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Chapter I. Introduction

L-Histidine is one of the amino acids which are commoniy
found in protein. It was isolated from acid-hydrolyzate of
sturine (a protamine of strugeon sperm) by Kossell’ in 1896.
Hedinz) independently isolated L-histidine from protein
hydrolyzates in the same year. Pau1y3) and others4’5)
provided evidence for the_presence of imidazole ring and
elucidated the structure, which was proved by synthesis in
1911 by Pyman.6)

L-Histidine is required for growth in rat, dog, mouse and
chick.T’a) It is not "essential for human adults,g) but
infants require L—‘ru‘.stidine.lO The major demand for this
aminc acid is found in "transfusion soluticn" at present.
I-Histidine is also useful as a starting material for the
production of its related substances. For example, L-
histamine (a powerful vasodilator) and urocanic acid (an anti-
sunburn agent) can be easily produced from L-histidine on
decarboxylation and deamination, respectively.ll

Prior to the present study, L-histidine had been supplied
by means of isclation from protein hydrolyzates or chemical
synthesis. However, it was still one of the high-cost amino
acids. The present work has aimed at the developement of a
fermentation process for L-histidine production using microbial
mutants.

The fermentation production of amino acids started with
the discovery of an efficient L-glutamic acid producer,

Corynebacterium glutamicum (synonim Micrococcus glutamicus)

by Kinoshita ef gl.lz)

in 1957. Subsequent works, however,



revealed that wild-type strains isolated from nature could ac-
cumulate only restricted kinds of amino acids (I-~glutamic acid,
DL-alanine, L~valine, L-glutamine and L—proline) in industrial-
ly significant amount. The main cause of this is generally
ascribed to the regulation of cellular metabolism to avoid

13)

overproduction of the amino acids. The important mechanisma
cf the regulation are through two types of regulations known as
feedback inhibitionl4) and repression.lS) In both cases, end
product or a metabolite of the end product of the reaction
sequence acts as a regulatory effector.

An auxctrophic mutant which has defect in the biosynthesis
of the regulatory effector overproduces and excretes the pre-
cursors of the related metabolite of the blocked reaction when
grown on a limited supply of the effector, i,e., the requisite
substance. The isclation of the precursors for the biosynthesis
of an amino acid has grovided clues to the biosynthetic pathway
for the amino acid.16 Active attempts to utilize this
phenomenon for the industrial producticon of amino acid were
launched upto the 195Cs. Thi7§irst prominent result was ob-

tained by Casid and Baldwin in producing a, ¢ —diaminopimelic acid,
a terminal intermediate for L-lysine biosynthesis, using a lysine

auxotroph of Escherichia coli. Soon afterward, a process for

L-ornithine (a precursor for L-arginine biosynthesis) produc-

tion was developed wigh an arginine auxctroph of C. glutamicum
18

by Kinoshita et al.
L-Lysine production with a homoserine {or threonine plus

methionine) auxotroph of €. glutamicum is the first instance of

19) In this bac-

the production of the end product amino acid.

terium, L-lysine, L-threonine and L-methionine are formed via a



branched pathway in which L-aspartic acid is a common pre-
cursor. The reaction of the first enzyme (aspartate kinase
EC 2.7.2.4 ) of the pathway is iphibited by the presence of
both Laéﬁsine and I—threonine, but nct inhibited by each
alone. The genetic block at the reaction specific to I-
threonine (or both L—-threonine and L—methionine) and a limit-
ed supply of L-threonine to the mutant cells release the re-
gulation and cause overproduction and accumulation of IL-
lysine in the culture medium.

The auxotrophic mutant is useless to produce the end
product aminc acid which is formed via an unbranched pathway.
Because in such a case the regulatory effector is the end
product itself (or the metabolite of the end product) which
is desired to be produced, the block of the biosynthesis of
the effector means the bloeck of the biosynthesis of the de-
sired product. The production of such an amino acid depends
on the regulatory mutant which is cbtainable as a mutant
reaistant to the structural analog of the amino acid. It is
generally been recognized in microbial systems that a struc-
tural analog of the normal metabolite mimies the regulatory
action of the metabolite and that mutaticns causing resis-
tance to the analog involve a mutation causing overproduction
and excretion of the metabolite or its related metabolite.2l~23)
The L-threonine production is based on this phenomenon.24’25)
A mutant which was derived as a-amino- B -hydroxyvaleric
acid (a threonine analog)-resistant produced a large amount
¢f I—threonine in the culture medium. This type of the

mutant derived from Brevibacterium flavum had a homoserine

dehydrogenzse (BC 1,1.1.3, a key enzyme for L-threonine



biosyntheais), which was altered to be insensitive to the feed-
back inhibition of L-threonine. The altered nature of the
homoserine dehydrogenase is believed to be a main cause of the
L-threonire production by this mutant.26)
Another fermentation process used for amino acid production
is based on the microbial conversion of a precursor into the
corresponding amino acid. Production of I-lysine from o ,

17)

¢ —diaminopimelic acid and of L-aspartic acid from fumaric

acid27’2a) may be mentioned as examples,

Nowadays, besides the amino acids described above, many
amino acids including l-arginine, L-citrulline, glycine, L-
homcserine, lL-isoleucine, IL-leucine, L-methionine, L-serine,
L-phenylalanine, L-tyrosine and L-tryptophan can be produced
through the fermentation processes described above and the
combination thereof.zo

The biosynthetic pathway of L-histidine has been clarified
by Ames and others29) largely with the mutants of Salmonelila
typhimurium. It congists of ten enzyme reactions as shown in
Fig. 1. The first step in the reaction sequence is catalyzed
by a regulatory enzyme, phosphoribosyl-ATP pyrophosphorylase
(EC 4.1.2¢c), which is inhibited by L-histidine, the end product
of the sequence. The presence of excess I-histidine in the
culture medium represses the synthesis of the entire sequence
-0of the I~histidine-forming enzymes.

Under these circumsténces, the author incidentslly found
the accumulation of IL-histidinol (the terminal intermediate
for L-histidine biosynthesis) and imidazoleglycerol (the de-
phosphorylated product of imidazoleglycercl phosphate, the
6th intermediate for L-histidine biosynthesis) by histidine



auxotrophs of bacteria. Then, the culture condition for the
production of the imidazoles and the microbial conversion of
the imidazoles into L-histidine were investigated. Chapters
IT and III deal with such two—steps processes for L-histidine
production.

Chapter IV deals with the direct production of L-histidine
from sugar and ammonium salts as starting materials. It is
based on the finding that histidine analog-resistant mutants

of €. glutamicum accumulate a large amount of L-histidine in

the culture medium.

Independently of the investigations described here, Kubota

30~32)

et al. have reported on L-histidine production by the

mutants of B. flavum:



__.ofw aqwydsoyd
HON avl Toutpi38TR~1 TOUTPTASTH-T  ourpr3sTH-T
HOJH
e mofw d0'HY :ouzw HoO}
...A | S OmY MM THNoH HNIH
HN=—2H ™I arvmwenTH Lk b NdaQ .:H
ﬁllu -—) - h_.l
51 ES- 3 _._. 8 __¢ 6 _.& ot w{ |
HN—IH HMamDH HN—2H wh—oH
0™ L
HO3H
HOJH
%Hm (I11 wWeg) (IT wesg) dWV-8d dIv-ud
" *
L do™ do™ w .u_o.xw.. do'H w:
Y
”nou — 0w: :Ou: HOOH ddgd
- w: : HODH +
9 U TWBINTH 0= _ Aw: " ™
VoIV ) __zrz o M - dIv
N 4 14 omI=N'H ¢ . .

