (Figure 3). Depro-
tection by hydrogenolysis or acid-catalyzed hydrolysis afforded

(EC 1.4.1.4) (Figure 5% The assay mixture contains the
substratela, PLP,L-glutamate as the amino group donor for
the transamination,-glutamate dehydrogenase, MH, and

NADPH. Thea-ketoglutarate formed in the DAP-AT reaction
is rapidly transformed back teglutamate by the dehydrogenase
with the concomitant consumption of 1 equiv of NADPH. The

mixtures of DAP stereoisomers which were converted to bis- progress of the reaction can be monitored by spectrophotometric
Marfey derivative¥’ and analyzed by reverse phase HPLC. observation of decrease in NADPH concentration at 340 nm.
Comparison of samples obtained frdra,c with those derived Purification of DAP-AT from wild typeE. coli requires five

from commercial DAP (statistical mixture of stereoisomers) chromatographic steps (Table 2). Precipitation methods are

shows the presence of only- andmeseDAP isomers in equal
amounts. The lack of a detectable levelBD-DAP indicates
that the optical purity at the 2-position 399% and that there

is no significant diastereoselectivity during the reductive ami-
nation.

In order to determine structural requirements for substrate
recognition by the aminotransferase (DAP-AT), analogues
missing the 2-carboxyl group (i.&3), the 2-amido group (i.e.
17), or the 6-keto group (i.€.8a 18¢ 19) were also synthesized
(Figure 4). Treatment of 3-butenylamine with succinic anhy-
dride followed by diazomethane generagesvhich is readily
transformed by the ene procedure with functional group
manipulation to13. Similarly, ene condensation of diethyl
2-allyl-1,7-heptanedioate with methyl glyoxylate followed by
hydrogenation in methanol affords a partially transesterified
mixture 15, which after oxidation and basic hydrolysis gives

(23) Griffith, W. P.; Ley, S. V.; Whitcombe, G. P.; White, A. D.Chem.
Soc., Chem. Commu987, 1625-1627.

(24) Menger, F. M.; Lee, CJ. Org. Chem1979 44, 3446-3448.
(25) (a) Dess, D. B.; Martin, J. @. Am. Chem. S0d991, 113 7277
7287. (b) Ireland, R. E.; Liu, LJ. Org. Chem1993 58, 2899. (c) Burkhart,

J. P.; Peet, N. P.; Bey, Hetrahedron Lett1988 29, 3433-3436.

(26) Williams, R. M.; Ehrlich, P. P.; Zhai, W.; Hendrix, J. Org. Chem.
1987 52, 2615-2617.

(27) (a) Marfey, P.Carlsberg Res. Commuri984 49, 591-596. (b)
Bruckner, H.; Keller-Hoehl, CChromatographial99Q 30, 621-629.

relatively ineffective for concentrating the enzyme, but dye
affinity chromatography in the “negative” mode to extract out
unwanted proteins followed by “positive” mode dye affinity to
bind the aminotransferase affords efficient partial purification.
Hydroxylapatite chromatography, gel filtration, and HPLC anion
exchange on Mono-Q gives nearly pure DAP-AT (by SDS
PAGE) with an overall purification of 1500-fof. MALDI

TOF mass spectra and SDS PAGE indicate a subunit molecular
weight of 39.9 kDa, whereas calibrated gel filtration chroma-
tography suggests an approximate molecular weight of 82 kDa.
The enzyme is therefore likely to be dimeric in its active form.
Michaelis and kinetic constants obtained for the pure enzyme
(for 1a, K = 0.184 0.04 mM, keat = 854 5 s71, (cf. Table

3); for L-glutamate (Tris buffer)K, = 1.21 £ 0.14 mM)
compare favorably with those obtained by Gilvarg and Pe-

(28) The procedure is a modification of that initially developed by Gilvarg
and Peterkofsky: see refs 7 and 9b.

(29) Literature values for other DAP pathway enzyme purifications: (a)
L-THDPA succinyltransferase 1900-fold frokn coli; see ref 8. (b) DAP
desuccinylase (EC 3.5.1.18) 7100-fold frdincoli; see ref 10b. (c) DAP
epimerase (EC 5.1.1.7) 6000-fold frof. coli; see ref 11. (d) DAP
dehydrogenase (EC 1.4.1.16) 290-fold fr@msphaericussee ref 13b. (d)
DAP decarboxylase (EC4.1.1.20) 500-fold fr@nsphaericus Asada, Y.;
Tanizawa, K.; Kawabata, Y.; Misono, H.; Soda,Agric. Biol. Chem1981,

45, 1513-1514. Andersen, A. B.; Hansen, E. Bene1993 124, 105~
109.
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Figure 4. Syntheses of DAP-AT substrate analogues 13 and 17 and structut8s,ofand 19.
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Figure 5. Assay of DAP-AT by coupled reaction witlrglutamate dehydrogenase.

Table 2. Purification of DAP-AT fromE. coli ATCC 9637

In the initial studies by Gilvarg and co-workers, the relative
abilities of a number of common amino acids to act as amine
donors were examined for the “forward” aminotransferase
reaction (generation dfl-succinyl DAP)? Only L-glutamate
showed activity in their studies. In the reverse direction, amino
acids resemblingL-N-succinyl DAP were tested. No activity
could be detected wheneseN-succinyl-DAP LL-DAP, L-lysine
or L-N-Cbz-lysine were utilized. Clearly the enzyme has high
specificity for the correct stereocisomer, and the lack of reactivity
of L-lysine derivatives indicates a requirement for the terminal

Kinetic parameters for the substrate analogues synthesized
in the current study (Table 3) reveal that only certain structural

% activity specific fold
recovery activity, purification cumulative
step forstep units/m@ forstep purification
crudeE. Coli - 0.089 - 1.0
prep
brown-10 49% 0.121 14 1.4
affinity column
blue 3-GA 33% 0.282 2.3 3.3
affinity column
hydroxyl apatite 90% 1.60 5.7 18.6
column C-7 carboxyl group.
Sephadex G-75 86% 3.37 2.1 394
column
Mono-Q anion 95% 129 38.3 1508
exchange

aEnzyme unit defined as 1.2mol of L-N-succinyle-aminoe-
ketopimelate 1a) transformed/min at 30C.

variations are tolerated by DAP-AT. The presence of the C-1
carboxyl is crucial for substrate turnover, atRlis not accepted

by the aminotransferase. Similarly, the 2-amido group is also
of key importance, and even thoudf can act as a substrate,

terkofsky utilizing less pure enzyme and substrates underit is so poor that reliable kinetic parameters could not be

somewhat different experimental conditidhs. The physical

obtained. TheN-acetyl derivativelb is also quite ineffective

characteristics ofN-succinyltL.-DAP aminotransferase (EC  with a specificity only 4.3% that of the natural substrate
2.6.1.17) are similar to aspartate aminotransferase (EC 2.6.1.1)The N-Boc derivativeld shows very similar behavior. Since

which is also dimeric and has a subunit molecular weight of
ca. 45 kDa®

(30) Kirsch, J. F.; Eichele, G.; Ford, G. C.; Vincent, M. G.; Jansonius,

J. N.; Gehring, H.; Christen, B. Mol. Biol. 1984 174, 497-525.
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Table 3. Conversion of Substrate Analogues by DAP-AT

J. Am. Chem. Soc., Vol. 118, No. 32, 79%3

substrate
entry no. structure KmaPp, mMP-€ Keat S7* Keal Km?PP, 1 M2 rel to1a, % (Keal Km?PP)
1 la o 1.2 86 73 100
R\‘)J\OH o)
HNM
OH
o
2 1b o 6.9 23 31 4.3
R
OH
HN\H/
o
3 13 Fzj o
HN \H/\)J\OH
o}
4 17 o >10 <5 <0.5 <0.7
OH
5 1c o 3.6 62 17 23
"y
o O
HN o
i
(e]
6 1d o 8.2 26 31 4.3
"y
OH
HN (0]
T
7 le o 1.2 61 51. 70.
"y
OH
HN7N©
o
8 1f o 35 20. 5.6 7.7
e
OH
HNW
o}
9 19 o) OMe 35 76 22 30
po-Jol
HN o
OMe

aR = (CH,)3(CO)CQH. ® At 10 mM L-Glu; K, for 1aindependent of-Glu is 0.18 mM.¢ +10%.

1bis presumably the natural substrate for MracetyliL-DAP
aminotransferase fronB. megaterium the relatively poor
interaction of 1b with N-succinyltL-DAP aminotransferase
supports earlier observatioighat the two acylated pathways
to meseDAP are quite specific.

Interestingly, replacement of the terminal carboxyl group of
the succinate moiety ibhawith an aromatic ring produces good
substrates. The specificitk&/Kn2P9)32 calculated for each

electrostatic interaction with a cation (e.g. protonated basic
amino acid side chain) on the protein surface; this enzyme cation
would presumably stack against and recognize the aromatic
residue of the substrate analogues. However, the conforma-
tionally flexible hydrocinnamoyl derivativéf shows a specific-

ity of only 7.6% that ofLla. This suggests that increased electron
donation from either carbamate oxygetr,§) or cinnamoyl
olefin moiety (Le) may also be important for binding and

compound and expressed as a percentage of that of the naturglecognition and that hydrophobic interactions of the aromatic

substratela indicates that th&l-cinnamoyl derivativeleis the
best of this group (specificity 70% ®f-succinyl). TheN-Cbz
derivativelc and its dimethoxy-substituted analodlgare also
quite effective. We initially rationalized that these aromatic
groups could substitute for the natural succinyl moiety by
replacing a carboxylatecation interaction with an aromatic
s-cation interactioi¥® Thus the terminal carboxylate moiety
of the succinyl residue ofa could bind to DAP-AT by an

(31) Studies with the desuccinylase enzyme fiéneolil®2demonstrate

that acetylated DAP analogues are not substrates for this hydrolytic enzyme.

(32) Fersht, A.Enzyme Structure and Mechanis@nd ed.; W. H.
Freeman and Co.: New York, 1984; pp 10B06.

(33) For a recent review of-cation interactions see: Dougherty, D. A.
Sciencel996 271, 163-168.

ring could also play a critical role. PLP-dependent aminotrans-
ferases show considerable homoldéynd enlargement of a
cluster of hydrophobic residues near the active site entrance of
aspartate aminotransfer&skas been suggesf&do be the cause

of the enhanced specificity toward both hydrophobic and acidic

(34) For examples see: (a) Mehta, P. K.; Hale, T. I.; ChristerEup.

