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Protonated Amino Acid Precursor Studies
on Rhodotorulic Acid Biosynthesis

in Deuterium Oxide Media*

. | )
Hugh A. Akers_*, Miguel Llinds” and J. B. Neilands'

Running title: Biosynthesis of Rhodotorulic Acid
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protonated sucrose as carbon scurce was given various additional

ABSTRACT: Rhodotorula pilimanae CBS 4479 growing in 99.8% D, O with

- protonated substrates, the incorporation of which into rhodotorulic
acid was examined. It was found that L-ornithine and ¢-N-acetyl-L-
§-N-hydroxyornithine are intermediates on the rhodotorulic acid path-

way. Indirect evidence was found that O, rather than H20 is the

2
source of the'hydroxy]amino cxygen. The assembly of the amino acids
into the cyclic peptide apparently is similar to the scheme which

recently has been established for gramicidin and tyrocidine. Argi-

nine metabolism in R. pilimanae and Saccharomyces cerevisiae appear

to be regulated by similar mechanisms.



Introduction

- If R. pilimanae and rélated yeasts are grown in a low-iron -
medium, large:amounts of a diketopiperazine dihydfoxamic acid called
rhodotorulic acid (RA)1 are produced (Atkin gﬁ_gl.,-1970); Similar
but ﬁore cbhplex compounds from other organisms ﬁave been shown by
Emery (1971) to act as ifon transporting agents. Two types of
these compounds (hydroxamates énd phenﬁlates) collectively called
siderochromes, have been described:in a recent reVieQ (Neilands,
1972). Initial studies on the biosynthesis of RA involved the
addition of 14C—1abe1ed amino acids to cultures of R, pilimanze
followed by measurement of their incorporation into RA. Labeled
glutamate, glutamiﬁe, proline, arginine, or ornithine were rapidly
converted to RA, and afforded little information on the initial
precursor of the molecule. To overcome this proﬁlem tﬁe metabolic
soﬁ;ce of the individual hydrogens, rather than-the carbon skeleton,
. was studiéd. For this purpose.g. pilimanae was_adépted to grow in
99.8% 020 on protonated‘sucrose, and at approximately 1/2 to 2/3
maximun growth (initial phase of RA synthesis) pfotonated substrates
were added to the medium. After about 15 days thq.RA was purified

1

"Abbreviations used: RA, rhodotorulic acid; PMR, proton

magnetic resonance; AHO, 6—§;acety14£-6-§;hydroxyornithine.
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dnd the relative protonation determined at each position by proton
magnetic resonance (PMR) .

Using fhis technique a variety of intermediates of arginine
metabolism were examined as precursors of RA. A number of con-
clusions wgré drawn regarding regulation of the meﬁébo1ism of this
amino acid; also, the similarities between arginine:metabolism in
R. Eilimanée and S. cerevisiae are discussed. The initial brecursor
was shown to be L-ornithine and 6-&;acety1-2-6-§5ﬁydroxyornithine
(AHO) was demonstrated to be an intermediate on the. RA biosynthetic
pathway. The similarities between the assembly.of the‘monomer
amino acids into RA and the accépted scheme of gramicidin and tyro-
cidine bibsynthesis are noted. The isotopic method has the advantage
over conveﬁtioﬁal radioactive metabolic studies in that the PMR
spectrum distinguishes between different hydrogené, thus eliminating
the need.f§r chemical d gradation of the product.tovdetermine the
5pecific activity at each position. Since RA is_prbduced in high
yields and 1is easily_crystallized from water if is particularly

suited for this typc of biosynthetic study.

Methods and Materials
‘Stock cultures were maintained on maltéagar‘slants.' Crystal-

line RA was obtained from low-iron cultures of R. pilimanac (Atkin



and Neilands, 1968) . D20 adapted'cultures'were_méintained'as
liquid cultures and were transferred monthly. 99,8% DZO (atom % D)
was purchased from Bio-Réd Laboratories, Richmond, California. PMR
spectra were recorded at 220 M{z on a Varian HR22O spectrometer:
using ZQYmg samples of RA in 0.5 ml of D6-dimethyi'§ulfoxide
(Merck, Shérp, and Dohme) and tetfamethyl silane aé iﬁternal
sfandard.

ASKP medium. The medium normally used for growing R. Dilimange
contains acetate and citrate, both of which contain carbon-bound
hydrogens. Therefore, the following medium was used for all studies

o

performed in 920: 2 g ammonium sulfate (enzyme grade), 4 g anhydrous

.KZHPO4, and 20 g sucrose per 1. (designated ASKP'médium). Trace

metals and thiamine were the same as normally used for R. pilimanae

(Atkin and Neilands, 1968) or Ustilago s»asrogena (Garibaldi and -

Neilands, 1955). H 0 s.ock solutions of trace metals and thiamine

2
were evaporated to dryness and then reccnstituted with DZO' DZO
cultures were adjusted to pB 6.8 using concentrated H3P04. Auto-

: claving caused a slight precipitation of metal salts.