” O‘Ul:-: ﬁ. 0= )=nN'
au” ~eN Ju— N d¥=N, ._._.Elz

N



= ggwuefoapiysp TOUTPTISTH ‘o1 teswyeydsoyd aqvydsoydToutTPTISTH

‘f ¢o6BISIFUBILOUTEE oqeydeoydTouTpI3eTH ‘8 {pgBlBIPAYSD

go1 ‘L teseIofn ‘g {esBIaISUBILOPTEY ‘G { 98BISWOST 0403

11 Wag ‘v eseToIpAuoTofo-9¢T JWV-Ed ‘& ¢ apurpAuyoydsoydoasd
JIy-ud ‘2 _mmdahnosmmogmohhm JIv-ud ‘T :somAzZUy

.m@ﬁﬂﬁkoppdomaoum@ﬁaﬁ|¢|AﬂhmopﬂposmeSQ
|_mv|a|oﬁﬂam|m ‘yyoIv ‘egsydsoyd T03908B3TOZBPTUL ‘gyl ‘teswud
-goyd aonmohHMmHoud@aﬁaLﬂMﬂMHMMnm t3n] ¢ePTWBXO0QIROSTOZBPTWI-H—
Aahmopﬁhonmmoﬂml,_mVlﬁlonﬁam|mlﬁoqﬁaﬁanohahmoaﬁpﬁhl , T-q-oudsoyd
~G)-N ‘IIT Wgg $oprwsxoqIsEo 1£T0zBpTWE~p— (TAsoqrIoudsoyd
|__mvlﬁuoqﬂamumlAonﬁsﬂanomﬁhmopﬁHnQ|onamosg.mulz ‘II wdd
tageydsoyd-Ta3 pus —ouom SUTIEOUIPB Aﬁhmonﬁnosmmoﬂgl.mulﬂlz
‘qLV-¥d pu® JWV-4d t oqeydsoydoafd-T-TAsoqraoydsoyd-g ‘ddud
toguydsoydtij—,G SUTSOUPE *JLV :adw pesn SUOT}BTASIqQR S

THTInutydAs BLLOUCU[BS UT
sTsoyjuksotg SUTPT4STH-~T Jo Asmuied ouL 1 *3Td



Chapter II. L-Histidine Production from L-Histidinol

Section 1., L-Histidinol Production with a Histidine

Auxotroph of Corynebacterium glutamicum and

Conversion of the L-Histidinol into L-Histidine

by an Escherichia coli Strain

INTRODUCTION

Vogel gj_gl.ja) found the excretion of L-histidinel by a

histidine auxotroph of Escherichia coli and observed that this

compound could support the growth of another histidine auxotroph.
At present, there have been many informations on the excretion

34~37) ., 38~41)

of L-histidinol by fungal and bacterial histidine
auxotrophs, and it has been known that L-histidinol is a ter-
minal member of a sequence of imidazole intermediates on the
L—hlstldlne bicsynthetic pathway (Fig. 1 in Chapter I) 9)
Recently, Xubota et gl.so) reported that more than © mg/m1l
of L-histidinol (as dihydrochloride) was accumulated in the

culture medium of a histidine auxotroph of Brevibacterium flavum.

These investigators also described that a considerable amount
of L-histidine was accumulated irn the culture medium of various
kinds of microorganisms when L-histidinel was supplemented to
the medium.

During the course of studies on the amino acid production
with microbial auxotrophic mutants, the author found the ac-—
cumulation of L-histidinol in the culture medium of a histidine

auxotroph of Corynebacterium glutamicum. This chapter deals

with the L-histidinol production by this mutant and the



microbial conversion of the produced L-histidinol into I~

histidine with other microorganisms. A part cof data on

the subject has been described in patent descriptions.42’43)

MATERTIALS AND METHODS

Microorganisms. A histidine auxotroph, C.

glutamicum KY-102%4, derived from a wild-type strain ATCC
13761 by the mutagenic treatment with N-methyl-N'-nitro-N-
nitrosoguanidine was mainly used in the present study.
This mutant strain has been deposited te The American Typc
Culture Collection with an accession number of ATCC 21339,
All the microorganisms employed for the conversion test of
L-histidinol into L-histidine were stock cultures of Tokyo
Research Laboratory of Kyowa Hakko Kogyo Co., Ltd.

Salmonella typhimurium hisG46 was a gift of Dr. B.N.Ames.46)

Culture method for L-histidinol production. Forty milliliters

of a seed medium in a 250-ml Erlenmeyer flask was inoculated
with the cells of microorganisms grown on a bouillon agar
slant, and incubated at 28°C on a rotary shaker operated at
220 rpm. After incubation for 24 hr, 1 ml of the seed cul-
ture was transferred into a flask of the same type containing
10 ml of a fermentation medium. The flask was incubated for
5 days in the same manner as that with the seed culture.

The basal compositions of the seed medium and the fermen-
tation medium are presented in Table I. L-Histidine and
several natural nutrients were added to the fermentation
medium at variable levels. In the experiment shown in Table

VI, FeSO4-7H20 and MnSO4-4H20 were also added to the medium,



The fermentation test shown in Fig. 2 was carried out in a 5
liters jar fermentor principally according to the flask test
described above. The details of the test are described in

the legend of the figure,

Table I. Basal Compesition of Media

Ingredients Seed Fermentation

(Amount in 100 ml) medium medium

Cane molasses (g*) 15

Glucose(g 4

Peptone(g 2

Yeast extract(g) 0.5

Urea(g) 0.3

(v, ),50, (&) 2 or 3

KH po45g§ 0.15 0.15

MgS0,4 - TH0 0.05 0.0%

Biotin(ug) 3

CaC04(g) 3

*) As glucose concentration.

The hydrogen ion concentration of the media was
adjusted to pH 7.4 with NH,0H, then the media were
sterilized at 120°C for 10 min.

Culture method for the conversion of the accumulated L-histidinol

into L-higtidine. The micreorganisms to be used for the conver-

sion of the L-histidinel accumulated by C. glutamicum KY-102%4
into L-histidine were cultured in the same mamner with the

seed culture of the C. glutamicum mutant. After the cul-
tivation for 24 hr, the cells of each microorganism were col-
lected by centrifugation and suspended in 4 ml of 60% sterilized

glucose solution. An aliguot of the cell-suspension was trans-

- 10 -



ferred into the flask containing S-days culture of C.
glutamicum KY-10234 and the flask was incubated for further
2 days in the same manner as that described for L-histidinol

production.

Preparation of acid-hydrolyzate of soybean meal and of

C. glutamicum cells, Five hundred g of soybean meal or

C. glutamicum cells were suspended in 2 liters of 6N H280
and hydrolyzed for 5 hr at 120°C, then the hydrolyzates

4

were filled up to 3 liters with water. After neutralization

with NH4OH, they were used as the L-histidine source in the

fermentation medium. The ammonium ion concentration in the
medium was adjusted by adding an appropriate amount of (NH4)2
50, to make the finmal concentration 3% as (NE 4)250 2
these acid-hydrolyzates were used at variable levels,

when

Analysis. L-Histidine and L-histidinol were determined as
follows: An aliquot of the culture broth was developed in

paperchromatography with n-propanol-0.2N NH40H (3:1 by volume)
as solvent, Though both of L-histidine and I~histidinol are
not fluorescent, they could be located on the paperchfomatogram
under UV-light, by consulting the locations of the fluorescent
spots of other unidentified substances being constantly con-
tained in the culture broth. The areas of these imidazoles
were cut out and they were eluted therefrom with each of 5-ml
water at 60°C for 30 min. The resulting solutions were,

after cooling, applied to the colorimetric assay of
Mcpherson.44 The amount of L-histidine and L-histidincl
was calculated from calibration curves prepared with authen-

tic samples. The growth of the microorganisms was measured

- 11 -



by reading the absobancy at 660 nm of the culture in a cuvette
with 10~mm light path, using a Hitachi Colorimeter Model 101
after dissolving the CaCO3 in the medium and 100-fold dilution.

RESULTS

1. Identification of L-histidinol.

During the course of the studies on the fermentative pro-
duction of amino acids with auxotrophic mutants of C. glutamicum,
it was found that a histidine auxoiroph, KY-10234, accumuzlated a
substance which is positive to both the ninhydrin-reaction and
the diazosulfanilic acid-reaction. The separated band of the
substance in a paperchromatography of an aliquot of the culture

broth with n-propanol-0.2N NH,OH (3 : 1 by volume) as solvent

was extracted with hot water.4 After concentration in vacuo,
the extract was rechromatogramed in a solvent system of n-
butanol-acetic acid-water (5 : 2 : 2 by volume). The extrac-
tion of the substance and the concentration of the extract were
repeated again in the same manner as described above. The
sample thus obtained gave the same Rf-values in paper-
chromatography with S solvent systems with authentic L-
histidinol, as shown in Table II, and supported the growth of
'§, typhimurium hisG46, which is kmown to respond to L-histidine
and L-histidinol but not to D-isomers of these substances, as
effectively as authentic L-histidinol. From these results,

the author concluded the substance produced by C. glutamicum
KY-10234 as L-histidinol.

-12 -



Table II. Paperchromatographic Identification
of the Substance Produced by L. glutemicum
KY-10234 as L-Histidinol

Solvent system* Substance produced Authentic
. by KY-10234 L-histidinol
A 0.72 0.72
B .81 0.82
c 0.47 0.49
D 0.37 Q.37

*) Solvent system (ratic by volume): A, n-propanol-0.2N
NH,OH(3:1); B, isobutyric acid-28% NH40H(100:20); C,
n-butanol saturated with 2N NH,0H; D, n-propanol-N
acetic acid (3:1).

Rf-values of the spots located with diazosulfanilic
acid-reaction are given.