J. Biochem1989 186, 249-253. (b) Mehta, P. K.; Hale, T. I.; Christen,
P.Eur. J. Biochem1993 214, 549-561. (c) Alexander, F. W.; Sandmeier,
E.; Mehta, P. K.; Christen, FEur. J. Biochem1994 219, 953-960.

(35) (a) Jger, J.; Pauptit, R. A.; Sauder, U.; Jansonius, JPMtein
Eng.1994 7, 605-612. (b) Jger, J.; Moser, M.; Sauder, U.; Jansonius, J.
N. J. Mol. Biol. 1994 239, 285-305.

(36) Hayashi, H.; Inoue, K.; Nagata, T.; Kuramitsu, S.; Kagamiyama,
H. Biochemistry1993 32, 12229-12239.
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1. HoNNH, H CO,H o
1a or 1c . 0.0 z J\/R o)
2. NaCNBHj3 _NH NHR Ke) Y R
H,N HN. Enz o)l\-/
NH, NH
20a R=CO(CHy),COH 97 % Enzwe Lys-Ny, Lys-NH, _N
20c R =CO,CH,Ph 69 % POKE\/(OH - PO OH
+
Figure 6. Syntheses of DAP-AT slow-binding inhibito20a.c. ﬁ/ ﬁ/
substrates by aromatic amino acid aminotransferase, an enzymetydrazine + Enzyme-bound PLP Stable Hydrazone
which shares 41% sequence identity with aspartate aminotransFigure 7. Possible mechanism of inhibition of DAP-AT by hydrazino

ferase?’ analogue0ac.

Inhibition of DAP Aminotransferase by Analogues of 1a
SinceL-glutamate andi-ketoglutarate are utilized extensively —acid sequence of the enzyme is still unknown, the homology of
by mammalian systems, inhibitors of DAP-AT based on these most PLP-dependent aminotransferd$eés suggests that the
compounds may be toxic, and analogueslafor N-succinyl e-amino group of an active site lysine forms an imine with PLP.
DAP are more attractive targets. Inhibition experiments with This species would presumably undergo transimination with the
N-succinyl- andN-Cbz-o-aminopimelic acids¥8ac) and also terminal NH group of 20a or 20c to form the inhibitor-PLP
with the N-succinyl-2-hydroxy-6-aminopimelic acid 9) show hydrazone held by noncovalent interactions in the DAP-AT
no detectable effect on DAP-AT at concentrations up to 10 mM. active site. Slow release of the complex and/or hydrolysis of
These results further support the common observation that DAP-the hydrazone double bond would regenerate active enzyme.
metabolizing enzymes usually recognize the complete substrate |nitial antimicrobial tests with these inhibitors against a
skeleton as well as all polar functional groups (i.e. amino and limited array of bacteria as described previofdlshowed
carboxyl groups}*® The substrate specificity studies described negligible activity at concentrations up to 106/mL, possibly
above also support this concept. Tiéhydrazino analogues  due to problems of transport into cells, as has been previously
20ac would appear to fulfill the skeletal and functional group observed for DAP analogué’s.
requirements sinckcis a substrate. A number ofhydrazino
analogues ofi-amino acids are known to inhibit PLP-dependent cgnclusions
enzymes, presumably by reaction with the enzyme-cofactor
aldimine to generate very stable hydrazones in the activéSite. = The present work describes the isolation and purification of
Indeed, the mone-hydrazino analogue of DAP is a good N-succinyltL-DAP aminotransferase (DAP-AT) (EC 2.6.1.17)
inhibitor of the PLP-dependent DAP decarboxylée. from wild typeE. colito apparent homogeneity and studies the

Compound=0ac are readily accessible as a 1:1 mixture of interaction of this enzyme with a series of substrate analogues
diastereomers by treatment of aqueous solutions of the lithiumand inhibitors. The sensitive substrate of this pyridoxal
salts ofo-keto acidsla,c with hydrazine followed by removal ~ phosphate-dependent enzymd,)-K-succinyla-amino<-ke-
of volatiles and immediate reduction of the crude hydrazone in topimelic acid (a), is synthesized in stereochemically pure form
methanol with sodium cyanoborohydride (Figure 6). A variety using an ene reaction between metNysuccinyl+-allylglyci-
of alternative approaches, including in situ reduction of the nate and methyl glyoxylate as a key step. Analogous approaches
aqueous hydrazone solution with sodium amalgam, fail due to afford efficient access to a series of analogues missing the
competing hydrolysis or, in the case 20c cleavage of the carboxyl or amido functionality or having othBFacyl groups
Cbz group. Both compounds are potent inhibitors of DAP-AT in place of succinyl. The results of substrate specificity studies
which display time-dependent behavior. Detailed analyses of confirm that, like other DAP-metabolizing enzymes, this ami-
interactions of20a or 20c with DAP-AT show the usual notransferase recognizes all polar functional groups as well as
characteristics of a slow-binding mechanism in addition to time the overall skeleton of its substrates. However, replacement
dependence, namely substrate protection, reversibility upon 100-0f the terminal carboxyl in the succinyl moiety by an aromatic
fold dilution, and progressive onset of inhibitiéh. Progress ring is permitted, possibly because an aromatication
curves obtained from absorbance measurements in the standartihteraction may partly mimic the substrate carboxyteazyme
assay were fitted using nonlinear least-squares regressiorcation recognition. Alternatively, additional hydrophobic in-
analysis’® TheK;* determined for20ais 22 + 4 nM and for teractions could contribute to the binding of the aromatic ring.
20cis 54 4+ 9 nM, making these compounds the most potent Derivatives20ac in which ano-hydrazino group replaces the
reversible substrate analogue inhibitors of any DAP enzyme a-amino of the enzyme product are the most potent reversible
reported thus far. Thi, values for release of these inhibitors  inhibitors of any DAP enzyme reported thus far. Current studies
from the active site of DAP-AT are 72 10 and 45t 5 min, to sequence and further characterize DAP-AT as well as to apply
respectively. The actual chemical mechanism of inhibition is ene methodology to stereospecific syntheses of other DAP
uncertain, but it probably involves reaction of the terminal amino analogues will be reported in the future.
group of the hydrazine with the PLP cofactor held in the
aminotransferase active site (Figure 7). Although the amino Experimental Section

(37) Miyazawa, K.; Kawaguchi, S.; Okamoto, A.; Kato, R.; Ogawa, T.; General. General procedures and instrumentation have been previ-
Kuramitsu, S.J. Biochem1994 115 568-577. . ously described! lon exchange resins were obtained from BioRad

(38) For examples see references in: (a) Scaman, C. H.; Palcic, M. M.; ;. ~. .
McPhalen. C.: Gore. M. P.: Lam. L. K. P.- Vederas. J.JCBiol. Chem (Mississauga, ON, Canada) and were washed before use according to

1991, 266, 5525-5533. (b) Lacoste, A-M.; Dumora, C.; Zon,d.Enzyme the manufacturer’s instructions. Diazometh@rand methyl glyoxyl-
Inhib. 1993 7, 237-248.

(39) Kelland, J. G.; Arnold, L. D.; Palcic, M. M.; Pickard, M. A, (41) Harris, J. M.; Bolessa, E. A.; Mendonca, A. J.; Feng, S.-C.; Vederas,
Vederas, J. CJ. Biol. Chem.1986 261, 13216-13223. J. C.J. Chem. Soc., Perkin Trans.1B95 1945-1950.

(40) (a) Morrison, J. FTrends Biochem. Scll982 7, 102-105. (b) (42) Furniss, B. S.; Hannaford, A. J.; Smith, P. W. G.; Tatchell, A. R.
Morrison, J. F.; Stone, S. Romments Mol. Cell. Biophy$985 2, 347— Vogel's Textbook of Organic Chemistryth ed.; Longman: New York,

368. (c) Morrison, J. F.; Walsh, C. Adv. Enzymol.1988 61, 201—-301. 1989; pp 436-433.



Substrates and Inhibitors of DAP-AT

ate”® were generated by standard literature procedures. The Cleland
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(29)-2-(N-(Cinnamoyl)amino)-6-oxoheptane-1,7-dioic Acid, Di-

matrix for positive ion fast atom bombardment (POSFAB) mass spectra lithium Salt Monohydrate (1e). The procedure used for preparation

consists of a 5:1 mixture of dithiothreitol and dithioerythritol.
(29)-2-(N-(Succinyl)amino)-6-oxoheptane-1,7-dioic Acid, Trilith-
ium Salt Trihydrate (1a). To a stirred solution of oxo diest8a (338
mg, 1.02 mmol) in 1:1 MeCN:kD (10 mL) was added LiOHH,O
(129 mg, 3.06 mmol). After 90 min the solvent was remowedacuq
and the residue was dissolved in water (2 mL). The solution was
lyophilized to affordlaas a powder (310 mg, 99%): mp 126 dec;
[a]p = +6.4° (c = 0.68, HO); IR (KBr) 3482, 2970, 1675, 1671,
1596, 1420 cmt; *H NMR (360 MHz, D,O) 6 4.13-4.05 (m, 1H),
2.71-2.64 (m, 2H, RO exchanged), 2.552.39 (m, 4H), 1.82-1.45
(m, 4H);13C NMR (90 MHz, D,O) 6 190.0, 180.0, 174.4, 174.3, 54.4,
38.8, 32.4, 31.6, 30.4, 18.5; MS (POSFAB, glycerol/H@[z307 (Mt,
3.4%), 308 (MH, 1.2%). Anal. Calcd for GHiNOglLis-3H,0: C,
36.59; H, 5.02; N, 3.88. Found: C, 36.30; H, 4.71; N, 3.74.
Analysis of Enantiomeric Excess of 1a To a suspension dfa
(19.0 mg, 61.2«mol) in absolute MeOH (1 mL) was added NBAc
(47.7 mg, 62Qumol). After 30 min, NaCNBH (39 mg, 620umol)
was added and the mixture was stirred for 16 h. Excess NaGNBH
was destroyed by the additiof @ N HCI (1 mL). Solvent was
removedn vacuq and the residue was dissolved in concentrated HCI.
The solution was stirred f@ h at 80°C and then evaporated to dryness.

of lawas employed to conve8eto 1lein 99% yield: mp 198C dec;

