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Tricarboxylic Acid Cycle Rather Than the Shikimic Acid
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Abstract: The biosynthesis of 4-hydroxy-3-nitrosobenzamideStneptomyces murayamaensigitants MC2 and

MC3 has been studied using sodium [1325]- and [143C 180;]acetate, sodium [2,5C;]succinate, [1,25C;]glutamic

acid, [443Claspartic acid, and sodium [£€]- and [2,313C;]pyruvate. 13C NMR analysis of the labeling patterns

from the first two of these suggested a pathway via condensation of a four-carbon unit from the tricarboxylic acid
(TCA) cycle with a three-carbon unit, possibly phosphoenol pyruvate. Subsequent specific incorporations of the
labeled succinic acid, aspartic acid, and glutamic acid confirmed the TCA cycle involvement and the orientation of
the four-carbon intermediate. Specific incorporation of the labeled pyruvic acids confirmed the involvement of a
three-carbon unit and defined its orientation. This is the first aminohydroxybenzoic acid derivative shown not to be
derived from a shikimic acid-type pathway, and its origin provides a rationale for the biosynthesis of other microbial
products such as asukamycin, manumycin, and the michigazones.

We have recently described the isolation of 4-hydroxy-3-
nitrosobenzamidel, and its ferrous chelat®, from Strepto-
myces murayamaengisas well as a metabolite, murayaan-
thraquinone,3, apparently derived from condensation of a
3-amino-4-hydroxybenzamided)( equivalent and a beralf
anthraquinoné. The free acid, p-hydroxystyryl estef,” and
aldehydé&? analogs o had been previously reported. We have
also reported that 3-amino-4-hydroxyjH}benzoic acid5a, was
readily incorporated int@ by S. murayamaensts We now 5
report on the biosynthesis & and, therefore, ob via the
tricarboxylic acid (TCA) cycle and a three-carbon unit from
glycolysis.

Ry=NO, Ry=NH, Ry=H 2
Ry = NHz, Rp = NHy, Ry = H
Ry =NHy, Rp=OH, Ry=H
Ri=NHp, Rp=OH, Ry=D

Dok

Results and Discussion

During the course of an exploratory feeding of sodiur{t}
acetate t&S. murayamaensisutant MC3 in order to study the
biosynthesis of murayaquinof&a polyketide metabolite which
is overproduced by this mutant strdiit was found that both
murayaquinone anglwere significantly radioactive. A sample
of sodium [1,213C;]acetate 6a, was fed next and the labeled

2a analyzed by 1D¥C NMR spectroscopy and by a 2D
INADEQUATE experiment. The former spectrum revealed
pairs of large satellites2% enrichments) flanking resonances

® Abstract published irdvance ACS AbstractSeptember 1, 1996. for C-1, C-5, C-6, and C-7, and much less intense satellites

(1) Portions of this work were presented at Pacifichem '95, Honolulu, (~0.5% enrichments) flanking the C-2, C-3, and C-4 resonances.
Ha(Vg"cvoDn‘zce'\Tbg kASéI&iEI’Ig% R Camev. J. R Gore. M. P Gould. 5. Th€ latter spectrum contained cross-peaks between C-1 and C-7
J. Tetrahedron1 995 51, 3095-3102. Yo d R B '~ and between C-5 and C-6, revealing that each pair represented

(3) Hassan, A. M.; Cone, M. C.; Melville, C. R.; Gould, S.Bloorg. incorporation of a two-carbon acetate unit. While cross-peaks
Med. Chem. Lett1995 5, 191-194. . were not observable for any of the other three resonances,
11\%)' Kurobane, |.; Dale, P. L.; Vining, L. Cl. Antibiot.1987, 40, 1131~ coupling between C-3 and C-4 was confirmed witH@{ 1C}

(5) Chain, E. B.; Tonolo, A.; Carilli, ANature 1955 645-645. (COSYX) experiment. The coupling between C-2 and C-3

(6) Ballio, A.; Bertholdt, H.; Carilli, A.; Chain, E. B.; Di Vittorio, V.; could not be detected directly in this sample. The combined

I‘g’gg"ivsg-agf%‘Bame”O”a' LProc. R. Soc. London, Ser. B. Biol. Sci.  data suggested the possible presence of biogenetic units of four
(7) Candeloro, S.; Grdenic, D.; Taylor, N.; Thompson, B.; Viswamitra, carbons and three carbons, each coming from a significantly

M.; Hodgkin, D. C.Nature 1969 224, 589-501. differentin vivo pool.