2. Effect of L-histidine on L~histidincl production.

In the fermentative production of amino acids with bac-
terial auxotrophs, supplying of the required substance in a
suboptimal level for growth gives the maximal yield of the
amino acids.ZO) Because KY-1023%4 requires L-histidine for
growth, the effect of L-histidine on L-histidinol production
was tested in a cane molasses medium containing 15% sugar
(as glucose). As shown in Fig. 1A, the L-histidinol produc-
tion increased with the increase of L-histidine concentration
upto 1 mM of the amino acid, the concentration suboptimal
for the growth of this mutant. At the concentration of L-
histidine lower than 0,24 mM, the level of the growth of the
mutant was rather higher than the case with excess of L-

histidine. This may be ascribable to the appearance of non-

- 13 -



auxotrophic revertant from KY-10234 during the fermentation.
A similar response of L-histidinol production and the growth
of the mutant to L-histidine concentration was observed in
another medium containing 0.5% corn steep liquer as a basic

ingredient (Fig. 1B). In this case, the L-histidinol

(4) (B)

Without C.S.L. With 0.5% C.S.L.

Growth(0.D.660X1/100)

HOL produced (mg/ml)

I-Histidine added {mM)

- Fig. 1 prrect of L-Histidine on L-Histidinol
Production by C. glutamicum KY-10234

HOL: 1-Histidinol-2HCl. €.3.1: Corn steep liquor.
The fermentation medium contained 3% (NH4)2SO4.

production responded more sharply tco L-histidine concentration
than that in the above case. At the optimal IL-histidine con-
centration i.e, 0,71 mM, 10 ~ 11 mg/ml of L-histidinol (as
dihydrochloride) accumulated.



%. Effect of natural nutrients on L-histidirnol production.

In the fermentative production of amino acids on an in-
dustrial scale, varicus natural nutrients are used as the
source of growth factors of the microorganisms employed.
Among the natural nutrients, acid-hydrolyzate of soybean
meal, acid-hydrolyzate of (. glutamicum cells, meat extract,
corn steep liquor and peptone are the ones which are most
favourably used for this purpose, because of their low cost.
Tc establish an economical process for L-higtidinol productiorn,
the effect of the above 5 natural nutrients on L-histidinol
production by KY-10234 was investigated. As shown in Table
III, when 0.5 ~ 1.5% of the hydrolyzate of soybean meal and
the acid-hydrclyzate of C. glutamicum cells were added to the
fermentation medium, 6 ~ 7.6 mg/ml of L-histidinol (as
dihydrochloride) was produced. In the medium basically sup-
plemented with 1.5% of the hydrolyzate of soybean meal or of
€. glutamicum cells, further addition of meat extract reduced
the L-histidinol preducticn extensively, but significantly
stimulated the growth of the mutant (Table IV). Further ad-
dition of 1.5 or 3% of corn steep liquor to the medium sup~
plemented with 1,5% acid-hydrolyzate of C. glutamicum cells
gave 9 ~ 10 mg/ml of L-histidinol {as dihydrochloride).

- 15 -
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Tavle III Effect of Acid-hydrolyzate of S.B.H.a
and of C. glutamicum Cells on the
L-Histidinol Production by £. glutamicum

KY-10234
Natural nutriegts I~Histidinol producedc) Growth
added (%)® (mg/ml) (0.D.660X1/100)
Acid- (0.5) 4.8 0.45
hydroiyzate (1.0) 7.0 0.38
of S.B.M. (1.5) 7.6 0.35
Acid-
hydrolyzate (0.5) 5.4 0.33
of C. (1.0) 6.0 0.35
glutamicum  (1.5) 6.2 0.41
cells

a) Soybean meal. ©b) W/V %, with respect to dry weight
of S.B.M. and C. glutamicum cells. C) As dihydrochloride.

Table IV. Effect of Meat Extract, Peptone and Corn
Steep Liquor on L-Histidinol Production by
C. giutamicum KY-10234, When Added in
Combinatiorn with Acid-hydrolyzate of
5.B.M. and of the Cells of C. glutamicum
to the Medium

L-BEistidinol

Addition roduced Growth
(%, W/7) ne /m1) &) (0.D.660X1,/100)

(1.5) trace 0.52

Mesat eXtrECt(O.TS) trace 0.46
Corn steep (3.0) 7.4 0.35
liquor (1.5) 7.4 0.35
(1.5) 6.1 0.46

eptone (0.75) 6.4 0.35

- 16 -



L-Histidinol

Addition roduced Growth

(%, w/v) P ( ,ml)a) (0.D.660X1/100)
(1.9) trace 0.47
Meat extragt(o-75) trace 0.53
11 ¢ Corn steep (3.0) 10.1 0.47
liquor (1.5) 9.3 0.40
(1.5) 7.9 0.50
Peptone (0.75) 7.6 0.40

a) As dihydrcchloride.

The fermentation wmedium supplemented with each of 1,5% (W/V)
acid-hydrolyzates of S.B.M. (in I) and C. glutamicum cells
(in Ilg in addition to the indicated natural nutrients was
used.

4. L-Histidinol production in a jar fermentor.
The time course of L-histidinol fermentation by KY-10234

was investigated in a 5-liters jar fermentor with a medium
containing lS?é(as glucose concentration) cane molasses, 3%
(NH4)2SO4, 1.5% acid-hydrolyzate of C. glutamicum cells and

1% corn steep liquor. As shown in Fig. 2, in the earlier
phase of the fermentation until 16 hr, the growth and the
consumption ¢f sugar were rapid. However, the analysis of

the culture in 40-hr incubation revealed that the growth and
the sugar consumption were extremely sluggish. Then, meat
extract, which stimulated the growth of the mutant in the
preceding experiment, was fed to the culture at the concentra-
tion of 0.2%, as indicated with an arrow in Fig. 2. After

the addition of meat extract, the growth level slowly increased
until 107 hr at which the level of L-histidinol reached 11.6 mg
as dihydrochloride per ml.

- 17 -



5. Conversion of l-histidinol into L-histidine by

microorganisms.

Kubota gj_gl.3o) have described that many microorganisms,
including B. flavum ATCC 14067 and Bscherichia coli ATCC 13070,

could convert l-histidinol supplemented to their growth medium
into L-histidine. The best yield of l-histidine has bheen
obtained with B. flavum ATCC 14067, which produced 1.8 mg/ml
of L-histidine in the medium containg 0,5% L-histidinol
dihydrochloride.

To provide more direct method for L-histidine production,
the author sought the microorganisms which were capable of
converting the L-histidinol accumulated by KY-10234 into I-
histidine directly in the culture of the L-histidincl producer.

The cells of 25 microorganisms, including Arthrobacter

paraffineus KY-4303, Aspergillus niger KY-1556, Brevibacterium

ammoniagenes KY-3454, €. glutamicum KY-9632 and XY-10025, E.
coli KY-3592 and KY-8227 and Torulopsis candida K¥-5801, were
inoculated into the S5-days culture of KY-10234, in which 6 ~ 7
mg/ml of L-histidinol (as dihydrochloride) had been accumulat-
ed, and cultured for further 2 days. Paperchromatographic
analysis of the cultures thus obtained revealed that E. coli
KY-3592 reduced the L-histidinol and accumulated I~histidine.
I-Histidine was identified on the basis of the Rf-values in
paperchromatography and supporting of the growth of S.
typhimurium hisG46, with a sample prepared by the procedure

described for the identification of L-histidinol. The results

on the paperchromatographic analysis are presented in Table V.

- 18 -~
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Fig. 2 L-Histidinol Production by C. glutamicum
KY-10234 in a Jar Fermentor
a) L-Histidinol-2HC1

Fermentation was carried out in a B5-liters jar fermentor
containing 3 liters of the fermentation medium supplemented
with 1.5% (with respect to dry mater weight) acid-hydrolyzate
of C. glutamicum cells and 1% corn steep liquor. After in-
cubation for 40 hr, 0.2% meat extract was added.

Culture conditions: aeration, 4.5 liters/min; temperature,
28°C; agitation, 600 rpm. Hydrogen ion concentration was
automatically adjusted to pH 7.0 with NH4OH during fermentation.
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Table V. Paperchromatographic Identification of
L-Histidine Formed by E. coli KY-3592 from
the L-Histidinol Produced by C. glutamicum

KY-10234

Solvent L-Histidine formed by Authentic
systen) E. coli KY-3592 L-histidine

A 0.18 0.18

B 0.17 0.117

c C.17 0.17

0.23 0.24

D 0.19 0.19

E 0.41 0.42

a) Solvent system (ratio by volume): A, n-propanol-0.2N
NE4CH (3:1); B, n- propanocl-N acetic acid (3:1);
¢, n-butanol-acetic acid-water (5:2:2); D,
methylethylketone-p-butanol-28% NH,OH-water (100:100:5:60);
E, phenol-water (3:1).

Rf-values of the spots located with diagosulfanilic acid-
reaction are given. With the solvent C, two spots were detec-
ted.