Determination of Deuterium Concentration. The deuterium con-

centration was determined spectrophotometrically (Crespi and Katz,

1961) using commercial 99.8% D20 as a standard. With a hot auto-




Clave and tightly cotton—pluggcd,flasks, the deuterium concentration
of the medium after autoclaving was 98.5%. At the end of a typical
two-three week experiment when the RA was harvested, the deuterium
concentration dropped to 97.0 - 96.55%. .

- 'Hydroxamate Assay and Hydroxylamine‘SDray. "The standard spec-

trophotometric hydroxamate assay (Atkin and Neilands, 1968) was em-
ployed, utilizing a Beckman DU spectrophotoneter. Up to 3 umoles of
hydroxaméte were diluted to 3 ml with 5 mM Fe(ClO4)2—O.1 M HC104.

In these conditions AHO was found to have a molér extin;fibn coef-
ficient, ASOSf of 935 (total AHO determined by évfgcﬁrding titrator)
(Neilands and Cannon, 1955). Both the wavelength.of maximum absor-
bance and the intensity of absorption agree with pfevious reports
for monohydféxamates (Seifter et al., 1960). The A505 is almost

1/2 and 1/3 of the absdrbancy coefficients for RA (Atkin and Neilands,
1968) and ferrichrome (Euery, 1967), respectively.>'Hydroxy1amines

~ were defected by the use of a tetrazolium spray (Snow, 1954).

Adaptation of R. pilimanae to D,O. Two 10 ml cultures of ASKP

2

medium were prepared, one using 100% (99.8%) DZO,and'the other 50%

DZO and 50% HzO;‘both were inoculated from a malt-agar slant.
Growth was observed in the 50% culture in about four days. One drop
of the 50% culture was added daily to the 100% culturc starting with

day 7. After about 20 days growth was observed in the 100% culture.



This culture then served as an inoculum for otherjIOO% DZO cultures.

After several transfers deuterated 5} pilimanae grew at about 1/2 the

rate of protonated R. pilimanac. Cell volume was greater in deuterated

cultures than in protonated, owing to an increase in cell size. On a
volume basis deuterated cultures produce about 20%.of’the RA of pro-
tonated cultures. Deuterated R. Eilimanae often adheres to the sides
of the culture flasks. Also, there iS a change in some aspect of
carotenoid bibsynthesis since cultures more than 80% deuterated fail
to turn the typical orénge-red color of mature protqnéted.cultures

but instead remain a dark pink.

Synthesis of G-N—Acetyl-G-N—Hydroxyornithihe} ‘10 g of RA in

100 ml1 of 6 N HC1 was sealed in two 2 x 50 cn evacuated Carius tubes
and hydrolyzed overnight af.100°.to 6—§;g—hydfoxydrnithine (Atkin
and Neilands,:1968). The hydrolysate was flash eQaporated at 40°

to an oil, dissolved in 100 ml of H20 and the pH adjﬁsted to 4.3
with pyridine; Onec equivalent of aﬁetic anhydride (5.5 ml) was added
in small portions over one hour while -the solutioﬁlwéslkept at 50°.
Then 0.1 ml poftions of acetic anhydride were addéd until the hy-
droxamate content reached a maximum as measured at Sés‘nm in the
hydroxamate aséay._ The reaction mixtufe was éonééntréted,_acidified
with-glaciél acetic acid, and placed on a 3 ; 50 cm Dowex-50 column,

which was in the hydrogen_form.. The column was devéloped using a




linear gradient between 2 1. of 2 N acetic acid and 2 1. of 2 N

pyridinium-acetate, pH 5.0. L-AHO was distinguished from a,8-N,N-

~diacetyl-&-N-hydroxyornithine and 6-N-hydroxyornithine peaks by their

elution sequence, electrophoretic mobility (0.1 M pyridinium-acetate,
pH 4.8), and ninhydrin, hydroxamate, and tet&azéliqm tests. The
L-AHO was acidified with HCl and the pyridinium—acetdte removed by
repeated addition and evaporation of water. After passing through
3.5 x 110 cm.Sephadex G-10 column with water as eluént, 6.63 g (60%
of theoretical) of L-AHO was recovered. The hydrbchléride forn was
crystallized from water by the slow addition of ethanol. The bio-

logical activity of AHO was tested using enb mutants of Salmonella

typhimuriun (Pollack et al., 1970).

Synthesis of DL-AHO., 10 g of RA were hydrolyzed as above and
the product racemized by refluxing for 2 hours in a soluticn con-
taining 100 ml of glacial acetic acid and S0 ml acetic anhydride.

The resulting ninhydrin-negative material was decolorized with char-

‘coal and flash evaporated to an oil. An attempt was made to resolve

(Greenstein, 1957) a portion of this compound with porcine.kidney
acylase (Calbiochem); however, no ninhydrin—positivé material was
produced.' The remainder of the diacetyl—DL-hydroxyérﬁithine was

hYdrolyzed; acetyléted, and purified by use of the same procedures

applied to L-AHO. The method of Greenstein and Winitz (1961) was
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employed for the synthesis of §-N-acetyl-L-ornithine. Arginino-
succinic acid and L-a,y-diaminobutyric aéideHCI were purchascd from
Sigma Chemical Company. All other chemicals were from regular com-

mercial sources.