IR (KBr) 3397, 3083, 3061, 2973, 2934, 2870, 1709, 1656, 1600, 1449,

1415 cm%; H NMR (300 MHz, D:O) 6 7.49-7.46 (m, 2H), 7.36 (d,

1H, J = 15.8 Hz), 7.38-7.29 (m, 3H), 6.54 (d, 1H] = 15.8 Hz),

4.15-4.11 (m, 1H), 2.65 (t, 2H) = 7.2 Hz, DO exchanged), 1.74

1.20 (m, 4H);3C NMR (100 MHz, CDC4) § 207.0, 179.2, 170.9,

168.4,141.4, 134.7, 130.4, 129.3, 128.2, 120.4, 55.6, 38.0, 31.4, 19.5;

MS (POSFAB, nitrobenzyl alcohoty/z338 (MLi*, 3.3%), 332 (MH;,

2.3%), 326 (M— Li + H)H', 1.0%). Anal. Calcd for GH1sNOeLi*

H,O: C,55.03; H, 4.91; N, 4.01. Found: C, 55.22; H, 4.52; N, 3.80.
(29)-2-(N-(Hydrocinnamoyl)amino)-6-oxoheptane-1,7-dioic Acid,

Dilithium Salt Hemihydrate (1f). The procedure used for preparation

of lawas employed to conve8f to 1f in 99% yield: mp 99-103°C;

IR (KBr) 3406, 3086, 3063, 3028, 2934, 1709, 1605, 1496, 1453, 1417

cm™; 'H NMR (400 MHz, D;0) 6 7.23-7.03 (m, 5H), 3.883.84

(m, 1H), 2.8+2.72 (m, 2H), 2.48-2.41 (m, 4H, (2H DO exchanged)),

1.55-1.27 (m, 3H), 1.15-0.98 (m, 1H);}3C NMR (100 MHz, DO +

CH:CN) 6 206.8, 179.0, 175.1, 170.6, 140.8, 129.1, 129.0, 126.8, 55.1,

39.1, 37.8, 33.5, 31.7, 19.2; MS (POSFAB, Clelandy 340 (MLi,

11.0%), 334 (MH, 6.8%), 333 (M, 1.5%). Anal. Calcd for GHi~

NOgLi»*0.5H,0: C, 56.16; H, 5.30; N, 4.09. Found: C, 55.99; H,

The residue was purified by cation exchange chromatography to afford 5-25; N, 4.08.

2.5 mg of a white solid. The solid was derivatized by the method of
Marfey?” and the resultant solution was analyzed by HPLC. (Col-
umn: Chemcosorb 5-ODS-UH, 4% 150 mm; solvent A 12 mM
ammonium phosphate buffer 4% DMF, pH 6.5, solvent B 70%
MeCN in milli-Q water. Method: gradient 15%-35% B in 35 min, at
1 mL/min, detection at 340 nM. Retention times for Marfey deriva-
tives: meseDAP 22.0 min,LL.-DAP 26.6 min,DD-DAP 31.6 min.)
Less than 1%D-DAP was observed confirming thaa had exclusively

2S configuration within experimental error.

(25)-2-(N-Acetylamino)-6-oxoheptane-1,7-dioic Acid, Dilithium
Salt Monohydrate (1b). The procedure used for preparation laf
was employed to conve8b to 1b in 92% yield: mp 218C dec; IR
(KBr) 3427, 1716, 1617, 1418 crf 'H NMR (400 MHz, D,O +
CDsCN) 6 4.00-3.92 (m, 1H), 1.89 (s, 3H), 1.68L.35 (m, 4H);'3C
NMR (90 MHz, H,O + CDsCN) 6 206.4, 177.4, 172.0, 169.7, 54.3,
36.6, 30.7, 21.3, 18.6; MS (POSFAB, glycerol/H®@tyz 244 (MH,
2.7%), 243 (M, 4.1%), 238 ((M— Li + H)H*, 2.7%). Anal. Calcd
for CoH1iNOgLi*H-0: C, 41.40; H, 5.02; N, 5.36. Found: C, 41.55;
H, 4.87; N, 5.25.

(29)-2-(N-(Benzyloxycarbonyl)amino)-6-oxoheptane-1,7-dioic Acid,
Dilithium Salt Dihydrate (1c). The procedure used for preparation
of lawas employed to conve8cto 1cin 98% yield: mp 6769°C;

IR (KBr) 3423, 2933, 1697, 1615, 1522, 1454, 1420 ¢mH NMR
(360 MHz, D,O) 6 7.51-7.35 (m, 5H), 5.23-5.05 (m, 2H), 4.06-
3.85 (m, 1H), 2.8£2.73 (m, 2H), 1.95-1.40 (m, 4H}3C NMR (90
MHz, D,O + CHiCN) 6 203.5, 181.6, 174.5, 161.8, 140.4, 132.8, 132.2,
129.9, 70.6, 60.0, 41.0, 34.8, 22.5; MS (POSFAB, glycerol/Hab
335 (M*, 0.6%), 330 (M— Li + H)H*, 1.33%), 324 (M— 2Li +
2H)H", 1.1%). Anal. Calcd for @H1sNOsLi*2H,O: C, 48.54; H,
5.16; N, 3.77. Found: C, 48.48; H, 4.91; N, 3.71.

The stereochemical analysis b€ was accomplished analogously
to the method forla described above using reductive amination and
derivatization. The Marfey derivati¥eof bb-DAP was not observed,
indicating pure2S configuration forlc.

(29)-2-(N-(tert-butyloxycarbonyl)amino)-6-oxoheptane-1,7-di-
oic Acid, Dilithium Salt (1d). The procedure used for preparation of
lawas employed to convedd to 1d in 99% yield: mp 8790°C; IR
(KBr) 3429, 2978, 2934, 1700, 1617, 1512, 14167¢mH NMR (360
MHz, CDCk) 6 3.72-3.58 (m, 1H), 2.622.54 (m, 2H, RO
exchanged), 1.701.33 (m, 4H), 1.25 (s, 9H)}*C NMR (90 MHz,
D,0 + CHsCN) ¢ 199.9, 180.0, 171.5, 157.6, 81.2, 56.0, 39.1, 31.5,
27.9, 19.5; MS (POSFAB, glycerol/HCip/z302 (MH", 1.2%), 297
((M - Li + H)H*, 3.36%), 296 (M— Li + H)*, 2.32%).

(43) (a) Kelly, T. R.; Schmidt, T. E.; Haggerty, J. Gynthesisl972
544-545. (b) Jung, M. E.; Shishido, K.; Davis, L. H. Org. Chem1982
47, 891-892.

(29)-2-(N-((3,5-Dimethoxybenzyl)oxycarbonyl)amino)-6-oxohep-
tane-1,7-dioic Acid, Dilithium Salt (1g). The procedure used for
preparation oflawas employed to conve8gto 1gin 95% yield: mp
189-193°C dec; IR (KBr) 3423, 2942, 1703, 1600, 1530, 1460, 1428
cm L 'H NMR (300 MHz, DxO) 6 6.46 (br, 2H), 6.32 (br s, 1H), 4.91
4.83 (m, 2H), 3.66 (s, 6H), 3.643.59 (m, 1H), 2.642.61 (m, 2H,
D,0 exchanged), 1.721.35 (m, 4H);3C NMR (100 MHz, BO +
CH;CN) 6 206.9, 179.6, 170.2, 160.8, 157.9, 139.9, 106.1, 100.4, 66.7,
56.8, 55.9, 39.1, 31.8, 19.7; MS (POSFAB, Clelandz402 (MLi,
6.3%), 396 (MH, 5.9%), 395 (M, 1.4%).

(S)-Allylglycine (3). A stirred solution of R§-N-acetylallylglycine
(2) (30.0 g, 191 mmol) in water (1.4 L) was adjusted to pH 7.8 with
LiOH. Porcine kidney acylase | (Sigma, 350 mg) was added, and the
solution was stirred 12 h at 3&. Norit A charcoal (5 g) was added,
and the suspension was filtered through Celite. The solid was washed
with water (200 mL) and the combined aqueous filtrate applied to
BioRad AG-50 WX-8 cation exchange resin {(H600 mL). The
column was washed with water until the eluent pH was neutral and
then wih 1 M agueous ammonia. Amine-containing fractions (nin-
hydrin) were evaporateh vacuq and the residue was recrystallised
from water/ethanol to afford pureSy-allylglycine 3) (10.4 g 95%):
mp 282-283°C; [a]p —37.3 (4% H0, lit.*#* —37.7°); IR (KBr) 3420,
2900, 1643, 1612, 1586, 1561, 1512, 1405 &mH NMR (360 MHz,
D;0) 6 5.86-5.72 (m, 1H), 5.36:5.22 (m, 2H), 3.83 (dd, 1H]) =
7.0, 5.2 Hz), 2.742.55 (m, 2H);*3C NMR (100 MHz, DO) ¢ 173.1,
130.5, 119.5, 53.0, 33.9; MS (POSFAB, glycerol/HE) m/z 116
(MH"). Anal. Calcd for GHgNO,: C, 52.17; H, 7.88; N, 12.17.
Found: C, 52.12; H, 7.73; N, 12.23.

Dimethyl N-(Succinyl)-(S)-allylglycinate (4a). A stirred solution
of 3(2.80 g, 24.3 mmol) in aqueous&O; (1.2M, 50mL) was treated
with succinic anhydride (3.65 g, 36.5 mmol) in portions over a period
of 20 min. After 40 min, the solution was acidified to pH 2.0 with
concentrated HCI and extracted with EtOAc ¢4 50 mL). The
combined extracts were dried (Mg®@nd concentrateith vacua The
residue was treated with excess ethereal diazomethane. After 10 min
excess diazomethane was destroyed by the addition of acetic acid. The
solution was evaporatdd vacuoto afford an oil which was purified
by flash chromatography (70% EtOAc in hexafg,0.22) to afford
the product4a as an oil (5.03 g, 85%): oo = +36.2 (c = 4.35,
CHC); IR (neat) 3314, 3003, 2982, 2954, 1741, 1678, 1658, 1536,
1438 cnt!; 1H NMR (400 MHz, CDC}) 6 6.29 (d, 1H,J = 6.7 Hz),
5.75-5.62 (m, 1H), 5.1#5.09 (m, 2H), 4.72-4.66 (m, 1H), 3.80 (s,
3H), 3.65 (s, 3H), 2.752.47 (m, 6H);**C NMR (75.5 MHz, CDC})
0172.9,171.9, 170.9, 132.1, 118.7, 52.0, 51.5, 51.4, 36.1, 30.4, 28.9;
exact mass 243.1104 (N1 (243.1107 calcd for GH17/NOs). Anal.
Calcd for GiH17NOs: C, 54.31; H, 7.04; N, 5.76. Found: C, 54.17,
H, 6.99; N, 5.78.
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Methyl N-(Acetyl)allylglycinate (4b). Reaction of3 and acetic 1738, 1656, 1531, 1437 crh *H NMR (360 MHz, CDC}) 6 6.24 (t,
anhydride analogous to preparation 4# gave knowf* 4b in 91% 1H, J = 7.0 Hz), 4.63-4.58 (m, 1H), 4.26-4.15 (m, 1H), 3.78 (s,

yield (R 0.37, EtOAc on Si@): [a]o = +45.4 (c = 3.57, CHCY); IR 3H), 3.75 (s, 3H), 3.69 (s, 3H), 2.90 (s, 1H), 27855 (m, 4H), 1.8%
(neat) 3285, 3079, 2954, 1747, 1658, 1544, 1438'ci NMR (360 1.66 (m, 4H), 1.50-1.20 (m, 2HYC NMR (100 MHz, CDC}) 8 175.1,
MHz, CDCk) 6 6.22 (s, 1H), 5.675.56 (m, 1H), 5.08:5.02 (m, 2H), 173.2,172.8,171.3, 70.0, 52.4, 52.2, 51.8, 51.7, 33.4, 31.7, 30.5, 29.0,