The conversion of L-histidinol into L-histidine by E. coli
KY-3592 was further investigated in some details. When the
inoculum size of the E. coli strain was varjed, the accumula-
tion of L-histidine was not so extensively changed as expected.
Addition of 0.3% urea stimulated the accumulation of L-histidine,
 and led to the accumulation of 4.3 mg/ml of L-histidine
(Table VI).



Table VI. Conversion of L-Histidinol into
L-Histidine by E. coli KY¥-3592

Inoculum L-Histidine Residual
size of Addition{%) roduced L-histidingl
E. coli Emg/ml) (mg/m1)?
KY-3592
(m)
0 0 7.3
0.5 1.9 5.5
1.0 None 2.6 3.5
1.5 2.2 3.8
2.0 1.8 5.0
0.5 Urea (0,3) 4.3 2.6
0.5 CH5COONH4{0.3) 2.5 5.4

C. glutamicum KY-10234 was cultured for 5 days in T
geperate flasks each containing a fermentation medium.
Then the cultures were inoculated with the indicated inoculum
sizes of E. coli KY-3592 cells suspended in 60% glucose
solution, and continued to cultivate for further 2 days.
Two of the flasks were fed with urea or CH3COONH4 simultaneously
with the inoculation of the E. coli cells.” The fermentation
medium used was the one described in "MATERIALS AND METHODS, "
supplemented with 1.5% peptone, 0.02% FeS04-7Hp0 and 0.02%
MnSO0, *4H0; the concentration of (NH4)2SO4 was 2%.

a) As dihydrochloride.

DISCUSSION

A histidine auxotroph of C. glutamicum, KY-10234 was found
te accumulate a large amount of L-histidinol in the culture
medium. Limited supply of L-histidine to the mutant gave
the maximal yield of L-histidinocl. Vhen the I-histidine
biosynthetic pathway of g.)glutamicum is identical with that
29

of other microorganisms, these results are reasonably
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explained in terms of the defect of histidinol dehydrogenase
in this mutant and the lack of the feedback regulation on the
histidine pathway due to the limitation of I~histidine in the
medium.

Cultivation of E. coli KY-3592 by mixing with a later
phase-culture of C. glutamicum KY-10234 resulted in the reduc-
tion of L-histidinol, which had been accumulated by KY-10234
in the culture, and the accumulation of 4 mg/ml of L-histidine.
Further work is required to improve the yield of L-histidine
in the two-steps method for the L-histidine production described

here.

SUMMARY

A histidine auxotroph of Corynebacterium glutamicum was

found to accumulate I-histidinol in the culture medium.

The accumulation of it reached a level of 10 ~ 11 mg as
dihydrochloride per ml with a cane molasses medium containing
15% sugar (as glucose), 2 ~ 3% (NH4)2804 and limited amount of

I-histidine. When an Escherichia coli strain was mix-cultured

with a later phase-culture of the above L-histidinol-producer,
4 mg/ml of L-histidine was produced with the reduction of the

L-histidinol accumulation.



Section 2. Biochemical Characterization of Histidine

Auxotrophs of Corynebacterium glutamicum

and Defect of Histidinol Dehydrogenase in

¢. glutamicum KY-10234

INTRODUCTION

Vogel et al.??) isolated L-histidinol from 2 histidine
34)

auxotroph of Escherichia coli. Subsequently, Ames et al.

found the accumulation of imidazoleglycerol(IG),imidazoleacetol
(1A), L-histidinol and their phosphate esters by histidine
auxotrophs of Neurospora and Penicillium. Of these imidazoles
accumulated, only L-histidinol supported the growth of mutants
blocked at earlier reactions for L-histidine biosynthesis.

The other imidazoles were considered to be either impermeable
to the cell membrane (e.g. phosphate esters) or not the actual
precursors of L-histidine (e.g. IG and I4). These findings
provided clues to the L-histidine bicsynthetic pathway (Fig.

1 in Chapter I), the details of which were largely derived 9)
2

from genetic and enzymic studies on Salmonella typhimurium.

The pathway is considered to be identical with that of other
microorganisms so far as investigated.

In the present section, the author describes a paperchro-
matographic analysis of diazosulfanilic acid reaction-positive
imidazoles accumulated by histidine auxotrophs of Corymebacterium
glutamicum, and correlation between the imidazole-accumulation
and the defectlin I-histidine biosynthetic enzymes. This
study was undertaken to obtain some informations on the

histidine pathway in C. glutamicum for a clarification of the
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mechanism of the L-histidinol production by C. glutamicum
KY-10234 described in the preceding section and the mechanism
of L-histidine production which will be dealt in Chapter IV.

MATERIALS AND METHODS

Microorganisms. Wild-type C. glutamicum strains, ATCC 13032,
ATCC 13761 and KY-9005, and their histidine auxotrophic deriv-
atives were mainly used in this study. KY-9080, KY-10234
(ATCC 21339) and KY-9105 are histidine auxotrophs which were
derived from ATCC 13032, ATCC 13761 and KY-9005, respectively,
KY-9498 is a histidine-homoserine double auxotroph derived from
ATCC 13287 {hom.) which is originated from ATCC 13032. S.

typhimurium hisG46hisOI24246) was a gift of Dr. B. N. Ames.

Culture method for imidazole accumulation. Histidine auxotrophs

of C. glutamicum were cultured in a similar manner as that de~
scribted for the L-histidinol production (Section 1 of this chap-
ter), except that the fermentation was carried out for 4 days

in a 250-ml1 Erlenmeyer flask settled with a baffling plate and
containing 20 ml cof a fermentation medium with following com-
position. Molzasses medium: cane molasses 10g (as glucose),
urea 0.3 g, (NH4)2SO4 4 g, KB,P0, 0.15 g, K,HP0,0.05 g, MgSO,-
7H20 0.05 g, meat extract 0.5 g and 03003 3 g per 100 ml. )
Glucose medium : glucose 10 g, (NH4)2504 2 g, KH2PO4 0.15 g,
K2HP04 0.05 g, MgSO4-7H20 0.05 g, FeSO4°7H20 0.004 g, MnSOA“
4320 0.004 g, biotin 10 pg, thiamine-HC1 500 wg, natural
mutrients 0 ~ 2 g, IL-histidine O ~ 100 mg, L-homoserine O or

20 mg, and CaCO3 3 g per 100 ml.
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Culture method for harvesting microbial cells. S. typhimurium

hisGA6 his01242 cells grown overnight at 37°C on a bouillon
agar slant (containing 6 ~ 7 ml of the medium in a 20 mm x
200 mm test tube) were suspended in 10 ml of water. The
suspension (0.5 ml) was transferred into a 300-ml Erlenmeyer
flask with 100 ml of a growth medium and incubated at 36°C
for 16~20 hr on a rotary shaker operated at 210 rpm. The
optical demsity of the culture, measured after five-fold
dilution using a Hitachi Colorimeter Model 101, was 0,20~0.23
(as 0.D. 660 nm x 1/5). The growth medium was the one of

41) modified by supplementing with 0.16 mM

Vogel and Brenner
L-histidine. C. glutamicum strains were grown at 30°C in
the 300-ml flask containg 40 ml of a growth medium, in a
similar manner as that described above. In this case, the
growth rate varied with every strain used. Therefore, the
inoculum size was adjusted to obtain the final growth level
of 0.05~0.15 as the absorbancy measured after dissolving the
CaCO3 in the medium with HC1 and 40-fold diluticn by the
above—described method. The growth medium contained glucose
5 g, (NH4)_2SO4 0.5 g, urea 0.1 g, KH,PO, 0.1 g, K,HFO, 0.3 g,
MgSO4'7H2O .01 g, CaCl2'2H20 0.001 g, MnC12'4H20 0.0007 g,
FeSO4'7H20 0.001 g, NaCl 0,01 g, biotin 10 ug, thiamine-HC1
100 g and CaCO3

auxotrophs, the cells were grown on 0.052 mM L-histidine.

2 g per 100 ml. In the case of histidine

The cells of KY-9498, a histidine-homoserine double auxotroph,

were grown on 1.67 mM L-homoserine in addition to L-histidine.
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Preparation of enzyme extract. The dialyzed cell-free axtracts

used in the present study were prepared according to the method
of Ames et g;.48) with a slight modification., Cells of

S. typhimurium hisG46his01242 were collected by centrifugation
from 200 ml in total of the culture broth, sonicated in 5 ml of
the triethanolamine buffer for 10 min at 80 EW, using a Kubota
Ultrasonic Generator Model KMS-250. In the case of . glutamicum
strains, the cells collected by centrifugation were suspended in
7~10 ml of the buffer to make the cell concentration 50~60 mg (as
dry weight) per ml, and sonicated for 30 min by the procedure
described above. The sonicates were centrifuged for 30 min at
12,000 x g. The enzyme preparations contained protein in the

concentration of 8~12 mg/ml and 8~15 mg/ml with the S. typhimurium
mutant and C. glutamicum strains, respectively.