Molecular Rotation of L-AHO. 100 mg of AHO in 2 ml of 50% HI

were sealed in an evacuéted Carius. tube and hydroifzed_at 100° for

lS hours. The hydrolysate was flash evapofated af_40° tbvan 0il and
the HI and-‘I2 rémoved by repeated additions and evéporations of
small amounfs of 0.1 N HC1. A duplicate sample’waé‘prepared to con-
tain 100 mg of a specimen of commefcial ornithine whi%h has previous-
ly been shown by optical rotatory dispcrsion‘to éoﬁtain greather than
98% of the g-isomor. The samples werc diluted to 3.0 ml with i N
HC1l, the ornithine content determined (Chinard, 1952), and the optical
‘rotatory dispersion spectrun recorded with a Cary_éO instrument. No
.racemization of é-ofnithine was Qbserveﬁ in this érogess. The orni-
thine froﬁ L-AHO was determined to be 0.856 L isqmer. From these
data the molecular rotationxfor the L isomer of ANO. was determined

_ 20 ’ 20 ' i
to be ™M] Zdo + 130° apd [M] = -+ 172° in 1 N HC1l. Using thése

350
molecular rotations the partially racemized preparation of AHO was

- found to be 0.670 L isomer.

Purification of Deuterated RA. 'The 020 cultures were centri-

fuged and the medium flash evaporated at 40° to an oil. The oil was

dissolved in 50 ml of water and.eXtracted twice with 100 ml of CHCIS-

e el o e
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phenol (I:l;ﬁeight basis). The RA was ré-extracted into water after
the addition of about'SOO nl of ether to the CHCls-phenol. The water
phase was concentrated to about 5 ml, acidified with'aéetic acid, and
applied to.a'iES‘x-40 cm Dowex-50 column in the hydrogen form. RA
was eluted with 2 N acetic acid, and hydroxamate-positive fractions
were pooled and the acetic acid removed by repeated additions and
evaporation of water. The RA was dissolved in the least possiblei
.amount of Qatér‘and placed on a 3.5:x 110 cm Sephadéx G—IO column
using water as an eluent. The RA was dried'iﬂizgggé_over P205. Using

this procedure quantities as small as 35 mg were recovered.

Recovery of AHO. In the cultures containing exogenous AHO the

RA and unconsumed AHO were recovered by placing the acidified, con-
centrated chltute medium directly on a 1.5 x 40 cm Dowex-50 column.
The column was developed with a linear gradient bctwéen 250 ml1 of
2 N acetic acid and 250 ml of 2 N pyridinium—acetaﬁe, pH 4.8. Two
hydroxamate;positive peaks were obsérved: thelfiisf to éppear was
RA, while AlO was retarded. Both fractions were erther purified
by removing the pyridinium-acetate by repeated evaporétion from water
and gel-filtration as described above for RA. |

General Procedufes. In a typical éxperimcnt.106f170 ml of D>O

2
O-adapted cul-

ASKP medium were inoculated with one to two ml of D2

ture and placed on a rotary shaker at 30°. After about four days

one ml of the culture was withdrawn and assayed for hydroxamate
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concentration. At the same time the protonated supplements were added.
Enough suppiément was added to make the Eulture 20 hM except for.argi—
ninosuccinate, £~AHO, and DL-AHO which were addéd affa ievel of 5.0 mM,
13.4 mM and 6.65 mM reépectively. After a total incubation period of
two to three weeks the RA was purified from the culture. The greatest
amount of packed cell volume with the smallest amouﬁt of RA produced
occurred by day four.

The_DéOymedium in tightly cotton-plugged Erlenmeyer flésks was
autoclaved using a preheated autoclave for iO minﬁtes at 120°. Using
this procedure there was little protonation of thg DZO.‘ The supple-
ments werefdissolved in about 10 ml of D20 and the pD adjusted to
6-8 with concentrated H3P04 or KCH (in DZO) priof tc sterilization.
Samples of the amino acid supplements were analyzed by electrophoresis
at pH 4.8 (0.1 M pyridinium-acetate), pH 7.0 (O.i M phosphate) and
pH 10.0 (0.1 M carbonate) before and after sterilizétion. Electre—
phoret&érams were develeped with ninh}drin to dctermine if any new
amino-containing compounds were produced by the autoclaving procedure.
In addition, samples of argininosuccinate befofe_and after autoclaving
wefe chromatbgraphed in phenol:HZO (100:20,w:w), a system which can
resolve argininosuccinate and its anhydridevform“tkétner, 1957). No .

new ninhydrin-positive products were observed.