4.64-4.59 (m, 1H), 3.67 (s, 3H), 2.512.40 (m, 2H), 1.95 (s, 3H);  20.5; exact mass 333.1414 {M(333.1424 calcd for GH»aNOy).
13C NMR (100 MHz, CDC4) 6 172.8,170.1, 132.6, 119.7, 52.8, 52.1, Dimethyl (2S,6RS)-2-(N-(Acetylamino))-6-hydroxyheptane-1,7-
37.0, 26.4, 23.7; exact mass 171.08987\M171.08954 calcd for dioate (6b). Alkene5b was hydrogenated by the procedure used for
CgH13NOs). 5a to give 6b as an oil in 95% vyield (EtOAcR: 0.13): IR (CHC}
Methyl N-(Benzyloxycarbonyl)allylglycinate (4c). Reaction of3 cast) 3303, 2955, 1742, 1655, 1541, 1437 &mH NMR (360 MHz,
and CbzCl analogous to preparatiordafgave knowrmicin 90% yield CDCly) 6 6.34 (d, 1H,J = 7.9 Hz), 4.59-4.53 (m, 1H), 4.154.10
(R 0.25, 30% EtOAc/Hexane on Si All spectral properties agreed (M, 1H), 3.73 (s, 3H), 3.69 (s, 3H), 3.06 (s, 1H), 1.97 (s, 3H), +.81
with those previous|y reporté@_ 1.37 (m, 6H),13C NMR (90 MHz, CDC!;) o) 175.5,173.2,170.4, 70.5,
Ene Reaction with FeCh Dimethyl (2S6RS)-2-(N-(Methyl 52.6, 52.4, 52.3, 33.9, 32.1, 23.0, 21.1; exact mass 262.12872)MH
succinyl)amino)-6-hydroxyhept-3-ene-1,7-dioate (5a)A stirred ice- (262.12906 calcd for £HzoNOe).
cooled solution of freshly distilled methyl glyoxylate (1.10 g, 12.5 Acylation of 7. Dimethyl (2S,6RS-2-(N-(Benzyloxycarbonyl)-
mmol) in CHCl, (20 mL) under Ar was treated with anhydrous FeCl am|no)-6-hydroxyheptane-1,7-d|0ate (GQ)A stirred solution of amine
(4.00 g, 24.6 mmol). The suspension was stirred 3E@or 30 min, hydrochloride7 (455 mg, 1.78 mmol) in CbCl, (20 mL) at 20°C
and then a solution of alkene est& (1.0 g, 4.1 mmol) in CKCI, (30 under Ar was treated with pyridine (284., 282 mg, 3.56 mmol).

mL) was added dropwise over 10 min. The suspension was warmed B€nzy! chloroformate (28QL, 334 mg, 1.96 mmol) was added
to 20 °C and stirred 24 h. The black suspension was poured onto dropwise, and the solution was stirred 90 min befo™N HCI (50 mL)

crushed ice (100 mL), and the mixture was extracted inte@H4 x was added. The mixture was extracted into,CH (3 x 100 mL),
100 mL). The combined organic extracts were washetl &iN HCI and the combined extracts were dried (MgBahd evaporateih vacua
(100 mL) followed by saturated aqueous NaHJ@00 mL) and then The residue was p!JI’Ierd by fla_sh chromatography (70% EtOAc in
dried (MgSQ) and evaporateih vacua The residue was purified by hexaneR; 0.17) to giveSc as an oil (527 mg, 84%): IR (CIEI; cast)
flash chromatography (EtOA&: 0.33) to afford5a as an oil (646 mg, 3356, 2954, 1735, 1528, 1455, 1438¢ntH NMR (360 MHz, CDCY)
47%): IR (CHC} cast) 3140, 2950, 1738, 1656, 1531, 1437 &rH 07.35-7.28 (m, 5H), 5.39 (d, 1H) = 7.9 Hz), 5.05 (s, 2H), 4.36

NMR (360 MHz, CDC}) & 6.22 (s, 1H), 5.825.72 (m, 1H), 5.62 ‘l‘ﬁS fg’a}:')é;'” %gS,IgrgNlhjgi 3925,\% 3'2)52'7%(151753';)’1%’53 (s,
(dd, 1H,J = 6.0, 15.5 Hz), 5.05 (dd, 1H} = 12.0, 6.0 Hz), 4.23 (dd, ), 1.88-1.35 (m, 6H); ( z, CDCh) 8,173.3,

1A,3 = 6.6, 45 Hz), 3.74 (5, 3H), 373 (5, 3H), 368 (5, 3H), 3.08 (5, 1304 1367, 1200, 1286, 1285, 705, 67.4, 54.1, 529, 526, 341,
1H), 2.76-2.38 (m, 6H)13C NMR (100 MHz, CDC}) 6 174.2, 173.2, 0, 2.2, exact mass 3o3. 0353 calcd for GHos

171.3,171.0, 128.3, 127.4, 69.8, 53.8, 52.4, 52.1, 51.6, 36.8, 30.3, 28.9;’;‘07)6,/*2&'&;)7 gg,'CHd g’;gﬁﬂg‘gz C, 57.77, H, 6.56; N, 3.97.
exact mass 332.1347 (Ml (332.1345 caled for GHzNO). OII:J)ri]méth)}I (Zé 6I’?S)’2 tN (’tert’ BLJtyI.oxycarbonyI)amino) 6-hydrox
dioate (5b). Ene renction o tolowing the procedure tosagave  Yeptane-L7-dioate (6d) To a soluion of-Chz-alkenesc (1.42 g
5b as an oil in 46% yield (EtOAGR; 0.38): IR (CHCl, cast) 3448, 4.05 mmol) in MeOH (30 mL) was addéelrt-butyl pyrocarbonate (1.32

6.0 [) and 10% Pd/C (200 . Th i tirred
3309, 3293, 2956, 1742, 1737, 1655, 1649, 1541, 1534, 1509, 1457’3;1der Tamt%)oinlj for 105 h and( thean/%)(:uumefiﬁgrsgs?ﬁ;?):gvt\:aéeslitlge
1438 cm}; 'H NMR (360 MHz, CDC}) 6 6.22 (s, 1H), 5.795.69 :

which was washed with MeOH. The solution was evaporateécuo
(m, 1H), 5.64-5.58 (m, 1H), 5.09-5.04 (m, 1H), 4.26-4.20 (m, 1H), and the residue was purified by flash chromatography (25% EtOAc in
310 (5, 3, 310 (5 3ty 299 (s, 1H), 229852 (m, WM. 248 . CHiCla, R 0.30) to afforded as an oil (103 g, 80%): IR (CKTla
2.36 (m, 1H);"C NMR (90 MHz, CDC}) 6 174.5, 171.5, 169.6, 128.3, ., 3375 2976, 2955, 2935, 1741, 1715, 1518, 1455, 1438 éh

128.0, 69.5, 53.5, 52.4, 52.2, 36.8, 22.5; exact mass 259.10534 (M R (360 MHz, CDCH) 6 5.12 (s, TH), 4.224.12 (m, 1H), 4.10
(259.10559 calcd for GH1NO). 4.04 (m, 1H), 3.65 (s, 3H), 3.60 (s, 3H), 3.11 (s, 1H), =182 (m,

Ene Reaction with SnCh. Dimethyl (2S,6RS)-2-(N-(Benzyloxy- 2H), 1.60-1.48 (m, 2H), 1.46-1.30 (m, 2H), 1.29 (s, 9H®C NMR
carbonyl)amino)-6-hydroxyhept-3-ene-1,7-dioate (5c)To a solution (90 MHz, CDC}) 6 175.7, 173.6, 155.8, 80.1, 70.5, 53.6, 52.7, 52.5,
of freshly distilled methyl glyoxylate (4.2 g, 48 mmol) in GEl (65 34.0, 32.6, 28.6, 21.2; MS (CI, Njim/z337 (16.5%, MNH"), 320
mL) stirred under Ar and cooled te55 °C was added freshly distilled (17.6%, MHY). Anal. Calcd for G4H2sNO7: C, 52.65; H, 7.89; N,
SnCl (25.0 mL, 214 mmol) over a period of 10 min. The solution 4.39. Found: C, 52.40; H, 7.98; N, 4.19.

was stirred a further 10 min and then cooledt®8 °C. A solution of Dimethyl (2S,6RS)-2-(N-(Cinnamoyl)amino)-6-hydroxyheptane-

alkene esteAc (3.20 g, 12.2 mmol) in CkCl; (20 mL) was added 1 7-dioate (6e). Amine hydrochloride? was acylated with cinnamoyl
dropwise over 10 min. The suspension was warmeet28 °C and chloride as described for preparationéufto give 6eas an oil in 56%
stirred fa 4 h and then poured onto crushed ice (200 mtgution yield (50% EtOAc in hexaney 0.17): IR (CHCI; cast) 3305, 2953,

vigorous reactio). The mixture was extracted into GEl, (4 x 200 1742, 1658, 1621, 1577, 1538, 1497, 1450, 1436'cAtl NMR (400
mL), and the combined organic extracts were dried (MgS&nd MHz, CDCk) 6 7.60 (d, 1H,J = 15.6 Hz), 7.46-7.44 (m, 2H), 7.32
evaporatedn vacuo to afford an oil which was purified by flash  7.30 (m, 3H), 6.65 (d, 1HJ = 7.6 Hz), 6.48 (d, 1H,) = 15.6 Hz)

chromatography (70% EtOAc in hexari®0.30) to affordsc as an oil 4.75-4.72 (m, 1H), 4.174.14 (m, 1H), 3.72 (s, 6H), 2.601.43 (m,

(2.79 g, 65%): IR (CHGlcast) 3462, 3364, 2955, 1743, 1523, 1455, 6H); 13C NMR (100 MHz, CDC}) § 173.8, 171.6, 140.2, 133.1, 128.3,
1438, 1411 cm*; *H NMR (360 MHz, CDC}) ¢ 7.30 (m, 5H), 5.82 127.3,126.4,118.5, 68.4, 51.4, 51.1, 50.8, 32.0, 30.5, 19.2; exact mass
5.72 (m, 1H), 5.655.50 (m, 2H), 5.10 (s, 2H), 4.85 (m, 1H), 4.22 (M,  349.15275 (M) (349.15253 calcd for GH23NOg).