Enzyme assay. Histidinolphosphate (AP) aminotransferase

(1~histidinolphosphate : 2-oxoglutarate aminotransferase, BC
2.6.1.9) was assayed by the method similar to that described
by Ames et g;.48) for S. typhimurium enzyme, except that the
enzyme was pre—incubated in the presence of 40 ¥M pyridoxal
phosphate and the assay was scaled up to 1.5 times the original
scale. The reaction mixture was read against the blank (mis—
sing HP) at 295 nm. A control (missing enzyme, + HP) was as—
sayed for each group of reactions and an appropriate correction
was made for the assays. HP phosphatase (L-histidinolphosphate
phosphzlsl dlase, BC 3.1.3.15) was assayed by the method of Ames

et al. on 1.5 times the original scale, but the reaction
mixture was incubated for 60 min after the termination of the

reaction by the addition of ascorbic acid molybdate reagent.
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Histidinol dehydrogenase [L-histidinol : nicotinamide
adenine dinucleotide(NﬁD) oxidoreductase, BEC 1.1.1.23]

was assayed by the method of Martin gﬁ.g;.49) on 1.5 times
the original scale. The reaction mixture was read at 520 nm
after fwo~fold dilution with 0.2 M triethanolamine-HCl buffer
(original pH, 8.6) added with HCl to make final concentration

of 0.117 WN.

Protein determination. Protein was determined by the Folin

methodSO) with bovin albumin as the standard. The inter-
ference of the triethanolamine buffer, against which the
enzyme extracts were dialyzed, was corrected according to the

pethod of Ames gt 51.48)

Reagents. L-Histidine°HC1l, L-homoserine, nicotinamidee
adenine dinucleotide phosphate (NADP), o -ketoglutarate and
imidazoleglycerol-HC1l were products of Kyowa Hakko Kogyo Co.,
Ltd. L-Histidinol+*2HC1l, NAD, and 5-amino-4-imidazclecar-
boxamide (AIC)-HC1 were purchased from Sigma Chem. Co.
L-Histidinol phosphate (HP)'2H20 or pyridoxal phosphate was
purchased from Cyclo Chem. or Nakarai Chem. Ltd., respectively.

RESULTS

1. Accumulation cof imidazoles.

Accumulation of imidazoles by histidine auxotrophs of
C. glutamicum was investigated. First, molasses medium was
used for the cultivation of 14 histidine auxotrophs including

10 histidine auxotrophs, two histidine-adenine double auxotrophs,
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one histidine-lysine double auxotroph and one histidine—
homoserine double auxotroph. Paperchromatographic analysis
of culture broth obtained revealed that strains KY-9080 (his),
KY-9105 (his) and KY-9498 { hom., his) accumulated AIC, IG and
IA, respectively. AIC and IG were identified on the basis of
Ei}values and colours of the spots of the imidazoles located
by diazosulfanilic acid-reaction on paperchromatograms, in
comparison with authentic samples.38
Because authentic IA was not available, the imidazole accumulat-
ed by KY-9498 was identified as IA by the paperchromatographic
method as follows : unlike IG, L-histidinol ard L~histidine,

the imidazole could be located with 2,4-dinitrophenylhydrazine
reagent, suggesting the imidazole has carbonyl group. The

red spot of the imidazole located with diagosulfanilic acid
reagent changed to a green spot, when a chromatogram was

sprayed with copper sulfate solution by the method described

by Ames and Mitchell5l) for the detection of IA.

Moreover, as shown in Table I, this imidazole and IG migrated

in a similar relation each other as that between IA and IG as

34,38)

described in previous papers.
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Table I. Paperchromatographic Analysis of an Imidazole
Produced by a Histidine Auxotroph, C. glutamicum

KY-9498
Bf-values obtained Rf-values described in
Solvent Imigazoéeb Authentic previous paper34’38
produced by Ic
systema KY-9498 IA IG
0.44 0.38 0.54°)  0.42%
0.32 0.36 0.45°) 0.46°)
b) b)
0.95% 0.74 0.73 0.63

a) Solvent system (ratio by volume): A, n-propanol-0.2N
NH,0H(3:1); B, n-propanol-N acetic acid(3:1); C,
methanol-chloroform-10% formic acid(3:3:1).

b) and ¢) See Ref. 38) and 34), respectively.

Subsequently, the three histidine auxotrophs described
above and a known histidine auxotrophic L-histidinol-preducer,
KY-10234 were cultured in the glucose medium supplemented with
various substances required by the mutants used. The amount
and the kind of imidazoles accumulated by each mutant were
variable with the medium employed. Table II shows the cul-
ture conditions, i.e., the substances which were favourable
for the sccumulation of each imidazole, and the imidazole-
accumulation under the favourable culture conditions. As
can be seen in the table, all the mutants tested produced
unidentified diazosulfanilic acid reaction-positive substance(s)
which migrated with low girvalue(s) (0,08 ~ 0.12) in paper-
chromatography with n-propanocl-0.2 N NH4OH(3 : 1 by volume)
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as solvent. Besides this substance, following imjidazoles
were produced by each mutant : AIC and IG by KY-9080 ; IG by
KY-9105 ; IA and IG by KY-9498 ; histidincl by KY-10234.
Assuming that the L~histidine biosynthetic sequence in C.
glutamicum was jdentical with that in other microorganisms
(Pig. 1 in Chapter 1), it was reasonable to expect that these
mutants had certain defect in the following histidine enzymes :
imidazoleglycerol phosphate dehydratase (EC 4,2.1.19) in XKY-
9080 and KY-9105 ; HP aminotransferase in KY-9498 ; histidinol
dehydrogenase in KY-10234.

To confirm this expectation, the specific activities of
the aminotransferase and the dehydrogenase, and HP phosphatase
in the extracts from these mutants were compared with those in
the extracts from their parent wild-type strains.
Imidazoleglycerol phosphate dehydratase activity was not deter-
mined, because a substrate for the reaction, imidazoleglycerol

phosphate, was not available.

2. Aminotransferase.

HP aminotransferase reaction was preliminarily investigated
with the extract from a wild-type strain KY-9005. The reaction
required @-ketoglutarate and pyridoxal phosphate, as shown in
Table III. The response was linear to the enzyme concenira-
tions up to the absorbancy of 0.2, as shown in Fig. 1. With
the complete assay system, the specific activities of the
aminotransferase in the extracts from 4 histidine auxotrophs
listed in Table II were compared with those in the extracts

from their parent wild-type strains. As shown in Table IV,



Table II. Accumulation of Imidazoles by Histidine
Auxotrophs of C. glutamicum in Their
Culture Broths

Inidazoles accumulated

Strain Substance (%) which gave
No. x2) ATc e IA Histi- the high yield of imida-
dinol zoles when added to the
media

KY-9080 + + o+ - - ME(2) or His(0.025) for X;
ME(2) for AIC.

KY-9105 4 -  #w - - NA(1) or His(0.0062) for
x; pr(1-~2), MB(1~2),
cA(2) or His(0.025) for IG.

pr(1-2), Na(1~2), ca(i-2),
YE(1~2) or His{0.0062) for
x; pr(2), Na(1), ca(1) or
His(0.0062) for IA;
His(0.025) for IG.

PT(2) or NA(2) for X; PT(2),
ME(1~2), Na(2), cA(2) or
His(0.0125-0.025) for
histidinol.

E:

KY-9498 -

KY-10234 4

:

Histidine auxotrophs of C. glutamicum were cultured in
the glucose medium supplemented with each of 1 and 2 % of
natural nutrients such as peptone(PT), meat extract (ME),
NZ-amine (NA), casamino acids(CA) and yeast extract(YB), or
0.0062~0.1% of I-histidine monohydrochloride{His).

Marks 4 , -4 , + , 4 , + and + show the colour
density of the spots of each imidazole located with diazosul-
fanilic acid-reaction after paperchromatographic separation
in n-propanol-0.2N NH40H(3:1 by volume) as solvent, in this
decreasing order. The mark, ++ , on imidazoleglycerol
corresponds to 6.2 mg/ml of this imidazole determined by
periodate oxidation methodf0) &) Unidentified imidazole(s
described in the text.
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the specific activity of the enzyme extracted from KY-9498,

an TA-producing mutant, was significantly lower than that of

its parent strain ATCC 13032 apd other strains tested.

e
R
!

1 -

0 0.5 1.0

Enzyme added (mg as protein)

Fig. 1 Dependence of Histidinolphosphate Aminotransferase
Activity on Enzyme Concentration

Extract from C. glutamieum KY-9005(wild) was used as
the enzyme preparation.
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Table III.