Calculation of Data from PMR Spectra. PMR peak assigments for

" RA have been reported previously (Atkin and Neilands, 1968). In




reduced RA (Atkin and Neilands, 1968) PMR spectrum (Figure 1) the
B and y methylenc hydrogens are resolved (Figure 1) and have been
assigned (Liinés, 1971). Due to low yields in tﬁe.reduction and |
limited solubility in dimethyl sulfoxide the spectra of the reduced
RA species were not determined. Since the RA samples were purified
from water, and dimethyl sulfoxide was used as évéolvent, the amide
NH and hydroxamate NOH resonances appear as distinct peaks. However,
due to the acidic nature of the hydroxamate group ité resonance 1is
broadened due.to exchange. So, the amide NH area was used as a
standard by defining it as ome. |

As the instrument's integrator was unreliable it was necessary
to integrate the area under‘each peak by cutting it out and weighing
the paper. Three expanded scale copies of each épgétrum were made
and each paper cut-out was weighed three times to the nearest 0.1 mg.
Most weight measurements were in the 10-150 mg range. The average
of the nine measurements for each peak was dividéd by the number of
hydrogens of that type in RA andvnormaiized to the ring amide‘proton

i

observed (i=o0,B+7v,§ or CHS)' Using this procedure

to give [H]
and a protonated RA sample, numbers within i;0.0lS of the expected
value of_l.ObO_were,obtained. The variations in the Weight (120 mg)

of five 25.cm2 samples of the.paper used for recording the spectra

was 1_0.8 mg.
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When an»exbgenous substrate was suppliedva éorreétion was‘re—
quired for the endogenous production of RA.. Thé3fraction tX) of the
RA whichvresulted from exogenous substraté was detérmined by assuming:
1) The fraCtion of protonation ([H]) at each carﬁon for endogenoﬁsly
produced RA is the same as that when no exogenoﬁs substrate is sup-
plied (s¢e discussion); and, 2) no H-D exchange for‘the‘non~a-hydrogen
aliphatic hydrogens of the exogenous substrate, i;é: [H]i =

. exogenous
1.000 for i = B + v,86, CHS' The experimental Xl_values were then

calculated:
| i - [’
Xi - observed endogenous
i
1.000 [H]endogenous

The X' values were averaged (see Column A, Table I)'to give X if the
exogenous substrate had the hydrogens of the type considered. The

. s . . - i .
i = o values were not congldered in computing X. The [H]exogenous

can be computed based or.
i i
[H]i _ - [H]observed —'[H]endOgenous (1-X)
exogenous X :

Results
Table I lists the relative retention (X) of protons from exo-
genous substrates furnished for the biosynthesis'of RA. The percent

of RA deriyed from the exogenous substratei(see methods), when

present, is also listed. Corrections have been made for the endogencus

.



production';f RA. The substrate for the L-ANO experiment'was actually
85.6% L isbmer while that fof the DL-AHO experimcnt,ﬁas 67.0 L isomer.

The relative protonation of the ¢ndogenoﬁs production of RA is
recorded in Table Ii. QFalanine, D-ornithine, D-arginine, a-acetyl-
g—glutamate; a-acetyl-L-ornithine, g—lysine, and argihinosuccinate
were 5150 tried as exogenous substrates; however,vthey were no£ in-
corporated, as the relative protonation of the RA recovered in these
experiments was similar to the 'none" values.

In thé experiments involving AHO, the AHO that‘Was not converted
into RA Waé recovered and its isomeric composition determined. The

values observed are recorded in Table III. The AHQ'reCOVered fron

20 o
00

completely D isomer. This D isomer was as active or more active on

the DL-AHO experiment had a [M]4 f.—l40° indicating that it was
a molar basis than AHO that was 85.6% L isomer in supporting the
grovwth of a number of siderochrome-requiring mutants of Salmonella
typhinurium.

Protonated exbgenous amino acids werc added to aliquots of a
protonated ASKP culture initially 0.94 mi in RA. After 48 hours of
exposure to tﬁe exogenous amino acid the RA conqéntration was again
determinsd (Figure 2). The amino acid additives for this expsfiment
were prepared.in the same manner as the deuferated‘cultures except

that HZO was used instead of DZO'



Discussion

Precursors of RA. The data in Table I show that the two § pro-
tons of éxogénous.arginine, citrulline, and ofnithine both appear in
the RA produced when fhese substrates are present,Aindicating that
one of these is’thé initial substance on the biosynthetic pathway to
RA. If proline, glutamine, or glutamaté were thé initial precursor
of RA one of the & hydrogens from arginine, citrulline, or ornithine
would be.lost'during thé formation of glutamic semialdehyde and the
second would be eliminated during the synthesiS'of,giutamate.

The regular loss of a protons in the sequence ;itrulline >
arginine -+ ornithine indicates that ornithine, rathef than any other
urea cycleiintermediate, is the initial substanéé'ih RA biosynthesis.

This does not exclude the possibility of a-acetylornithine as the

16

initial RA'precursor. However, three lines of evidence indicate that

ornithine rather than a-acetyl-ornithine is the inifial precursor of
RA biosynthesis: 1) The possible distinction made in R. pilimanae
“between endogenous and exogenous ornithine (see be;ow) with exogenous
ornithine not available for arginine biosynthesis (or a-acetylorni-
thine formation); 2) The iﬁterferencé of RA formation by the orni-
tﬁine anaiogé, lysine and a,y—g—diamihobutyrate (Figure 2)}; and 3)
The reversibility of acetyl-ornithine—@—transaminasé (Albrecht and

Vogel, 1964), which would labilize onec of the & hydrogens.