1H), 3.72 (s, 6H), 2.99 (s (br), 1H), 2.6@.50 (m, 1H), 2.452.38 Dimethyl (2S,6RS)-2-(N-(Hydrocinnamoyl)amino)-6-hydroxyhep-

(m, 1H); *C NMR (100 MHz, CDC}) 6 174.4, 171.0, 155.5, 136.1,  tane-1,7-dioate (6f). Amine hydrochloride7 was acylated with
129.0, 128.9, 128.8, 128.1, 128.0, 69.8, 67.0, 55.4, 52.6, 52.4, 39.9; hydrocinnamoyl! chloride as described for preparatiofofo give 6
exact mass 351.13162 (¥1(351.13181 calcd for GH2iNOy). as an oil in 83% yield (60% EtOAc in hexan@, 0.20): IR (CHCl,
Dimethyl (2S,6RS)-2-(N-(Methyl succinyl)amino)-6-hydroxyhep- cast) 3308, 3085, 3028, 2953, 2865, 1740, 1651, 1604, 1541, 1497,
tane-1,7-dioate (6a). To a solution of5a (430 mg, 1.30 mmol) in 1454, 1438 cmt; *H NMR (300 MHz, CDC}) 6 7.26-7.15 (m, 5H),
MeOH (20 mL) was added 10% Pd/C (50 mg). The suspension was 6.23 (d, 1H,J = 6.2 Hz), 4.59-4.52 (m, 1H), 4.124.08 (m, 1H),
stirred under 1 atm of ffor 19 h and then vacuum filtered through a  3.72 (s, 3H), 3.67 (s, 3H), 3.11 (s, 1H), 2:92.69 (m, 2H), 2.55
bed of Celite, which was washed with MeOH. Evaporatiomacuo 2.44 (m, 2H), 1.83-1.50 (m, 4H), 1.371.32 (m, 2H);33C NMR (75.5
afforded6a as an oil (395 mg, 91%): IR (CHEkast) 3140, 2950, MHz, CDCk) 6 175.7, 173.3, 172.6, 141.0, 128.8, 128.6, 126.5, 70.4,
52.7,52.6,52.2,38.2, 33.8, 32.1, 31.7, 21.0; exact mass 351.1691 (M
(44) Black, S.; Wright, N. GJ. Biol. Chem.1955 213 39-50. (351.16818 calcd for gH2sNOg).
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Dimethyl (2S,6RS)-2-(N-((3,5-Dimethoxybenzyl)oxycarbonyl))-
amino-6-hydroxyheptane-1,7-dioate (6g).Amine hydrochloride’ was
acylated withp-nitrophenyl 3,5-dimethoxybenzyl carbori&tas de-
scribed for preparation dic to give 6g as an oil in 58% yield (50%
EtOAc in hexaneR: 0.15): IR (CHCI, cast) 3356, 3002, 2954, 2842,
1740, 1609, 1598, 1525, 1489, 1460, 1434, 1404'cAd NMR (360
MHz, CDCk) 6 6.48 (s, 2H), 6.39 (s, 2H), 5.6%.62 (m, 1H), 5.03
(s, 2H), 4.46-4.33 (m, 1H), 4.22-4.15 (m, 1H), 3.77 (s, 6H), 3.74 (s,
3H), 3.72 (s, 3H), 3.19 (s, 1H), 1.89.46 (m, 6H);3C NMR (90
MHz, CDCk) ¢ 175.5, 173.1, 161.3, 156.3, 138.9, 106.1, 100.5, 70.5,
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2H), 1.89-1.70 (m, 1H), 1.76-1.58 (m, 3H), 1.35 (s, 9H)}:*C NMR

(90 MHz, CDCE) 6 193.9, 173.4, 161.7, 155.5, 80.4, 53.4, 53.3, 52.7,
38.9, 32.2, 28.7, 19.1; MS (CI, Njim/z335 (MNH,*, 21.1%), 318
(MH™, 3.4%), 317 (M, 7.4%).

Dimethyl (2S)-2-(N-(Cinnamoyl)amino)-6-oxoheptane-1,7-dioate
(8e). Hydroxy ester6e was oxidized by the procedure used to form
8ato give8eas an oil in 64% yield (50% EtOAc in hexari&,0.29):

IR (CH.CI, cast) 3283, 2953, 1733, 1658, 1624, 1577, 1534, 1449,
1437, 1400 cmt; 'H NMR (360 MHz, CDC}) 6 7.59 (d, 1H,J =
15.6 Hz), ~45-7.42 (m, 2H), 7.3+7.26 (m, 3H), 6.67 (d, 1H] =

67.1, 55.6, 54.1, 52.6, 52.1, 33.9, 32.4, 21.1; exact mass 413.168358.0 Hz), 6.50 (d, 1H) = 15.6 Hz), 4.774.72 (m, 1H), 3.81 (s, 3H),

(M™) (413.16858 calcd for gH,7NOy).

Dimethyl (2S,6RS-2-Amino-6-hydroxyheptane-1,7-dioate Hy-
drochloride (7). A suspension oN-Cbz-alkenéc (2.01 g, 5.73 mmol)
and 10% Pd/C (100 mg) in MeOH (25 mL) and CH@ mL) was
hydrogenated under 1 atm ok lfbr 24 h. The mixture was vacuum
filtered through Celite, which was then washed with MeOH. The filtrate
was evaporateith vacuoto afford a gum which was dissolved in GEl,

(10 mL). Evaporation of this solutioim vacuogave7 as a wax (1.46

g, 99%): IR (CHCI, cast) 2954, 2630, 1744, 1506, 1456, 1439tm
H NMR (360 MHz, D;0) ¢ 4.21-4.15 (m, 1H), 4.16-4.01 (m, 1H),
3.95 (s, 3H), 3.83 (s, 3H), 2.65..43 (m, 6H);*3C NMR (90 MHz,
CDs;OD) ¢ 176.1, 170.8, 71.3, 54,1, 53.6, 52.4, 34.4, 31.2, 21.8; MS
(Cl, NH3) m/z220 (MH*, 100%).

Dess-Martin Oxidation of o-Hydroxy Esters. Dimethyl (25)-
2-(N-(Methyl succinyl)amino)-6-oxoheptane-1,7-dioate (8a).To a
stirred solution oBa (140 mg, 42Qumol) in dry CHCl, (15 mL) under
Ar at 20 °C was added a solution of freshly prepared Bddsartin
periodinané® (356 mg, 84Qumol) in dry CHCl, (5.0 mL). After 90
min the solution was added to a saturated aqueous solution of NaHCO
(20 mL) containing Ng&0; (2.0 g). The mixture was stirred
vigorously for 5 min and then extracted into @, (3 x 100 mL).
The dried (MgSQ) extracts were evaporat@u vacug and the residue
was purified by flash chromatography (EtOARg;, 0.49) to afford8a
as an oil (110 mg, 79%):0lp = +18.4 (c = 4.76, CHC}); IR (CH.Cl,
cast) 3350, 2956, 1734, 1678, 1660 ¢ntH NMR (360 MHz, CDC})

0 6.26 (d, 1H,J = 7.6Hz), 4.61-4.55 (m, 1H), 3.83 (s, 3H), 3.71 (s,
3H), 3.65 (s, 3H), 2.85 (t, 2Hl = 6.9 Hz), 2.672.59 (m, 2H), 2.54
2.57 (m, 2H), 1.921.82 (m, 1H), 1.76:1.62 (m, 3H);**C NMR (75.5
MHz, CDChk) 6 193.4, 173.2, 172.5, 171.2, 161.2, 52.7, 52.1, 51.5,
51.4,38.3, 31.4, 30.4, 28.9, 18.3; exact mass 331.1262 (881.1267
calcd for G4H21NOg). Anal. Caled for GiH.:NOg: C, 50.75; H, 6.39;

N, 4.23. Found: C, 50.34; H, 6.46; N, 4.47.

Dimethyl (25)-2-(N-Acetylamino)-6-oxoheptane-1,7-dioate (8b).
Hydroxy ester6b was oxidized by the procedure used to foBato
give 8b as an oil in 70% yield (EtOACR: 0.22): IR (CHCI, cast)
3291, 2933, 2955, 1733, 1654, 1539, 1437, 1401'cAH NMR (360
MHz, CDClk) 6 6.35 (s, 1H), 4.60 (m, 1H), 3.82 (s, 3H), 3.65 (s, 3H),
2.83 (m, 2H), 1.97 (s, 3H), 1.851.76 (m, 1H), 1.76-1.50 (m, 3H);
13C NMR (90 MHz, CDC}) 6 193.7, 172.9, 170.4, 161.5, 53.0, 52.5,
51.9, 38.7, 31.5, 23.0, 18.9; exact mass 259.10571) (259.10559
calcd for GiH17NOg). Anal. Calcd for G;H:17NOs: C, 50.96; H, 6.61;

N, 5.40. Found: C, 50.76; H, 6.59; N, 5.27.

Dimethyl (2S)-2-(N-(Benzyloxycarbonyl)amino)-6-oxoheptane-
1,7-dioate (8c). Hydroxy estei6c was oxidized by the procedure used
to form 8ato give 8c as an oil in 56% yield (30% EtOAc in hexane,
R: 0.15): IR (CHCI, cast) 3365, 2954, 1730, 1524, 1454, 1437, 1400
cm%; 'H NMR (360 MHz, CDC}) 6 7.26-7.15 (m, 5H), 5.26 (d, 1H,

J = 7.2 Hz), 4.99 (s, 2H), 4.284.22 (m, 1H), 3.72 (s, 3H), 3.62 (s,
3H), 2.75 (m, 2H), 1.861.65 (m, 1H), 1.651.45 (m, 3H);*3C NMR

3.74 (s, 3H), 2.87 (t, 2H) = 7.0 Hz), 1.94-1.91 (m, 1H), 1.7#1.65

(m, 3H); 13%C NMR (100 MHz, CDC}¥) 6 193.9, 173.2, 166.1, 161.6,
142.1, 135.0, 130.2, 129.2, 128.3, 120.4, 53.4, 52.9, 52.3, 38.9, 31.8,
19.0; exact mass 347.13736 {M(347.13690 calcd for H21NOg).