(8) Khokhlov, A. S.; Blinova, I. N.Dolk. Biochem.1974 214, 186— Sodium [113C 180,]acetatepb, was fed next and yieldezb.
188. 1 . h . .

(9) Yang, C. C.; Leong, JAntimicrob. Agents Chemothet981, 20, 3C NMR analysis showed that, in addition to enrichment of
558-562. C-7 (0 167.5, the carboxyl carbon), C-b (20.8) rather than
14((510) Sato, Y.; Kohnert, R.; Gould, S.Tetrahedron Lett1986 27, 143— C-6 (0 135.7) was enriched. A second resonance was also

(il) Cone, M. C,; Gould, S. J., details to be reported elsewhere. (12) Vederas, J. ONat. Prod. Rep1987, 4, 277—-338.
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observed for C-7 (3.2 Hz upfield isotope shift), indicating the
presence of on&O label at this site. An average enrichment
of 10% was measured for C-7 and C-5, and from the height of
the 180-shifted resonance, a 16% retention ¥ could be
estimated. No clear enrichment of the other three carbons could
be discerned. Most importantly, from tR&C enrichments it
was clear that the acetate-derived units at C-1/C-7 and C-5/C-6
were linked tail-to-tail, rather than head-to-tail. Such tail-to-
tail coupling is the signature of the TCA cycle.

Previous biosynthetic studies have shown that 2-amino-3-
hydroxybenzoic acid7,13 2-amino-6-hydroxybenzoic aci8,*
and 3-amino-5-hydroxybenzoic aci€l,'>6 are derived from
variations of the shikimic acid pathwayia either dehy-
droshikimic acid {0, R = OH) or aminodehydroshikimic acid
(11, R = NHy) (Scheme 1; the heavy bonds shown are those
that remain intact from glucos&?2). This pathway involves
the condensation of a three-carbon unit, phosphenolpyruvate
(PEP),13, with a four-carbon unit. Fol0, this is erythrose-
4-phosphatel4, and forl1 it is apparently the imino analog
15.17

The labeling observed for C-7/C-1/C-6/C-5 »&ffrom the
acetate feedings revealed the involvement of a four-carbon unit.
In this case, however, it arises from a dicarboxylic acid of the
TCA cycle rather than from erythrose-4-phosphate. The direct
major labelings observed from the numerous precursors sub-
sequently fed revealed the important features of the pathway to
this new isomer of aminohydroxybenzoic acid (3,4-AHBA).
These feedings were done usif®y murayamaensimutant
MC28 to avoid the overproduction of murayaquinone. The
involvement of the TCA cycle was confirmed directly by feeding
sodium [2,313C;Jsuccinate,16a which yielded2c with 13C
coupling between C-1 and C-6, and by feeding [Q2]-
glutamic acid,17a which yielded2d with enrichments at C-5
and C-7. The succinate labeling of C-1 and C-61(5%
enrichment) confirmed incorporation of an intact four-carbon
unit. The glutamic acid had been convertedvivo to [1,2-
13C,)-a-ketoglutarate and then to [BC]succinyl CoA, 183,
which was cleaved to the symmetrical succinic atfd in the
normal course of the TCA cycle. [#C]Aspartic acid,193,
was fed next and was incorporated unsymmetrically to yield
2e Thus, the incorporation df9a defined the orientation of
the four-carbon unit.
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The involvement of a three-carbon unit was confirmed and
its orientation defined by feeding sodium [2%5;]- and [113C]-
pyruvates,20a and 20b, respectively. The former yielde2f
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with couplings between C-2 and C-3, while the latter yielded
2g with C-4 enriched. Although a correlation for the C-2/C-3
coupling could not be observed in the COSYX or 2D INAD-
EQUATE spectra of2a, this coupling was obvious in the
spectrum of2f and was confirmed by a 2D INADEQUATE
experiment.