Presﬁmably, the o protons are lost due to Schiff base férmation
with pyridoxal enzymes. lowever, ornithine and arginine decarboxylases
would not labilize the a proten (Mandé]es et al., 1954); As AHO is
a precursofiof RA (see below), the a hydrogen d;ta for ornithine and
AHO (Table I) indicate that little if any o proton is lost at the
ornithine level. A similar observation has been made with als-N—
a-zH—lysine ih intact rats (Clark and Rittenberg, 1951) indicating
a non-involvement of o,w-diamino acids with pyridokal enzymes. D-
ornithine has been reported on several occasions thus implicating
an ornithine racemase in a number of organisms (GQinand éﬁ.ﬁl:’ 1969;

Tsuda and Friedmann, 1970). An arginine racemase is known in Pscudo-

monas graveolens (Yorifuji et al., 1971) but as this enzyme also

catalyzes’thé racemization of ornithine it probablj is not present

in R. pilimanae. Initial Schiff base forﬁation'of‘arginine or
citrulline with pyridoxal is sufficient to promote exchange of the

a proton independently of racemization or transamination (Snell and
DiMari, 1970). The hope was to determine the relative retention of
the o protons for all the urea cycle intermediateé'bpt, unfortunately,
exogenouslyisupplicd arginindsuccinéte failed to appear in RA.

Uéing the o prdton values for citrulline'and arginine it can be de-
termined (exclusive of isotope effects) tﬁat a'fotal of 37% of the

exogenous citrulline loses the o proton at the citrulline and/or
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argininosuccihate level. 'Similariy, 16% of exogenous arginine a
proton is lost before conversion to ornithine. The carbon skeleton
of exogenous proline and glutaminévreaCh ornithiné'vi# glutamate, at
which point they‘are involved as co-substrates for‘many transéminases,
thereSy lbsing the a proton. Labilization of thq.d>prbton might ac-
company active traﬁsport of amino acids; however, this possibility
has been excluded by Kessel and Lubin (1965).

As both of ornithine's § protons are preserved in RA, the pos-
sibility of a biosynthetic intermediate unsaturatéd'at the § carbon
can be eliminated. This suggests that O2 rather than water is the
sourceof the-oxygen in the hydroxylamino group, a finding compatible
with studies on the biosynthesis of hadacidin (Sfevens and Emery,
1966). -

As the B + v, 6, and methyl protons of AHO are in;orporated into
RA in a 1.00:1.00:1.07 ratio (sverage of two expériments) it can be
conéluded'that AHO is not hydrolyzed to acetate and hydroxyornithine
and then reassembled, but rather the hydroxamic acidbcontaining
amino acid (AHO) of RA is synthesized before incorporafion into the
cyclic dipeptide. If AHO were hydrolyzed and reassembled the acetate
would first mingle with endogenously ﬁroduced deutérated acetate.

AS most of the RA is pfotonated (~90% fromgexogenouS'AHO) the re-

assembled AHO would have a lower acetyl to hydroxyornithine proto-

nation ratio than the unhydrolyzed case. Simultaneously, the acetate
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wouid have a higher than endogenous protqnatioﬁ and its:condensation
with bxaioaCCtate would eventually lead to ornithine with a higher
than normal endogenous protonation at the ¥y positidh. Both of these
effects wouid distort the 1:1:1 ratio observed. iAs more than 50% of
the RA was formed from exogenous Aﬂo,‘RA arige5'from identical mono-
mers. Interestingly enough, 2,3—dihydroxy-ﬁ;benzoyl#g~serine is not
a precursor of enterobactin, a representative of”thévother major type
of iron transport compound (Bryce et al., 1971). |
Emery (1966) studied the incorporation of AHO labeled with 4C

“in the acefyl and hydroXyérthine portions, into ferrichrome compounds .
He concluded that in ferrichrome, asvin RA, the hydrbxamic acid
portion is formcd.before the amino acids arevcyclized. As Emery has
shown that hydroxyornithine is a precursor of ferrichrome, the bio-
synthesis of RA probably proceeds from ornithine to §-hydroxy-
ornithine to AHO, which s then assembled into the cyclic dipeptide
(Figure 3).

‘The possibility that é—ﬁ;écetyl—g—ornithine is a precursor of
RA and the report of the natural o—c;frence of this_compound (Brown
and Fowden, 1966) prompted the investigation 6f'64§£accty1—g~ornithine
in this system;'however, no inéorporation of protons into RA was
‘observed. As this subsfance ié a free amino écid;vgﬁ Eiliménae

should be able to accumulate 6-N-acetyl-L-ornithine. A possibie
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reason inéorporation is not observed is bgcauSe B:»Eilimanae does
not hydrolYie‘6—§facety1—£50rnithine or conQert'itviﬁto AHO. Emery
(1966) also concluded that this compound is‘not aiprecursor of the
AHO groups iﬁ ferrichrome. He desériBed (1971b) é § acetylating
enzyme which nses Ségfhydrokyornithiné, not ornithiﬁe,'as a substrate,
The amide form was found not to be a precursor of‘hadacidin (Stevens
and Emery, 1966). However, MacDonald (1965) has reported N-hydroxy-
lation of a diketopeperazine precursor of aspergiliic acid, and e-N-
hydroxylysine does not appeér to be an intermediat§ in the formation
of mycobactin Pvand S (Tateson, 1970). Apparently, two methods of
forming hydroxamic acids have evolved.