Dimethyl (2S)-2-(N-(Hydrocinnamoyl)amino)-6-oxoheptane-1,7-
dioate (8f). Hydroxy ester6f was oxidized by the procedure used to
form 8ato give 8f as an oil in 60% yield (50% EtOAc in hexang,
0.15): IR (CHCI, cast) 3302, 2953, 1731, 1652, 1537, 1497, 1454,
1437, 1400 cmt; 'H NMR (300 MHz, CDC}) 6 7.25-7.11 (m, 5H),
6.16 (d, 1H,J = 7.8 Hz), 4.66-4.53 (m, 1H), 3.82 (s, 3H), 3.66 (s,
3H), 2.93 (t, 2HJ = 6.6 Hz), 2.78 (t, 2HJ) = 7.0 Hz), 2.54-2.48 (m,
2H), 1.80-1.71 (m, 1H), 1.621.45 (m, 3H);33C NMR (75.5 MHz,
CDCl3) 6 194.0, 172.9, 172.3, 161.6, 140.9, 128.8, 128.7, 126.5, 53.3,
52.8, 51.9, 38.6, 38.4, 31.8, 31.7, 18.7; exact mass 349.1523y (M
(349.15253 calcd for gH23NOg). Anal. Calcd for GgH2sNOg: C,
61.88; H, 6.64; N, 4.01. Found: C, 61.71; H, 6.54; N, 4.00.

Dimethyl (25)-2-(N-((3,5-Dimethoxybenzyl)oxycarbonyl))amino)-
6-oxoheptane-1,7-dioate (8g)Hydroxy estei6gwas oxidized by the
procedure used to forrBa to give 8g as an oil in 63% vyield (50%
EtOAc in hexaneR: 0.40): IR (CHCI, cast) 3366, 2954, 1731, 1610,
1598, 1523, 1458, 1434, 1398 cim'H NMR (300 MHz, CDC}) 6
6.47-6.42 (m, 2H), 6.39-6.37 (m, 1H), 5.40 (d, 1HJ = 8.0 Hz),
5.02 (s, 2H), 3.82 (s, 3H), 3.76 (s, 6H), 3.73 (s, 3H), 2:884 (m,
2H), 1.92-1.80 (m, 1H), 1.77-1.61 (m, 3H}C NMR (75.5 MHz,
CDCly) 6 194.0, 173.1, 162.5, 162.3, 156.0, 138.6, 107.0, 101.3, 67.1,
56.0, 54.1, 53.2, 52.9, 39.0, 31.7, 19.6; exact mass 411.1522F5 (M
(411.15292 calcd for gH2sNOg). Anal. Calcd for GoH2sNOg: C,
55.47; H, 6.12; N, 3.40. Found C, 55.30; H, 5.89; N, 3.54.

Methyl N-(3-Butenyl)succinamide (9). To a solution of 3-buten-
ylamine hydrochlorid# (3.0 g, 28 mmol) in aqueous KHG®6.98 g,
69.8 mmol, 50 mL) cooled to 4C was added succinic anhydride (5.58
g, 55.8 mmol) in portions over 20 min. After a further 40 min, the
solution was acidified with concentrated HCI to pH 2.0 and extracted
into EtOAc (4x 150 mL). The combined organic extracts were dried
(MgSQy) and evaporateih vacua The solid residue was treated with
an excess of ethereal diazomethane. Excess diazomethane was
destroyed by addition of glacial acetic acid. Evaporation of solirent
vacuogave an oil which was purified by flash chromatography (50%
EtOAc in hexaneR; 0.22) to yield9 as an oil (3.61 g, 77%): IR (CH¢l
cast) 3310, 3078, 3002, 2980, 2955, 1740, 1649, 1550, 143% ékh
NMR (300 MHz, CDC}) 6 6.15 (s, 1H), 5.835.69 (m, 1H), 5.12
5.05 (m, 2H), 3.68 (s, 3H), 3.343.28 (m, 2H), 2.66 (t, 2HJ) = 6.8
Hz), 2.48 (t, 2H,J = 6.8 Hz), 2.29-2.22 (m, 2H);*3%C NMR (75.5
MHz, CDCk) ¢ 173.3,171.2,135.1, 116.8, 51.6, 38.4, 33.5, 30.7, 29.2;
MS (CI, NH3) m/z186 (MH", 100%). Anal. Calcd for @H1sNOs:

C, 58.36; H, 8.16; N, 7.56. Found: C, 58.20; H, 8.34; N, 7.64.

Methyl 2-Hydroxy-6-(N-(methyl succinyl)amino)hex-4-enoate
(10). The ene reaction (Fe€katalyzed) used to prepafsa was
employed to conver® to 10 as an oil in 52% yield (EtOAdR: 0.25):

(90 MHz, CDC}) 6 193.5, 172.2, 161.0, 157.9, 137.9, 128.5, 128.3, bp 185-190°C, 0.7 mmHg; IR (CHCI, cast) 3298, 2953, 1737, 1650,
128.2, 65.5, 53.0, 52.5, 51.7, 37.8, 31.0, 17.6; exact mass 351.132031544, 1438 cm; H NMR (300 MHz, CDCH) ¢ 6.87 (t, 1H,J = 5.4

(M*) (351.13181 calcd for GH21NO;). Anal. Calcd for G/H21NOy:

C, 58.10; H, 6.03; N, 3.99. Found: C, 57.93; H, 6.00; N, 3.91.
Dimethyl (25)-2-(N-(tert-Butyloxycarbonyl)amino)-6-oxoheptane-
1,7-dioate (8d). Hydroxy este6d was oxidized by the procedure used

to form 8ato give 8d as an oil in 13% yield (10% EtOAc in Gi€l,,
R: 0.25): IR (CHC} cast) 3383, 2976, 2955, 2934, 1733, 1714, 1513,
1454, 1437 cmt; *H NMR (360 MHz, CDC}) 6 5.05 (d, 1HJ= 7.0
Hz), 4.28-4.20 (m, 1H), 3.77 (s, 3H), 3.66 (s, 3H), 2:82.75 (m,

(45) Chamberlin, J. WJ. Org. Chem1966 31, 1658-1659.

Hz), 5.675.52 (m, 1H), 4.27#4.23 (m, 1H), 4.04 (d, 1H) = 5.6

Hz), 3.8%-3.76 (m, 2H), 3.75 (s, 3H), 3.67 (s, 3H), 2.65 (t, 2H+

6.9 Hz), 2.55-2.48 (m, 3H), 2.442.35 (m, 1H)13C NMR (75.5 MHz,
CDCl;) 6 174.1,173.0,171.1, 129.5, 126.3, 69.8, 51.8, 51.3, 40.7, 36.6,
30.2, 28.7; MS (CI, N m/z291 (MNH,*, 22.7%), 274 (MH, 100%).
Anal. Calcd for GoH;o0NOg: C, 52.74; H, 7.01; N, 5.13. Found: C,
52.49; H, 7.17; N, 5.17.

(46) Abd EI Samii, Z. K. M.; Al Ashmawy, M. I.; Mellor, J. MJ. Chem.
Soc., Perkin Trans. 1988 2517-2522.
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Methyl 2-Hydroxy-6-(N-(methyl succinyl)amino)hexanoate (11).
Hydrogenation ofl0 for 3 h using the procedure for preparationcaf
gavell as an oil in 96% yield: IR (CHGIlcast) 3320, 2952, 1737,
1651, 1550, 1437 cm; *H NMR (300 MHz, CDC}) 6 6.32 (s, 1H),
4.22-4.17 (m, 1H), 3.77 (s, 3H), 3.68 (s, 3H), 3.47 (d, 1H= 5.7
Hz), 3.24 (q, 2HJ = 6.3 Hz), 2.66 (t, 2HJ = 7.1 Hz), 2.47 (t, 2H,
J=7.1Hz), 1.8%1.41 (m, 6H)3C NMR (75.5 MHz, CDC}) 6 175.2,

Cox et al.

(m, 1H), 1.63-1.52 (m, 3H), 1.34-1.20 (m, 2H);*3C NMR (90 MHz,
CDCly) 6 174.2,173.6,173.3,171.6, 52.8, 52.4, 52.3, 51.9, 34.1, 32.5,
31.3, 29.6, 25.1, 24.8; exact mass 317.1475)(KB17.14746 calcd
for C14H23NO7).

Data for 18a: mp 89-91 °C; IR (KBr) 3420, 2920, 1650, 1610,
1600, 1410 cmt; *H NMR (360 MHz, D,O) 6 3.94 (dd, 1HJ = 4.8,
8.6 Hz), 2.372.25 (m, 4H), 2.01 (t, 2H) = 7.6 Hz), 1.66-1.36 (M,

173.4,171.3, 70.1, 52.1, 51.6, 39.1, 33.6, 30.7, 29.2, 28.9, 21.9; MS 4H), 1.20-1.14 (m, 2H);*3C NMR (90 MHz, D;O + CH3;CN) 6 182.4,

(Cl, NHg) m/z293 (MNH,*, 4.5%), 276 (MH, 100%).

Methyl 2-Oxo0-6-(N-(methyl succinyl)amino)hexanoate (12).Dess-
Martin oxidation as described for preparation8afwas employed to
convertllto 12 as a solid in 15% yield (EtOAdR; 0.33): mp 61-66
°C; IR (CHCE cast) 3300, 2955, 1733, 1650, 1400 ¢mH NMR
(300 MHz, CDC}) 6 5.76 (br s, 1H), 3.87 (s, 3H), 3.69 (s, 3H), 3.27
(9, 2H,J = 6.9 Hz), 2.88 (t, 2HJ) = 6.9 Hz), 2.68 (t, 2HJ = 6.6 Hz),
2.47 (t, 2H,J = 6.9 Hz), 1.69-1.62 (m, 2H), 1.59-1.51 (m, 2H);2°C
NMR (75.5 MHz, CDC}) 6 193.9, 173.5, 171.4, 161.4, 52.9, 51.8,
39.0, 38.8, 31.0, 29.4, 28.8, 20.0; MS (CI, BJHNn/z291 (MNH,*,
4.7%), 274 (MH, 100%).