As had been the case for incorporation Gd, additional
enrichments were observed from many of the feeding experi-
ments. These revealed details about pool sizes and the activity
level of primary metabolic pathways in these mutant strains of
S. murayamaensis The various feedings with acetate and
pyruvate demonstrated the presence of a relatively small steady-
state pool of acetyl CoA and a very active flux into and through
the TCA cycle (Scheme 2). Indeed, the first feeding with
sodium [2,313C;]pyruvate actually gave higher enrichments of
the four-carbon unitgia 16c— 21a,b— 2h,i) than the three-
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Scheme 2 at C-1 and C-6 fron2h and2i, respectively. A low level of
o 0o o enrichment at C-7 was observed from feedingdJ@}aspartate,
/U\ —_— )l\ - )l\ and is consistent with this scheme, as well; at least some was
COH SCoA OH converted to [4°Cloxaloacetate and the label from some of
20a 6a this was symmetrized via succinate. The various incorporations
1 Pyruvate TCA cycle are summarized in Table 1.
carboxylase The activities of various metabolic routes were also revealed
o TCA cycle TCA cycle from the labelings of the three-carbon unit. In addition to the
CoH _ 777 CO,H CO.H ial i : . he f )
COH (rect COH  (1fullcycle) L-COH substantla incorporations into the our-carbo.n unipf2,3-
2 2 2 13C,]succinate,16a gave a low level of labeling at C-2 and
21c 16a 16¢c C-3 (~0.1%), which can be readily explained by conversion of
16ato [2,343C;]oxaloacetate21¢ and its conversion to [2,3-
l . l 13C,]PEP, 134, by PEP carboxykinase, leading 26 (Scheme
2c 10) o Na 3). Sodium [2,33C;]pyruvate not only gave coupled intense
N o satellites for C-2 and C-32f) but also yielded very small
HoN z 2 COH . : T
2 o |FeT CO,H satellites for C-4. The coupling constant indicated C-4, too,
o] was coupled to C-3. This result can be explained by conversion
3 of this pyruvatevia the TCA cycle to oxaloaceta@laand then
2h 21a on to [1,223C,)PEP and?j. [3-'3C]PEP would also be formed
and lead to [23C]2 (not shown). Finally, the spectrum af
o o Na* + derived from incorporation of [13C]pyruvate also showed very
N o) small satellites for C-4 and C-5, which would be due to (1) the
HZNJ\C[/ Fe?t =—— 282: action of pyruvate carboxylase, (2) malate dehydrogenase and
0 2 fumarase of the TCA cycle, which would presumably “sym-
3 metrize” the labeling of the four-carbon diacids, and (3)
sufficiently small metabolite pools to afford observable statistical
2i 21b

coupling between the the four-carbon and three-carbon inter-
mediates.

carbon unit. However, this trend was reversed when excess The biosynthesis db, the precursor t@, can be rationalized

unlabeled acetate was cofed. When sodium [&(3}succinate

via a number of alternative pathways, converging on a common

was fed, moderate additional enrichments (evidenced by theintermediate22). As shown in Scheme 4 (heavy bonds identify
coupled resonances) were observed at C-1/C-7 and C-5/C-6the advanced biogenetic unitd could condense with oxalo-
(~0.5% enrichment, representing ca. one-third of the enrich- gcetate21, or with ana-keto acid 23, derived from homoserine

mentsobsewed for C-1 and C-6). These additional labelings
(e.g.2h and 2i) can be explained by a full turn through the
TCA cycle to yield16c!® [2,3-13C;]Oxaloacetate21c would
have been generated from bdtBaand20a leading to2c. In

or methionine, both of which are derived frat via 19. This
condensation would yiel@4, which could undergo elimination
of an appropriate leaving group, generatidg The same
intermediate could be generated frd®and vinyl glyoxylate,

the former case, this was the major labeling, but in the latter 252021 Condensation with pyridoxamine phosphate could then
case it would have been minor and masked by the large satellitesyrovide the amino nitrogen, affording6. Cyclization, tau-

(19) Mathews, C. K.; van Holde, K. Biochemistry2nd ed.; Benjamin/
Cummings: Menlo Park, CA, 1996.

(20) Brzovic, P.; Holbrook, E. L.; Greene, R. C.; Dunn, M. F.
Biochemistryl99Q 29, 442-451.
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Table 1. 3C NMR Results from the Incorporation &iC-Labeled Precursors into the Ferrous Chelate of 4-Hydroxy-3-nitrosobenzaide,