The 1lack of incorp&ration of a—ﬁcetylglutaméte and a-acetyl-
ornithine into RA is not sufficient evidence to indicate that R.
pilimanae does not use these intermediates in the biosynthesis of
ornithine.; 6ther organisms have been reported whichvlack.the ability
'to transport these substances but still usc them és intermédiates
(Prozosky,11967; and references'théréin). The failure of arginino-
succinate to be ihcorporated may be due to similar”rgésons, as

argininosuccinate lyase mutants of Proteus mirabilis are unable to

grow on argininosuccinate (Prozosky, 1967),
The high level of protonation of the § position from exogenous

glutamate, glutamine, or proline is uncxplained sincé glutamate and
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glutamine do not originally have § hydrogéns énd those of prblinc
are lost.in conversion to glutamate. Littie if_aﬁy glutamic semi-
aldehyde is converted to ornithine‘viavornithine—ééfransaminase, an
essentially_irreVersible reaction (Strecker, 1965). Also, the a
hydroéeﬁ'of pfoliue'is prescrved in this con&ersion; If R. piliminae
is considered.to use the accepted acetylated pathﬁay for ornithine
synthesi; (ﬁeé Figure 3 and below) one of the hydrogens originates
during a fransamination and the second from NADPH. Although
Dunathan (1970) has observed transfer of the o hydrogen to the amino
acceptor during transamination (6 on RA), a more probab1e source of
the § protonation is frbm NADPH arising from metabélism of proline,
glutamine, or glutaﬁate, as a-ketoglutarate produces RA with more
than endogenous protonation.(Table I11).

Exogenous acetate appéars to a greater extént in the acetyl
groups than in the Yy pos-tion (via citrate synthetase and orﬁithine
'synthesis). The acetate consumed in the citric éeid cycle maybe
segregated‘from the acetate used in the acetylatién»step of RA bio-
synthesis. The nigh level of protonation of the o pﬁsition may be
due to the formation of protonated NADPH during the metabolism of
the exogenous acetéte. An examination of the méthfi'column_in_
Table I shows that there is littie perturbatioﬁ‘wheh eXogenous sub-

strates are present, i.e., the values are near zero with non-acetyl
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containing exogenous substrates. This indicates there is no signifi-
cant change in the metabolic source of the acetyl groups, justifying
the assumptibn made above (see methods and materials).

In Rhodotorula glutinis it is known that pyrqufe will only be

‘utilized after glucose is completely exhauéted (Medrano et al., 4969).
A similar situation with acetate would explain the low level of in-

corporation of acetate into RA.

Arginine Metabolism and ngulatioh in R.Agjliménae. The path-
ways shown in Figure 3 involving arginine metabolism (excluding the
6—§;hydroxyofnithine branch) have been partially investigated and

thought to exist in a number of fungal genera, namelyi Saccharomyces

(Middelhoven; 1964; DeDeken, 1962), Asgergillns.(Piotrowska et al.,

1969), Candida (Middelhoven, 1963), Blastocladiella (Smith and

Holmes, 1970), Neurosggzg_(CastEngda et al., 1967);'and Ustilago .
(Prieur,'P.? 1971). They are assumed also to be the major pathways
éf argininé-metabolism in R. pilimanae.

Arginine is known to regulate its own biosynthesis in a number
of 6rganism$ (Prozosky, 1969; Udaka,  1966; DeDeken, 1962). A sim-
ilar sitdéfion probably exists in R. pilimanac, since when arginine
is present'in the medium all fhc RA synthesized comes from exogenous |
»argininé CTable I). This would be the case if ecxogenous arginine
”preventgd the endogenous synthesis of arginine, as the only source

of ornithine would be from the breakdown of exogenous arginine.
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When citrulline is present all of the RA is_synthesized from
the exogenous material (Table I). This could be due to intracellﬁlar
conversion of exogenous citrulline to arginine, as.citrulline does
not regulate a-ﬁ;aéetylglutamic reductase in S. cerevisiae (DeDeken,
1962) . Tﬁe arginine produced from citrulline could now prevent the
endogenous production of ornithine from glutamate. This suggests
that argininosuccinate synthetase and argininosUccihate lyase arc
not repressed by argiﬁine, but that the regulatioﬁ‘of arginine bio-
synthesis in R. pilimanae may be by feedback inhibition rather than
via the coordinate operon control model. Middelhoven (1969) observed
that argininosuccinate lyase in S. cerevisiae was nbt repressed by
exogenous afgiuine. Unfortunately;largininosuccinate synthetase was
not examiped.

Decreaée in synthesis of RA (Figure 2) wheniarginine or citrul-
line is supblied exogenously could be explained by a ‘ecreasec in the

availability of ornithine, as in S. cerevisiae (Middelhoven, 1970)

and Agpergillus nidulans (Piotrowska et al., 1969) ornithine trans-
aminase and arginasc are coordinately induced by high levels of |
arginine. Ramos et al. (1970) found that the internal ornithine
concentration in S. gg;eVisigg_is lower when argihine is added to
their ammoﬁium-containing medium. .Citfulline was not tested.