Requirements for the Reaction of

Histidinolphosphate Aminotransferase
of C. glutamicum

Omission

A0.D. 295 nm

None

o —-Ketoglutarate

Enzyme

Pyridoxal phosphzte

0.177
0.000
-0.011
0.002

The extract from C. glutamicum KY-9005 (0.83 mg as
protein) was used as the enzyme preparation.

Table IV.

The Specific Activity of Three Enzymes of

L-Histidine Biosynthesis in Wild-type Strains
and Histidine Auxotirophs of C. glutamicum

Strain No.(Marker)

Histidinol
phosphate
aminotrans-
ferase

( 40D295/20
min/mg pro-
tein

Histidinol
phosphate
phosphatase

( 40D820/30

min/mg pro-
tein)

Histidinel
dehydroge-
nase

( a0D520/20
min/mg
protein)

ATCC 13032(wild)

KY-9498 (hom.,his)

KY-5080 { his )

ATCC 13761 (wild)
KY-10234 (his)

KY-9005
KY-9105

(wild)
( his )

0.29
0.03
0.22
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3. PFPhosphatase.
The assay used here for BEP phosphatase is based on the

determination of inorganic phosphate released by the reaction

52)

using ascorbic acid molybdate reagent. In this case, a

little enzyme is used to avoid the adsorption of the phosphate

48) Though the phosphatase

to the precipitate of protein.
activity was tried to determined for the extracts from wild-

type strains, ATCC 13032, ATCC 13761 and KY-9005, it could

be hardly detected within the range of enzyme concentrations
giving no precipitate, as shown in Table IV. Even when
hydrogen ion concentration of the reaction mixture was varied
between pE 5.2 ~ 7.0 with 0.2 M tris(hydroxymethyl)aminomethane-
maleate-NaOH buffer and between pH 7.0 ~ 9.0 with 0.2 M
triethanolamine-HC1 buffer, no increase in activity was noted.
The extract from ATCC 13761 did not extensively interfere with
the reaction of the phosphatasein the extract from S. typhimurium
hisG46his01242, when the extracts from both microorganisms were
used in combination (Table V). Undialyzed extracts also ex-
hibited no activity. On the other hand, extracts from all

the histidine auxotrophs grown on 0.052 mM L-histidine ex-
hibited phosphatase activity, though the activity was much

lower than that from the above S. typhimurium mutant. The
enzyme activity in the extracts from . glutamicum mutants was
agsayed in the enzyme concentration which gave the absorbancy
below 0.3, because the response was linear to the enzyme con-

centrations upto this absorbancy,



TPable V. Effect of the Extract from . glutamicum on
the Reaction of Histidinolphosphate
Phosphatase in S. typhimurium

Enzyme added Phosphatase

S R
C. glutemicum ATCC 13761 0.059 0.00
S. typhimurium hisG46his01242 0.067 0.87
C. glutamicum ATCC 1376_51 0.059 0.75
S. typhimurium hisG46his01242 0.067

4. Dehydrogenase.

Histidinol dehydrogenase reaction was preliminarily deter—
mined with the extract from a wild-strain ATCC 13761. The
reaction required NAD and L-histidinol, as shown in Table VI.
NADP and HP could not substitute for these compounds, res-
pectively. The response was linear to the enzyme concentra-
tions upto the absorbancy of 0.9, as shown in Fig. 2. As
shown in Table IV, a histidinol-producing mutant, KY-1023%4
had a defect in this enzyme. The specific activity in the
extract from KY-9498, an IA-producing mutant, was remarkably
lower than that from its parent wild-type strain ATCC 13032.

_35_



Table VI. Requirements for the Reaction of Histidinol
Dehydrogenase of C. glutamicum ‘

Omission Addition A0.D. 520 mm
None None 0.780
NAD None 0.051
NAD NADP 0.033

Histidinol Histidinol phosphate 0.070

Enzyme extract from a wild-type strain £. glutemicum
ATCC 13761 (0.62 mg as protein) was used as the enzyme pre-

paration.

1.0
g
o
&
A
o
<3
0.571
[ (] 1 1 L.
0 0.1 0.2 0.3 0.4 0.5

Enzyme added (mg as protein)

Pig. 2 Dependence of Histidinol Dehydrogenase Activity
on Enzyme Concentration

Extract from C. glutamicum ATCC 13761 was used as
_ the enzyme preparation.
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DISCUSSION

It was proved that the histidine auxotrophy of the L-
histidinol producer . glutamicum KY-10234 is due to the
defect in histidinol dehydrogenase. As will be described
in the following chapter, the first enzyme of the histidine
pathway, phosphoribosyl-ATF pyrophosphorylase, of C. glutamicum
is subject to the feedback inhibition of L-histidine. The
formation of the first enzyme is under the repression control
of L-histidine. The I~histidinol production by KY-10234 is
reasonably explained from these facts : the lack of the feed-
back inhibition and repression coatrocl on the histidine path-
way due to the L-histidine-limitation in the medium causes the
overproduction of L-histidinol and the petabolism of the
produced L-histidinel is intercepted by the block at histidinol
dehydrogenase, then the imidazole excretes into the medium.
The accumulation of TA by KY-9498 is similarly explained in
terms of the defect in HP aminotransferase and the lack of
the feedback regulations. The correlations between the ac-
cumulation of these imidazoles and the defects in the histidine
enzymes are consistent with the L-histidine bicsymnthetic sequence
known in other microorganisms. Existence of both the amino-
transferase and the dehydrogenase activities in the extracts
from IG-producing mutants {KY-9080 and KY-9105) are also com-
patible with known histidine pathway.

Burke and Pattee53 have reported that an extract from

Staphyvlococcus aureus did not show the activities of HP
phosphatase and HP aminotransferase. Two explanations were

offered by these investigators for this observatiocn. The
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first was that HP is not an intermediate of the hisitidine
pathway. A second and more favoured explanation was that the
phosphatase and the aminotransferase were inhibited or inac-
tivated during preparation of cell-free extracts or during
asgays for their activities.

In C. glutamicum studied here, HP phosphatase activity
was not detected in the extracts from wild-type strains.
Conversely, in the extracts from histidine auxotrophs grown
with limited amount of I-~histidine, weak but significant
phosphatase activity was noted, though it is unclear whether
the phosphatase activity is due to the phosphatase specific
to HP or due to the nonspecific one which are differentiated

54)

each other in Saccharomyces cerevisiae. As already

described, HP aminotransferase activity could be determined
in wild-type strains as well as in histidine auxotrophs of

C. glutamicum, then the participation of HP in L-histidine
biosynthesis in this microorganism appears to be likely.
Accordingly, the failure to demonstrate the phosphatase
activity in wild-type C. glutamicum strains is believed to be
a technical one. It should be emphasized that the extracts
employed here were prepared by sonicating the cells under the
comparably drastic condition because of the rigidity of the
cells.

Based on these considerations, it is assumed that at
least the last four steps of the L-histidine biosynthetic
sequence known in other microorganisms (Fig. 1 of Chapter I)
are applicable to C. glutamicum.



SUMMARY

Two imidazoleglycerol (16)-producing mutants and one
imidazoleacetol(IA)—producing mutant were selected out of 14
histidine auxétrophs of C. glutamicum, by means of paper-
chromatographic analysis of the culture broths of these
mutants. Three of the I-histidine biosynthetic enzymes were
determined for these mutants and a previously isolated L~his-
tidinol-producing mutant of C. glutamicum. The IA-producing
mutant and the L-histidinol-producing mutant had a defect in
histidinol phosphate aminotransferase and histidinol dehydro-
genase, respectively. IG-producers were not defective in
these enzymes. These results were consistent with the L-

histidine biosynthetic sequence knmown in other microorganisms.
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Chapter III. Imidazoleglycerol Production with
a Histidine Auxotroph of

Brevibacterium ammoniagenes

INTRODUGCTION

Imidazoleglycerol (IG) was found by Ames et al.3%'5%) o
be accumulated by histidine auxotrophs of Neurospora and
Penicillium. This finding provided clues to the biosynthetic
pathway of L-histidine in bacteria129’39’4o’53’56~59) and
funga135’36) systems, in which the phosphate ester of it, i.e.,
imidazoleglycerol phosphate serves as an intermediate but IG
does not ( see Fig. 1 in Chapter I ).

During the course of the studies on amine acid production
by microbial auxotrophs, the author found that a2 histidine
auxotroph of Brevibacterium ammoniagenes produced a large amount
of IG in the culture medium. The IG-productivity of this

mutant was superior to that of the Corynebacterium glutamicum

KY-9105 which was isolated as an IG-producer in the preceding
chapter.
In the present chapter, the author describes the I1G—produe-

tion with the B. ammoniagenes mutant. The study aimed at I-

histidine production from IG as a starting material.