6a 6b 16a 20a 20b
Jec % AO % Jec % 17a % 19a % Jec % Jec %
carbon o (Hz) enrich.  (Hz) enrich.  (Hz) enrich. enrich. enrich. (Hz) enrich.  (Hz) enrich.
1 1195 64.2 1.6 56.9 1.2 64.3 0.8
2 1102 634 0.4 62.2 0.1 63.5 0.7
3 158.7 64.2 0.6 64.1 0.1 63.2 0.6
4 179.8  64.1 0.7 63.8 0.1 62.2 0.9
5 120.8 61.0 1.3 10.0 59.2 0.5 2.2 0.6 59.7 0.6 61.5 0.2
6 1357  61.2 1.4 57.1 1.8 58.4 0.8
7 167.5 64.3 1.2 3.2 10.0 64.4 0.5 0.6 0.5 64.4 0.7 64.3 0.3
Scheme 3 biosynthesis of manumycin and of asukamycin, with oxidative
o) PO, COH modificatior_l of the_m{in unit occurring after addition of
[COzH . COH b Tf — o the polyketide portions. Indeed, when a sample5afwas
COH CO.H recently fed taS. nodusussp.asukaensisit was incorporated
16a 210 13a into asukamycir® It is reasonable to expect a similar result
V with manumycin. The phenoxazones michigaznag; 4-
o o | Na” qlemethoxymichigazor?ézg, exfo!iazone’-,8 30, andN-acetylques-
o PO. GO 1 tiomycin2® 31, should also derived from 3,4-AHBA.
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tomerization, and hydrolysis would ultimately yiédd We have
previously shown that 2-amino-6-hydroxybenzoic a8jds first
converted to its carboxamide before incorporation into sarubicin
A,22 and this may be the next step in the conversio tf 1
and2.

While it will be necessary to establish the precise metabolites
from aspartic acid and pyruvic acid for the four- and three-
carbon intermediates in the biosynthesis5fit is clear that
the pathway is not another offshoot of the shikimic acid
pathway. Scheme 1 shows how this fits into an overall
perspective of AHBA biosyntheses from glucose. With the
biosynthetic parameters so far established, it appearedbthat
may be involved in more than just those pathways revealed in
S. murayamaensisThus, Flosset al. had observed the same
carbon labeling patterns of the-C;N moieties,26 and27, of
asukamycin and manumycin, respectively, from feediagnd

28, Ry = Ry = OCH,
29, Ry = OCHg, R, = H
30, Ry = NHCOCH3, R, = OCHy

N NHCOCH,@
L X
o o
31

Experimental Section

General. Media were prepared with deionized water. Sodium [1,2-
13C,]- and [143C20;)acetate, [2,39C;]succinic acid, [1,24C)-
glutamatic acid, [44C]aspartic acid, and [¥C]- and [2,313C;]pyruvic
acid were obtained from Cambridge Isotope Laboratories, Inc. Com-
pounds were dissolved in® (the pH was then adjusted to neutrality
as needed) and introduced in equal aliquots throughuanXyringe

from feeding sodium [£3Clacetate, as well as a consistent filter.

labeling pattern from feeding sodium [1!3Z;]succinate,
although they were unable to detect any labeling of the three-
carbon unit from these feedings.It seemed reasonable to us
that this may simply have been a matter of internal metabolite
pool sizes. Thiericket al.tested potential aromatic intermedi-
ates, but neitheA}COOH]-3-aminobenzoic acid nol¥COOH]-

9 labeled asukamycin, while each of these materials yielded
new, labeled analogs of manumycin, apparently by directed
biosynthesig324 It therefore appeared possible that 3-amino-4-
hydroxybenzoic acid5, would be an intermediate in the

(21) Cooper, A. J. L.; Hollander, M. M.; Anders, M. V\Biochem.
Pharmacol.1989 38, 3895-3901.

(22) Gould, S. J.; Eisenberg, R. I.Org. Chem1991, 56, 6666-6671.

(23) Thiericke, R.; Zeeck, A.; Nakagawa, A.; Omura, S.; Herrold, R.
E.; Wu, S. T. S.; Beale, J. M.; Floss, H. G.Am. Chem. S0d.99Q 112
3979-3987.

HPLC Analysis of 3-Amino-4-hydroxybenzamide Ferrous Che-
late (2). A Waters NovaPak ¢ radial compression column (0.8
10 cm, 4um bead size) was eluted at a flow rate of 1.5 mL/min with
Milli-Q 5% water/acetonitrile containing 0.1% acetic acid. Absorption

spectra were obtained using a Waters-83fiode array detector with

2 nm resolution over a range of 26850 nm. The retention time for
2 was 5.1 min.

(24) Thiericke, R.; Langer, H.-J.; Zeeck, A.Chem. Soc., Perkin Trans.
11989 5, 851-855.

(25) Gould, S. J.; Floss, H. G.; Li,Y., unpublished results.

(26) Wolf, G.; Worth, J.; Achenbach, Hirch. Microbiol. 1975 106,

245-249.

(27) Kunigami, T.; Shin-ya, K.; Furihata, K.; Furihata, K.; Hayakawa,

Y.; Seto, H.J. Antibiot. 1996 49, 312-313.