When the ornithine analogs lysine or a,y—g-diaminobutyrate

are added to R. pilimanae cultures (Figure 2) there is a decreasc in
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the productibn of RA.  In.§:-cereviSiqé_high levels of exogenous
lysine de;rease the internal ornithiné level (ﬁéﬁés SE;EE:’ 1970),
explaining the lower RA.produCtion. ‘Another possibility is that
lysine aﬁd @,Y,-L-diaminobutyrate, inhibit the initial hydroxylation
enzyme since the acetylation enzyme is knowﬁ to_ﬁse either e-hydroxy-
lysine or é-hyd;oxyornithine as a substrate (Emery; 1971b).

As there is no 1055 of o prbtons at the ornitﬁine level for
exogenous orﬁithine (see above), it can be concluded that a signi-
ficant portidn of the exogenous ornithine is notAtburing the urea
cycle to be reformed into ornithine. If this wére the case o protons
would.be~1§$t at the arginine and citrulline and/or argininosuccinate
stage. This could be duc to the repression of ornithine transcarb-
amylase by high levels of exogenous ornithine, which is knqwn to oc-
cur in S. cerevisiae (Ramos et al., 1970). Another possible expla-
nation is that for the synthesis of RA a distinction i. made between:
endogenous gnd exogenous ornithine. Compartmenta}izétion of orni-

thine is known in Neurospora crassa, as exogenous ornithine is de-

graded byvornithine transaminase while endogenous orhithine (pos-
sibly mitochondrial) is used mainly for the syntheéi$ of arginie
(Davis, 1968). A distinction between the two ty'éé 6f ornithine
would suggest that the arginine biosynthetic enzyﬁgsAare segregated

from the initial enzyme on the RA pathway.

e
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When 20 mM exogenous ornithine is suppliéd«tb deuterated R.
pilimanae éu]tures 88%>0f the RA produced is derived from the exo-
genous ornithine (Table I). The remaining RA is derived from endo-
genous ornithine, whose synthesis was not preventea'by this high
level of exogenous ornithine. Again, a similar observation has becn
made in S. cerevisiae, where ﬁ;acetylglutamic acid réductase is
feedback-inhibited by argininc but not by ornithiﬁe. Arginine is
known to reprcss the synthesis of this enzyme in S. cerevisiae, but
ornithine'was_not examined (DeDeken, 1962). In general, the regula-
tion of arginine metabolism appears to be the same in R. pilimanae
and §. cerevisiae. ’

Similafly, since endogenous AHO is produced in the présence
of 13.4 mM exogenous AHO it is concluded that thé hiosynthesis of
AHO is not regulated rigidly by AHO. The high level of production
of RA from.AHO (Figure 2) indicates that the rate;détermining step
~in RA biosynthesis precedes AHO formation. When cﬁltures are shaken
viéorously they produce more RA and hydroxylation:may be the rate
limiting step. Another possibility is that the ehzymes in the
pathway are sequentially induced and a high level’of AHO induces the
cycliza#iqn.enzymes. |

The‘épﬁearance of protons in the acetyl group of RA when -

ketoglutarate was the exogenous substrate (Table II) can be explained
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by the reversal of the citric acid cycle. The two.protoné origi—
nally on.the Y position 6f a-ketbglutarate would appear in the methyl
group of acctyl-CoA by using the citrate cleavage ehzymé (Atkinson,
1969) . Since this enzyme exists extramitochondrially (Srérc, 1959)
andvsfnce the acetylating‘enzyme uses acetyl-CoA as a substrate (Emcry,
1971b), the high incorporation of the protons of a-ketoglutarate in-
to the acetyl portion of RA, and the possibility of two ornithine

pools suggests that the biosynthesis of RA does not occur in the

mitochondria.

AHO Racemase. Table III shows that R. Qiliménae preferentially
. consumed the L isomer of the AHO in the biosyntheﬁié‘of RA. However,
since there is not enough-£~AHO initially present in.the exogenous
substrate to account for the amount 6f RA produced, some Q isomer
must have been converted into RA. The RA broduced uﬁder these con-
ditions i51§035ib1y an LL or DD diketopiperizine; 4BQt, as three
chromatography solvent systems (Kopple and Ghazarian, 1968) known to
separate DL and LL diketopiperizinesﬁfailedvto resolve the RA from
either the‘£ or QE—AHO-experiment, R. pilimanae appérently has the

capacity to racemize AHO. Ferribactin, from Pseudomonas fluorescens,

contains the D form of §-N-hydroxyornithine (Maurér et al., 1968).
The presence of an AHO racemase would explain the observed labiliza-

tion of the o hydrogen at the monomer level. Because other D-amino
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acids were not incorporated into RA, R. Eilimanae mayvnot have a

specific D-amino acid transporting system. Howevér, D-AHO may enter
R. pilimanae as a metal hydroxamate via a tranSportfsystem‘that does
not specifically examine the configurationvat the a carbon, -as D-AHO

was observed to satisfy a siderochrome requirement of mutant Salmonella

tXthmurjlun..