2-0Ox0-6-(N-(succinyl)amino)hexanoic Acid, Dilithium Salt (13).
Careful LIOH hydrolysis as described for preparation & was
employed to convert2to solid 13in 99% vyield: mp 146°C dec; IR
(KBr) 3430, 2931, 1636, 1417 crfy 'H NMR (400 MHz, DO) 6 3.13
(t, 2H,J = 6.7 Hz), 2.71 (t, 2HJ = 7.1 Hz), 2.39-2.33 (m, 4H),
1.58-1.42 (m, 4H);*3C NMR (100 MHz, BO + 1,4-dioxane) 195.6,
170.7, 165.3, 160.4, 28.8, 22.7, 23.0, 17.9, 17.8, 11.9; MS (POSFAB,
Cleland) m/z 258 (MH*, 6.8%), 257 (M, 2.2%), 252 ((M— Li +
H)H*, 4.3%), 251 ((M— Li + H)*, 1.1%).

1-Methyl 11-Ethyl 6-(Carboethoxy)-2-hydroxy-4-undecene-1,11-
dioate (14). The ene reaction (FeCtatalyzed) used to prepaba
was employed to convert diethyl 2-allylheptane-1,7-dit/ate 14 as
an oil in 65% yield (33% EtOAc in hexan& 0.30): IR (CHC} cast)
3480, 2936, 1732 cnt; 'H NMR (400 MHz, CDC}) 6 5.56-5.53 (m,
2H), 4.28-4.24 (m, 1H), 4.154.09 (m, 4H), 3.76 (s, 3H), 3.06 (d,
1H,J = 6.2 Hz), 2.99-2.93 (m, 1H), 2.56-2.52 (m, 1H), 2.452.38
(m, 1H), 2.29 (t, 2H,) = 7.5 Hz), 1.75-1.69 (m, 1H), 1.681.49 (m,
2H), 1.47-1.35 (m, 1H), 1.351.28 (m, 2H), 1.25 (t, 6H) = 6.7
Hz); 13C NMR (100 MHz, CDC¥) 6 174.5, 173.9, 173.4, 131.8, 126.8,

70.1, 60.4, 60.0, 52.2, 48.8, 37.2, 33.9, 31.8, 26.3, 24.4, 14.1, 14.0;

MS (Cl, NH3) m/z362 (MNH,*, 100%), 345 (MH, 15.2%).
6-Carboxy-2-oxo-undecane-1,11-dioic Acid (17)Hydrogenation
of 14 in MeOH for 24 h using the procedure for preparation6af
gavel5 as an inseparable mixture of methyl and ethyl esters at the
C-11 carboxyl group in 98% yield. Des$/artin oxidation of this
mixture as described for preparation 8& converted it to the
corresponding 2-oxo mixture of estet8 (30% EtOAc in hexaneRk
0.25). The mixture of esterk (150.5 mg) was hydrolyzed by reflux
in 1 N HCI (25 mL) for 2 h. Evaporatioimn vacuo afforded a solid
which was dissolved in saturated NaHE@5 mL). The solution was
washed with CHCI, (2 x 25 mL). The aqueous layer was acidified
to pH 1.0 with 1 N HCI and extracted with diethyl ether 3100
mL). The combined ether extracts were dried (MgBahd evaporated
in vacuoto give 17 as a waxy solid (70.0 mg, 40% over 2 steps): IR
(KBr) 3430, 2931, 1636, 1417 crly IH NMR (300 MHz, acetonel)
0 9.71 (s, 3H), 2.932.87 (m, 2H), 2.542.24 (m, 3H), 1.96-1.20
(m, 10H); 33C NMR (75.5 MHz, acetones) 6 196.0, 172.3, 176.0,
175.0, 45.6, 38.8, 34.0, 32.7, 32.1, 27.5, 25.5, 21.5; MS (POSFAB,
Cleland)m/z 274 (M").
2-(N-(Succinyl)amino)heptane-1,7-dioic Acid, Trilithium Salt
Dihydrate (18a). Although this could be prepared by direct acylation
of a-aminopimelic acid, a more pure product was obtained by a 2-step
procedure involving formation of the correspondMguccinyl trimeth-
yl ester and LiOH hydrolysis as described above for generatidra.of
Data for the intermediate dimethyl B{(methyl succinyl)amino)-
heptane-1,7-dioate isolated as an oil (50% EtOAc in hex@n@,11):
IR (CHCI; cast) 3323, 2997, 2953, 2865, 1739, 1679, 1676, 1654, 1539,
1437 cn1l; IH NMR (360 MHz, CDC}) 6 6.36 (d, 1H,J = 7.9 Hz),
4.55-4.50 (m, 1H), 3.67 (s, 3H), 3.62 (s, 3H), 3.59 (s, 3H), 2:66
2.57 (m, 2H), 2.53-2.46 (m, 2H), 2.43 (t, 2H) = 7.4 Hz), 1.79-1.73

(47) (a) Grewe, RChem. Ber1943 76, 1072-1076. (b) Colonge, J.;
Collomb, F.Bull. Soc. Chim. Fr1951, 241—-243.

179.9, 178.3, 174.0, 54.3, 36.5, 32.2, 31.5, 30.7, 24.8, 24.3; MS
(POSFAB, Clelandm/z310 (M — Li + Na)H", 2.1%), 309 (M—
Li + Na)*, 11.8%), 294 (MH, 0.5%), 293 (M, 0.3%), 288 (M— Li
+ H)HT, 1.5%), 275 ((M - 3Li+ 3H)", 1.4%). Anal. Calcd for
C1iH1aNOrLis2H0: C, 40.15; H, 5.51; N, 4.26. Found: C, 40.41;
H, 5.26; N, 4.31.

2-(N-(Benzyloxycarbonyl)amino)heptane-1,7-dioic Acid, Dilith-
ium Salt Hemihydrate (18b). The 2-step procedure described to
preparel8awas employed to conveat-aminopimelic acid using CbzCl
to 18b (85% over 2 steps): mp 185.86.5°C; 'H NMR (360 MHz,
D;0) 6 7.29-7.21 (m, 5H), 4.99-4.89 (m, 2H), 3.76:3.72 (m, 1H),
1.98 (t, 2H,J= 7.5 Hz), 1.6%+1.55 (m, 1H), 1.481.33 (m, 3H), 1.26-
1.14 (m, 2H);13C NMR (90 MHz, DO + CHsCN) ¢ 183.8, 180.2,
158.5, 129.2, 128.7, 128.1, 67.2, 57.0, 37.9, 32.2, 26.1, 25.7; IR (KBr)
3568, 3402, 3090, 2946, 1701, 1578, 1500, 1421ciMS (POSFAB,
Cleland)m/z 322 (MH", 19.6%), 321 (M, 4.3%). Anal. Calcd for
CisH17NOelLi2+0.5H,0: C, 54.54; H, 5.45; N, 4.24. Found: C, 54.75;
H, 5.26; N, 4.28.

(2S,6R9)-2-(N-(Succinyl)amino)-6-hydroxyheptane-1,7-dioic Acid,
Trilithium Salt (19). Hydrolysis of 6a with LiOH as described for
preparation oflagavel9in 92% yield: mp 114116°C dec; IR (KBr)
3536, 3410, 1663, 1608, 1413 cin'H NMR (360 MHz, D;O) 4 4.05
(dd, 1H,J = 8.3, 5.0 Hz), 3.93 (dd, 1H] = 7.6, 4.7 Hz), 2.56:2.37
(m, 4H), 1.75-1.50 (m, 4H), 1.38-1.28 (m, 2H);33C NMR (90 MHz,
D,O + 1,4-dioxane) 176.9, 176.6, 170.6, 61.9, 50.6, 29.1, 28.3, 27.6,
26.8, 16.5; MS (POSFAB, Cleland)/z310 (MH*, 3.6%), 309 (M,
9.1%).

(2S,6R9)-2-(N-(Succinyl)amino)-6-hydrazinoheptane-1,7-dioic Acid
(20a). To a stirred suspension of trilithium sa (21.1 mg, 68.&mol)
in anhydrous MeOH (1 mL) was added hydrazine hydrate (688I,
34.5 mg, 33.5uL). After 60 min, NaCNBH (43.2 mg, 688mol)
was added, and the white suspension was stirred for 16 h a€20
Excess NaCNBElwas destroyed by the additiofi b N HCI followed
by stirring for 30 min. The clear solution was applied to BioRAD
AG-50-WX-8 cation exchange resin {(Horm, 10 mL). The column
was eluted with water until washings were neutral and then with 0.5 N
aqueous ammonia. Amino acid-containing fractions (ninhydrin) were
pooled and evaporated vacua The residue was suspended in water
(2 mL) and lyophilized to give20a as a solid (20.4 mg, 97%): mp
92-94 °C; IR (KBr) 3416, 3329, 2956, 1577, 1401 cin'H NMR
(360 MHz, D,O) 6 4.08-4.04 (m, 1H), 3.4%+3.32 (m, 1H), 2.52
2.38 (m, 4H), 1.96-1.55 (m, 4H), 1.40-1.25 (m, 2H}3C NMR (100
MHz, DO + CHs;CN) ¢ 181.6, 179.8, 175.7, 154.5, 66.5, 55.4, 33.5,
32.0, 31.5, 29.8, 21.9; MS (POSFAB, glycerol/H@tyz306 (MH",
4.4%), 305 (M, 1.0%).

(2S,6R9)-2-(N-(Benzyloxycarbonyl)amino)-6-hydrazino-1,7-di-
oic Acid (20c). The procedure for the preparation2fawas employed
to convert dilithium saltlc to 20c After cation exchange and
concentration, the residue was purified by reverse-phase HPLC
(Column: 2x Waters RadialPak Resolve 0.5 m%8L00 mm); solvent
A 0.1% aqueous trifluoroacetic acid, solvent B 70% aqueous MeCN
+ 0.1% trifluoroacetic acid. Method:1.0 mg injection, gradient 30%
to 56% B over 13.0 min at 2.0 mL/min, detecting at 254 nm, retention
time 10.4 min.) Product-containing fractions were lyophilized to afford
20cas a hygroscopic powder (29.8 mg, 69%): mp-53 °C; IR (KBr)
3424, 3150, 3049, 2856, 1701, 1618, 1534, 1499, 1439, 1404;cm
I1H NMR (360 MHz, DO + CDsCN) ¢ 7.34-7.28 (m, 5H), 5.03 (m,
2H), 4.09-4.03 (m, 1H), 3.683.64 (m, 1H), 1.79-1.63 (m, 4H), 1.45
1.41 (m, 2H);*3C NMR (75.5 MHz, BO + CDsCN) 6 175.0, 173.3,
158.5, 137.2, 127.8, 127.4, 126.7, 66.1, 59.6, 52.8, 29.2, 27.8, 20.2;
MS (POSFAB, glycerol/HCIm/z362.2 (MN&, 2.5%), 340.2 (MH,
87.1%), 339.1 (M, 6.3%).