(28) Imai, S.; Shimazu, A.; Furihata, K.; Furihata, K.; Hayakawa, Y.;

Seto, H.J. Antibiot.199Q 43, 1606-1607.

(29) Gerber, N. N.; Lechevalier, M. Biochemistryl964 3, 598-602.
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Production of 2. A Kinako soybearrglycerol seed cultufé (50 to pH 3 with 1 N HCI and then extracted with EtOAL.The organic

mL in a 500 mL foam stoppered Erlenmeyer flask) was inoculated extracts were washed with saturated brine and partitioned against
with frozen agar plugs for strain MC2 and with agar plugs of actively aqueous ferrous sulfate, and the bright green aqueous layer was washed
growing mycelium for strain MC3, and each was incubated on a rotary with EtOAc. NaCl was then added to near saturation and the mixture
shaker at 27C, 280 rpm for 48 h. Production media were composed extracted withn-BuOH. The butanol extracts were washed with

of 200 mL of 4% farina plus trace meté&lsn 2 L flasks for strain saturated brine and concentrated vacua The green solid was
MC2 and 400 mL of glyceretammonium sulfate mediuihin 2 L dissolved in MeOH (16-20 mL), filtered, diluted with water (5% v/v),
foam-stoppered flasks for strain MC3. Each was inoculated at 5% v/v and chromatographed on Sephadex LH-20 as described above. The
with seed culture. yields were as follows:2c, 33.5 mg;2d, 61.2 mg;2e 13.2 mg;2f,
Fermentation Protocol for Strain MC3. Precursors were fed in 34.0 mg;2g, 45.0 mg.
the following manner: sodium [1,2C;Jacetate §a, 102.2 mg) and 13C—13C Coupling Experiments for 2a. INADEQUATE spectra
sodium [1¥4Clacetate (3.0Q:Ci) dissolved in HO (3.00 mL) were (Bruker AM 400, DMSOds) were obtained using the following
introduced to a 400 mL culture &treptomyces murayamaensistant acquisition parameters (Bruker pulse program INAD2D.AUR): D1 2.0;
MC3 in equal portions 14, 20, and 26 h after inoculation. Sodium P9 90; S1 15H; D3 0.002; S2 15H; P1 8.3; D2 0.00550; P2 16.6; RD
[1-13C *80;]acetate b, 154.2 mg) and sodium [¥Clacetate (3.02Ci) 0.0; PW 0.0; DO 3 ms; NE 128; NDO 2; MC2 M; SI2 2048 W; SI1

dissolved in HO (50.0 mL) were added to two 400 mL culture broths 512 W; NS 128x 2; WDW2,1 Q; SSB2,1 2. COSYX spectra were
in equal portions 14, 17, 20, 23, and 27 h after inoculation. After a obtained using the following acquisition parameters (COSYX.AUR):
total of 36 h, the whole broth was diluted with an equal volume of D1 1.0; P9 90; S1 15H; D3 0.002; S2 15H; P1 8.3; D2 0.00550; P2
EtOAc and the mixture sonicated. After filtration, the resulting aqueous 8.3; RD 0.0; PW 0.0; DO 3 ms; NE 128; NDO 1; MC2 M; SI2 2048
layer was adjusted to pH-23 and re-extracted with EtOAc (R 200 W; SI1 1024 W; NS 736; WDW2,1 S; SSB2,1 0.

mL). Extraction of the remaining agueous layer witlBUOH (2 x 13C—13C Coupling Experiment for 11a. Parameters for INAD2D.
200 mL) and concentration yielded a solid residue (42 mg). This was AUR (Bruker AC-300) were as follows: D1 2.5; P9 100; S1 15H; D3
dissolved in 5% HO/MeOH and was chromatographed on a .35 0.003: S2 15H; P1 7.0: D2 0.005; P2 14.00; RD 0.0; PW 0.0: DO 3

cm Sephadex LH-20 column, prepared, and eluted with the same ms: NE 128; NDO 1; MC2 M: SI2 2048 W: SI1 256 W; NS 1282;
solvent, to give 8.1 mg oa. An estimated production of 12.6 mg  wpw2,1 Q; SSB2,1 2.

was calculated by analysis of the area of peak correspondifg ito

the HPLC trace of the initial extract monitored at 254 nm. Workup of
the 6b feeding yielded 54.2 mg from the butanol extraction. Sephadex
LH-20 purification of this material gave 16.7 mg 2. An estimated
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