Cyclic Peptide Formation. The incorporatibn,of Q~AHO and the
vlabilizatibn of the_a hydrogens are consistent wifh‘rgcent develop-
ments in the syﬁthésis of the cyclic de;apeptides gramicidin and
“tyrocidine (Kleinkauf et al., 1971; and references therein). The
initial enzyme for tyrocidine assembly has been shown ‘to be an ATP-
dependent - racemase, which can activate either D- or L-phenylalanine.
In addition, amino acyl-pantotheine intermediates have been shown to
be involved in the assembly process. The labilizafioﬁ of the a
hydrogen of thioesters is well known (Bruice and Bénkb#lc, 1966) .

By analogy to the cyclic decapeptide scheme the RA éSsembly system
should consist of an initial énzymc which is capable of activating
L- or Q—AHO.: On this enzyme the D-AHO is labilized.. The second RA
assemb ly enzyme‘(cyclizer) will also activate AlO andvshouid con-
tain a pantothénic acid moiety that is involvedviﬁ:émide_bond for-
.matioh. The o hydrogens of two AHO mOnomers which-are”éssembled

into a singie RA molecule have both been shown to be labile at some
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phase in the biosynthesis (Akers and Neilands,‘hanuscript in preparation),
‘an observatioﬁ consistent with the gbove predictions,  as both monomers

are thioesters at one stage of biosynthetis. Wofk:is in progress to
isolate the enzyme system involved in.tﬁe synthesis of RA and.the

cyclic hexapeptide ferrichrome.
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TABLE I: Relative Retention of Exogenous Protons into RA?
_ %RA from
Exogenous . Exogenous
Substrate o B+y 8 CHy A Source
0.035 1.000 0.412 0.010
L-Glu ' By 25
+0.005 . +0.008 +0.020 +0.003
1 0.050 1.000 0.290 0.006 .
L-Gln B+Y 23
+0.022 +0.030 +0.006 +0.006
1 0.038 1.000 0.235 -0.016
L-Pro . B+Y 39
+0.009 +0.038 +0.049 +0.034
0.344 1.010 0.989 0.061
L-Cit _ - B+y,6 106
+0.015  +0.036  +0.051  +0.002 .
'0.547 1,070 0.938 0.012
. L-Arg B+y .8 - 100
+0.010 +0.005 +0.007 +0.002
0.650 1.036 0.968  -0.002
L-Orn _ B+y .5 88
+0.009 +0.031 +0.024 +0.004
0.638 0.984 0.946 1.066
L- AHO : B+Y,5,CH3 91
+0.012 +0.013 +0.009 +0.079
0.596 0.972 1.012 1.032
. DL-AHO _ © By, 8,CH 88
+0.029 +0.005 +0.011 +0.013
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Footnote to Table I

j'}  aTﬁé'télative incorporation.into RA of prot§n$ from the exogenous
substrafés iisted. Values are relative to the prdtdnitype (or averagé
of typeé) liﬁted in column A. The figures have been.corrected for
endqgenous'ﬁroduction (Blank values of Table II)}::The percent of the

RA derived ffom the exogenous material, while pfcgént, is‘also shown.
The L-AHO ana‘QQQAHO were actually 85.6% and 67.0% L isomer respectively.
The tolerancé figures listed are the standafd deviation of the mean..
These deViations4are not meant to indicate the accuracy of the experi-

ments, which is not greater than 1.5% (see methods and material section),

but rather to show the precision of the measurements.
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TABLE II: Relative Protonation of RAa
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Exogenous i=
Substrate o B+y § "_CH3 :
‘ 0.026 0.076 0.085 -0.079
None (Blank) _
+0.001 +0.002 +0.002 - +0.002
Acctate _ 0.199 0.064 . 0.078 © 0.113
a-Keto- 0.080 0.273 0.161 10.719
glutarate

®The protonation of the RA produced in deuterated cultures,

relative to amide NH = 1.000. The deviations listed are the same

type as in Table I.



TABLE 1I1: Material Balance for RA Production from AHO in D.0°

2

(A) RA préééﬁt when AHO added

(B) AHO added.(g'isomer)

.(C) Total RA present at end of experiment

(D) AHO recovered (L isomerj |

(E) Percent of total RA from exogenous AHO
RA from exogenous = (C)(E)

AHO consumed = ®)-(D)

AHO Experiment
npL” - "y
84 81

565(378)  1140(976)

578 1367
87(0) 71(11)
75.0 79.8

434 = 1090

478 - 1069

®The material balance for RA production from AHO in D,O. 1In the |

experiments involving additions of AHO to deuterated cultures the un-

2

consumed AHO was recover~d. Figures in parentheses are amounts of L

isomer of AHO. Percentages at Row E are X values (see methods and

:-materials). Figures are umoles for and umoles/zvfor AHO.
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Figure Legends
FIGURE 1: The Proton Magnetic Resonance spectra of protonated RA
and reduced RA in'Dé-dimethylsulfoxide. The PPM are relative to

tetramethylsilane.

FIGURE 2:  The effect of exogenous AA on tﬁe production of RA.

"Exogenous AA were added to aliquots of a protonated culture initially

0.94 mM in RA. After 48 hours the RA concentration was again deter-
mined. All amino acids were the L isomer except AHO which was 85.6%

L isomer. DBA = a,y-diaminobutyrate.

FIGURE 3: The zccepted scheme of arginine metabolism. The proposed

RA biosynthetic pathway is shown.
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