N-SuccinykLL-DAP Aminotransferase (DAP-AT) Assay Stock
solution (100 mM Tris buffer pH 8.0 containing EDTA tetrasodium
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salt (0.1 mM), NaN (5 mM), bovine serum albumin (BSA, Sigma, solution could be stored indefinitely at20 °C without appreciable
1.0 mg/mL), and NHCI (100 mM)) was used to prepare the assay loss of activity.

solution (pyridoxal phosphate (PLP), 3.0 mg, ghtIADPH, 6.0 mg, Step 4. Gel Filtration Chromatography. A portion (32 mL) of
made up to 40.0 mL with stock solution). The solutions were made he gojution from step 3 was concentrated using Amicon Centriprep
using ACS grade reagents and Milli-Q water. Assays were performed y4fijtration-10 units to a final volume of 2.5 mL. The concentrated
at3o CAa}nochont?glgfl 1sc;gf|0|§ml-suc_cnmilu;\IADAPbammgtrans)fer,\aAse solution was applied to a Sephadex G-75 column (Pharmacias 15
to give 340 OF - MAUsdmin, 1 mM substratda, 10 mh 300 mm) and eluted at 1Qa./min with 200 mM phosphate buffer pH
L-glutamate, 10 units af-glutamate dehydrogenase (EC 1.4.1.4, Sigma), 6.8; 1.5 mL fractions were collected. Active fractions (tubes-28,

and assay solution to give a final volume of 1000 The decrease in - A
B-NADPH concentration was observed at 340 nm (with a reference 0@l volume 7.5 mL, calibrated molecular weight 81.5 kDa) were

value observed at 520 nm) over 300 s using a Hewlett Packard 8452 P0led. Glycerol (750‘_L) was added and the solution frozen..
diode array spectrophotometer equipped with a cuvette having a water Step 5. Mono-Q Anion Exchange Chromatography. A portion

jacket. Stock solution was kept refrigerated &CAfor up to 6 months; (4.0 mL) of the soution from step 4 was desalted using Amicon
assay solution was made up fresh daily. The assay conditions werecentricor30 filters and the residue made up to 4.0 mL with 20 mM
varied as outlined below for kinetic analyses. phosphate buffer, pH 7.0. This solution was purified by HPLC

Purification of DAP-AT. All procedures were done at 4, all chromatography using a BioRAD gradient module and UV detector

buffers contained 10 mg/L PLP, and protein elution during chromato- (218 nm) and a Pharmacia Resource mono-Q anion exchange column
graphic steps was monitored at 280 nm unless otherwise stated. Buffer1 mL of bed volume) eluted at 1 mL/min: Eluent A, 20 mM phosphate
were made using ACS grade reagents and Milli-Q water. Centrifuga- buffer, pH 7.0; eluent B, 20 mM phosphate buffer plus 500 mM NacCl,
tions were performed using a DuPont Sorvall RC-5B centrifuge pH 7.0. The buffers were cooled to°@ anddid not contain PLP.
equipped with a Sorvall GSA rotor (& 250 mL tubes). Protein Injections of 200uL were made, then 0-02.0 min 0% B, and then
determinations were done using the BioRAD reagent kit, standardized gradient 2.6-26.0 min 6-80% B, then 26.6-28.0 min 86-0% B. Peaks
against BSA, and activity assays were performed as described aboveere collected manually as they were eluted into ice cooled polypro-
Wild type E. coli (ATCC 9637) glycerol stock solution (2 1 mL) pylene test tubes. Activity was eluted in a single peak, retention time
was added to 2 500 mL of a sterilized solution qontaining yeast 153 min. To this enzyme solution was added glycerol to 10%, and
extract (3 g/L), peptone (5 g/L), and glucose (5 ?ML)Z'L Erlenmeyer e solution was frozen at20 °C. Thawed samples of this solution
Ilr?esrll(i-sezhteo ;Or:ztclalnat\ga%ihg‘krigcﬁ;isc?%erxsirzé ﬁ:g lf\zlrngl;i)l? r:e?i?ﬁ?m were used for kinetic analyses. The solution was desalted utilizing
(KHoPQs, 13.6 g/L: (NH),SQs, 2.0 g/L: MgSQ-2H,0, 200 mglL: grrrwggr; ?Eg‘léon 30 ultrafiltration units to provide samples suitable
FeSQ-7H;0, 0.5 mg/L; glycerol, 2.0 g/L; PLP, 10 mg/L; yeast extract, T ’ o .

3.0 g/L; peptone, 5.0 g/L; glucose, 5.0 g/L). Fermentation was done Kinetic Analyses and Inhibition Studies. AbspluteKm values for

at 37°C, pH 7.0, with 200 rpm stirring, using a 76 L LH2000 fermentor ~ the natural substratea andL-glutamate were obtained by measurement
until the end of logarithmic growth as determined by 4¥3 h). Cells of initial rates (10-30 s) for a matrix of 7 substratea concentrations
were harvested by ultrafiltration (Oz8filter) and washed with 30 mM by five L-glutamate concentrations. Assays were performedl1 mL
phosphate buffer pH 7.5. The resultant concentrate (2 L) was quartz cuvette containing substréte, L-glutamate, -glutamate de-
centrifuged (2x 10 000 rpm, 10 min). The cells were resuspended in hydrogenase (10 units), and assay solution to make up 1000

30 mM phosphate buffer, pH 7.5, and the pooled cell concentrate (600 Reactions were initiated by the addition Rfsuccinyl+L-DAP ami-

mL) was passed six times through a continuous-flow sonicator cooled notransferase (17.9 nM) and were followed at 340 nm over 300 s. The
to —20°C. The sonicated cell suspension was centrifuged (8000 rpm, array of data points was analyzed using the computer program Enzyme
15 min) to remove cell debris and the clear supernatant (450 mL) Kinetics (Trinity Software, Compton, NH). Values 2" and Viax

containing soluble protein decanted. were measured for the natural substrageand substrate analogues
Step 1. Reactive Brown Affinity Chromatography. A portion 1b—g at fixedL-glutamate concentration (10 mM). Initial reaction rates

of the soluble protein solution (230 mR g protein) was appliedto a  (10—30 s) were determined for reactions performedil mLquartz

column (60x 300 mm) of Reactive Brow«i0 (Sigma) immabilizetf cuvette containing substratéa—g at seven concentrations (6:10.0

on Sepharose-6CL (Sigma), which was then eluted with 30 mM mwm), L-glutamate (10 mM),-glutamate dehydrogenase (10 units), and
phosphate buffer, pH 7.5, at a flow rate of 2 mL/min; 20 mL fractions assay solution to make 10Qd.. Reactions were initiated by the
were collected. Active fractions (tubes-3%0, total volum_e 380 mL)_ addition ofN-succinyltL-DAP aminotransferase (17.9 nM) and were
were pooled and concentrated to a volume of 120 mL using an Amicon ¢giowed at 340 nm. |Initial rates (1680 s) were plotted vs substrate
ultrafiltration cell fitted with an Amicon YM-10 ultrafiltration mem- concentration and kinetic parametels{®, Vins,) Were calculated using
brane under N(50 psi). o the EnzFitter computer program (Elsevier Biosoft, Cambridge, U.K.).
soﬁi?opnzfro?riugt-eseﬁ C‘Vfgg'tg Cpéznlgtigm%n ng gggcni?;raﬁd For preliminary inhibition studies, reactions were initiated by the
X P app . g ) | addition of N-succinyltL-DAP aminotransferase to standard assay
Cibacron Blue-3GA immobilized on cross-linked 4% Agarose (Sigma), mixtures containing natural substra(1 mM), L-glutamate (10mM)
which was then eluted with 30 mM phosphate buffer pH 6.0 at a flow . e L
L-glutamate dehydrogenase (10 units), and varying concentratiens (0

rate of 2 mL/min; 20 mL fractions were collected. After 900 mL of A . .
elution a pH gradient was run to 30 mM phosphate buffer, pH 8.0, 10 mM) of potential inhibitor made up to 10QQ with assay solution.

over 1000 mL. Active fractions (tubes 8119, total volume 640 mL) N0 significant reduction of reaction rates could be observed &a
were pooled and concentrated to a volume of 70 mL. This solution 18C,0r 19. For detailed examination of slow-binding inhibitd@t8ac,

was dialyzed three times\l L of 1.0 mMphosphate buffer pH 6.8 (2 stock solution was used to prepare assay solution as described above,
h, 15 h, and then 2 h). except that PLP was deleted from the mixture. No inhibition of the

Step 3. Hydroxylapatite Chromatography. The dialyzed solution ~ COUPling enzymei-glutamate dehydrogenase, was observedf
from step 2 was applied to a hydroxylapatite column (BioRAD 25 or 20c Absorbance, time pairs were collected every 15 s over 3600 s
170 mm) which was eluted with 1 mM phosphate buffer pH 6.8 at 600 for reactions performechia 1 mLquartz cuvette containing substrate
uL/min; 6 mL fractions were collected. After initial protein elution 1 (1 mM), L-glutamate (10 mM).-glutamate dehydrogenase (10
had ceased, a concentration gradient was run to 300 mM phosphateunits), inhibitor at seven concentrations (620.0 mM), and assay
buffer, pH 6.8, over 600 mL. Active fractions (tubes-9510, total solution to make 100QL. Reactions were initiated by the addition of
volume 84 mL) were pooled, and glycerol (8.5 mL) was added. This N-succinyl+L-DAP aminotransferase (1.3 nM), and reaction progress
was observed at 340 nm over 3600 s. The data points were fitted to

(48) Davis, B. D.; Mingioli, E. SJ. Bacteriol 195Q 60, 17—28. the integrated rate equation
(49) (a) Stellwagen, BMeth. Enzymol199Q 182 343—-3547. (b) Scopes,

R. K. Protein Purification Principles and Practice2nd ed.; Springer- _
Verlag: New York, 1987. P = V¢ + (Vo — VI(L — exp(—Kypd))/K gps + d
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(50) Shareware: Kevin Raner, 77 Therese Ave, Mt. Waverly 3149,
Australia. JA960640V