MATERIALS AND METHODS

Microorganisms. 4 histidine auxotroph employed in this ex-

periment was derived from a wild B. ammoniagenes strain, ATCC

6872, by the mutagenic treatment with UV-ray irradiation.
The mutant strain has been deposited to The American Type

Culture Collection with an accession number of ATCC 21225.

Culture method. Forty milliliters of & seed medium in a

250-m1 Erlenmeyer flask was inoculated with a loopful of
microorganism grown on a bouillon agar slant, and incubated

at 28°C on a rotary shaker at 220 rpm. After incubation for
24 hr, one milliliter of the seed culture was transferred

into the same type-flask containing 20 ml of a fermentation
medium. This flask was incubated for 72 hr in the same man-
ner as that with the seed culture. The seed medium contained
glucose 4 g, peptone 2 g, meat extract 1 g, urea 0.3 g, K32P04
.1 g, K2HPO4 0.1 g, MgSO4'7H2O 0.05 g, ZnSO4'7H20 0.01 g,
FeSO4-7H2O 0.01 g, MnS04-4H20 0.0001 g, biotin 3 g, thiamine:
HC1 S00 wg, P-alanine 500 ug per 100 ml. The fermentation
medium contained (NH4)2SO4 2 g, urea 0.3 g, B-alanine 1.5 ug,
FeSO4'7H2O 0.002 g, ZnSO4'7H20 0.0001 g, MnSO4'4H2O 0.0001 g
and CaCO3 3 g per 100 ml as basal ingredients. Glucose,
natural nutrients, KH2PO4 and MgSO4-7H20 were added to the
medium at variable levels according to the purpose of each
experiment. The hydrogen ion concentration of the media was
adjusted to pH 7.2 with NaOH, then the media were sterilized

at 120°C for 10 min. The fermentatiorn test shown in Fig. 5
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was carried out in a 30-liters jar fermentor principally ac—
cording to the method for the flask-test described above.
The details of the test are described in the legend of Fig. 5.

Apalysis. The determination of IG was based on its conver-
sion to imidazoleformaldehyde by periodate oxidation. The
assay was similar to that described by Ames gj_g;.GO) for
imidazoleglycerol phosphate, but has been scaled up to ten
times the original scale. The standard curve was linear to

IG concentration at least up to 40 ug of its monohydrochloride
salt. In 2 sample containing 2.5 or 5.0 ug of IG (as mono-
hydrochloride) added to a culture broth {containing 4.2 ng/ml
of IG accumulated), the added IG was detected with an efficiency
of 104 or 96%, respectively (Table I). A control containing
an aliquot of a fermentation medium without being inoculated
with microorganisms was assayed, and an appropriate correction
was made using this control for the estimation of IG accumulat-
ed in the culture broth. The growth of microorganisms was
measured by reading the absorbancy at 660 nm of the culture
broth in a cuvette with a light-path of 0.5 cm using Tokyo
Koden Medel ANA 7A Colorimeter, after dissolving the CaCO3 in
the medium with HC1l and 20-fold dilution.



Table I. Determination of Imidazoleglycerol Added to
a Culture Broth of B. ammoniagenes ATCC 21225

(4) (B)
Imidazoleglycerol Imidazoleglycerol Recovery
monohydrochloride monohydrochloride
added (ng/ml) determined (mg/ml) (B—‘%é x 100,%)
0.0 4.2%)
2.5 6.8 104
5.0 9.0 96

Samples containing indicated levels of imidazoleglycerol
monchydrochloride in addition to 1 ul of a culture broth of
ATCC 21225 per ml were assayed according to the method
described in MATERIALS AND METHCDS.

a) The value, 4.2 shows the amount of imidazoleglycerol
accumulated in the culture broth.

Reagents. D—E;xthro—imidazo1eg1ycerol(IG) was kindly sup—
plied by Dr. B. N. Ames. L-Histidinol was purchased from
Sigma Chemical Company.

Isclation of IG. I¢ was isolated from the culture broth

according tc the procedure shown in Fig. 1.

It was done by passage the solution containing IG through the
columns of H+-form of cation exchange resins (Diaion SK#1

and Amberlite IRC-50) and by elution with N NH4OH. The eluate
was then concentrated to make 6.5% solution of IG, decolorized
with carbon, adjusted to pH 3.0 with HC1l, and further concentrat-
ed to dryness. IG was extracted from the residue.with 98%
ethanol and recrystallized in the form of monohydrochloride

from the ethanol solution.
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Culture broth

|- filtrated.

- pB adjusted to 2.0 with H2504.

- passed through Diaion SK#1 ( H+ ).
keluted with N NH4OH.

Eluate

- concentrated in vacuo.

| passed through IRC-50( H' ).
eluted with N NH4OH.

Eluate

| concentrated in vacuo to make 6.5%
imidazoleglycerol concentration.
- decoloured with carbon.

- pH adjusted to 3.0 with HCL.
-concentrated to dryness.
l-extracted with 98% ethanol.

Crude crystals

Pig. 1 1Isolation of Inmidazoleglycerol from Culture Broth

RESULTS

1: Identification of IG.
B. ammoniagenes ATCC 21225 was found to produce a diazosulfa-

nilic acid reaction-positive substance in the culture broth.

It was isolated in a crystalline form by the procedure described
in MATERTALS AND METHODS section. [a]20 +10.18(c4, H,0), m.p.



121.5 ~ 126,8°¢.* Anal. Caled. for 06H10N2-HCI : €, 37.10 ;
H, 5.67 ; N, 14.43. Found : C, 36.91 ; H, 6.34 ; N, 15.42.
This compound had the same Rf-values with authentic IG in
paperchromatography with five solvent systems, as shown in
Table II. Like authentic IG, it was converted to imidazole-
formaldehyde by oxidation with periodic acid, accomplished
according tc the method of Ames §§_§;.34) Moreover, it gave
the same absorption spectrum of the chromatophore when reacted
with diazosulfanilic acid44) with that from authentic IG.
The infrared spectrum of the crystal coincided with that of
authentic IG as shown in Fig. 2. From these results, the

substance produced by ATCC 21225 was concluded to be IG,

*  The melting point of the isolated crystal was in good
agreement with that (126.5°C) of authentic IG, but it
was somewhat higher than the value (102.5 ~ 103°C)

34)

described by Ames et al. in a previous paper.
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Tgble II. Paperchromatographic Identification
of Imidagzoleglycerol

* Imidazoleglycercl Authentic
Solvent system iigtﬁﬁ:dbizzg imidazzlezlycerol
a 0.565 0.565
b 0.476 0.476
c 0.156 0.156
4 0.096 0.106
e 0.409 0.409

* )  Solvent system (ratio by volume): a, n-propanocl-0.2N
NH,0H (3:1); b, n-propanol-N acetic acid (3:1);
c, n-butanol-acetic. acid-H;0 (5:2:2); -
d, acetone-chloroforn-H,0-28% NH,OH (30:5:4:0.2);
- e, n~butanol-acetic aciﬁ-ethylacetaté-ﬁgo (1:1:1:1).
Rf-values of the spots located with diazosulfanilic acid-
reagent are given.

1

2000 1500 1000 650
Wave number (cmfl)

Fig. 2. Infrared Spectrum of Imidazoleglycerol
(monohydrochloride).
A: Authentic imidazoleglycerol. B: Imidazoleglycerol isolated
from broth.



2. Effect of growth factor.

In the fermentative production of amino acids with bac-
terial auxotrophs, supplying of the required substances in ¢
level suboptimal for growth gives the maximal yield of the
amino acids.20) Because ATCC 21225 requires L-histidine
for growth, the effect of L-histidine and natural nutrients
containing L-histidine on IG-production was tested. As
shown in Table ITI, more than 5 mg (as monohydrochloride) per
ml of IG was produced when acid-hydrolyzate of C. glutamicum
cells, acid-hydrolyzate of soybean meal or meat extract was
added to the medium at 1~3% levels. At a high level (4%)
of the natural nutrients, the yield of IG was distinctly

reduced.

Table III. Effect of Natural Nutrients on Imidazole-
glycerol Production by B. ammoniagenes ATCC 21225

s Imidazoleglycerol
Additions (%) Growth(0.D.660X1/ 20) ccumalated®
Acid-hydrolyzate (4 8';2 3'5
of C. glutamicum gg o o 2
cells 1 0.77 5.9
Acid-hydrolyzate ;g 8'$g g'g
of soybean meal 2) 0.80 7.7
1) 0.66 5.5
E4% 0,62 1.3
3 ©.70 8.6
Meat extract %2) 0.59 8.1
1) 0.52 7.4
No addition 0.07 1.2
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Fermentation medium basically contazined 12% glucose, 0.2%
KH,PO,, 0.2% NayHPO,, 0.1% M,S04:7H,0 and the basal ingredients
described in "MATERIALS AND BODS . "

*) mg/ml as monohydrochloride.

When L—histidine(monohydrochloride) was used as the growth
factor, high amount (4.5 ~ 5.1 mg/ml, as monohydrochloride) of
IG was produced under the condition with comparably high con-
centration, i.e., 600~1200 ywg as monchydrochloride per ml or
3.1 ~ 6.2 mM of I-histidine(Fig. 3). Addition of much higher
amount of L-histidine {2400 pg as monchydrochloride per ml)
reduced the IG production only by 27% of the maximal yield.

The cellular growth did not distincly respond to the I-
histidine concentration upto 2400 pg (as monohydrochloride)/ml.
These results are in remarked contrast with the case of L-
histidinol production by a histidine auxofiroph of C. glutamicum,
KY-10234, where addition of 1 mM L-histidine to the medium gave
the maximal yield of the product and increasing the L-histidine
level to 2 mM reduced the &ield by 50% or more ( Chapter II).
In this case, moreover, the growth of the mutant responded to
the I-histidine concentration. The reason is unclear why the
cellular growth and the IG production with B. ammoniagenes

ATCC 21225 studied here were less effectively affected by IL-

histidine in comparison with the case of the L-histidinol

production by the €. glutsmicum mutant. Some difference
between L-histidine permeabilities of these microorganisms,
if it exists, might explain these phenomena.

At the lL-histidine concentration of 75 ~ 300 ug as mono-—
hydrochloride per ml, the growth level of the IG producer was
rather higher than the case with excess of L-histidine.



Such & high level growth under L-histidine-limitation has also
been observed in the case of the above-described I~histidinol
production by a histidine auxotroph of (. glutamicum. This
may be ascribed to the appearance of non-auxotrophic rever-

tants from ATCC 21225 during fermentation.

3, Effect of inorganic phosphate and magnesium.

Based on the informations on histidine pathway in other
29,35,36,39,40, 53, 56~59,61)

microorganisms, it may be assumed
that ATCC 21225 forms IG from its phosphate ester through the
action of phosphatase. Because the phosphatase specific to
imidazoleglycerol phosphate has not been found in microor-
ganisms to our knowledge, it is possible that non-specific
phosphatase may participate in its formation. Furthermore,
inorganic phosphate is known to repress the formation of acid-
and alkaline phosphatases in some microorganisms.sz’sj)
Accordingly, it was of interest to test the effect of inorganic
phosphate on IG production by ATCC 21225. Effect of mag-
nesium ion was also tested, because increasing of the con-
centrzZ%ons of MgS0,-TH30 as well as KH PO, and K2HPD4 is

shown to stimulate the inosinic acid production by an
adenine auxotroph of B. ammoniagenes. In the test, KH2PO4

and Na2HP04, MgSO4°7H20 and meat extract were added to the
medium as the sources of inorganic phosphate, magnesium ion

and L-histidine, respectively. The results are shown in
Table IV. It can be seen that high concentration (2%) of
the phosphates reduced the growth when the concentration of
the magnesium salt was low (0,05%). The growth-inhibition
was released by the addition of high levels(1~2%) of the
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Imidazoleglycerol produced

(ng/ml, as monohydrochloride)

5 L Imidagoleglycero
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. L-Histidine-HC1 added (ng/ml)

Fig. 3 Effect of I-Histidine on Imidazoleglycerol Production
by B. ammoniagenes ATCC 21225

Fermentation medium was the same as that in Table III.

Table IV. Effect of Inorganic Phosphate and Magnesium Sulfate
Concentration on Imidazoleglycerol Production
Imidazole-
thggl;gt?%?alts MgS0 4 'TH20 Growth glycerol
added (%) (0D660X1/20) accunulated
(mg/ml)*
{KH2P04(2) 2.00 0.63 13.1
1.00 0,58 11.8
NaHPO, (2) 0.05 0.46 10.7
{K32P04(0.1) 2.00 0.68 11.6
1.00 0.68 9.4
N .
a,fP0,(0.1) 0.05 0.61 12.1

Fermentation medium basically contained 12% glucose, 2.5%
meat extract, and the basal ingredients described in
MATERTIALS AND METHODS.

*

as monohydrochloride.
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Phosphates MgSO4-7H20 Bf-value

added (%) added {#) o 05

2.00 * ma)
{mzmdf(z) 1.00 - W
NazHP04(2)

0.05 - it

> 00 4 4 W L
{zHZPO4(O.l)

1.00 a1 B N T T I
a2HP04(0-1)

. 4 + H 4

Fig. 4. By-production of the Substances Positive to
Diazosulfanilic Acid-reaction in Imidazoleglycerol
Fermentation with B. ammoniagenes ATCC 21225.

The culture broth obtained in the experiment shown in
Table IV was paperchromatogramed on a Toyo Roshi No.50 with
a solvent system n-propanol-0.2N NH4OH(3:1 by volume).

The marks, ssw , 4+ , + , + and + show the locations
of the coloured spots, in order of decreasing density.

a) Imidazoleglycerol.

magnesium salt to the medium. At the higher level (each 2%)
of the phosphates, IG production increased with the increase
of the growth levels or magnesium concentrations. At the
low level (each 0.1%) of the phosphates, the concentration

of magnesium ion did not affect the growth level, Moreover,



the correlation between magnesium ion concentration anmd IG
production was obscure. The maximal amount of IG produced
at the two different levels of the phosphates was almost the
same, while by-production of other unidentified substances
which were positive to diazosulfanilic acid-reaction was dis-
tinctly reduced at 2% level of the phosphates, as shown in
Pig. 4.

4, Chemical changes during fermentation.

The time course of IG fermentation in a 30-liters jar
fermentor is exemplified in Fig. 5. The production of IG
paralleled with the growth until 30 hr and continued to
increese even in the stationary phase of growth, accompanied

by the consumption of glucose.

®
s 10 41.0
W —
S Glucose 8
= ~~.
— —
o bd
O
o D
g 0
fr_'\' 5 "0.5 Q.
o
£ 2
g i
= g
] L
0 20 40 60 0

Incubation time (hr)

Fig. 5. Time Course of Imidazoleglycerol Fermentation

Fermentation was carried out in a 30-~liters jar fermentor

containing 15 liters of a fermentation medium comprising of

10% glucose, 3% meat extract, 2% KH,P0,, 2% Na HPO,, 2%
MgS0o '7320 and basal ingredients,
Cult conditions: aeration, 10 liters/min; agitation,

400 rpm. The hydrogen ion concentration was automatically

controlled with NH,0H to pH 7.0 during fermentation.
IG ! Imidazoleglycerol-EC1.
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5. Trial of L-histidine production from IG

I-Histidine production from IG was attempted in the
same manner as that described in the preceding chapter
(Chapter II, Section 1) for the I-histidine production from
L-histidinol. = However, any significant amount of l-histidine

was not detected in the culture broth.

DISCUSSION

A histidine auxotroph, B. ammoniagenes ATCC 21225 ac-

cumulated a large amount of IG in the culture medium.

Though it has not been verified whether imidazoleglycercl
phosphate is accumulated or not, its accumulation would be
little, if it occurs, in view of the trace amount of other
diazosulfanilic acid-positive spots on the paperchromatogram

of the culture broth. These facts suggest that the histidine-
auxotrophy of this mutant is due to the genetic block at imi-
dazoleglycerol phosphate dehydratase (BEC 4.2.1.19),29'61) the
enzyme converting imidazoleglycerol phosphate to imidazole-
acetol phosphate in the histidine pathway. The reason for

the preferential production of IG to its phosphate ester by
this mutant may reside in the existence of the permeability
barrier to the phosphate ester, the dephosphorylation of the
phosphate ester through the action of some phosphatase, and
excretion into the medium in the form of IG. This assump-
tion is suggested by an interpretation relevant to permeability
change, which has been made for the interchangeable accumula-
tion of inosinic acid and hypoxathine by an adenine-auxotroph6
derived from B. ammoniagenes ATCC 6872 from which ATCC 21225

studied here alsc originated.
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SUMMARY

A histidine auxotroph of Brevibacterium ammoniagenes was

found teo accumulate imidazolegycerol in the culture medium,
The accumulation of it reached a level of 13 mg as monohy@ro—
chloride per ml with a medium containing 12 % glucose, 2% »
(NB4)2SO4 and 2,5 % meat extract. By-production of other

imidazoles was little.



Chapter IV, L-Histidine Production with Histidire

Analog-resistant Mutants of Corymebacterium

glutamicum

Section 1. L-Histidine Prcduction by Histidine

Analog-resistant Mutants of Several Bacteria

INTRODUCTICN

Excretion of L-histidine by histidine analog-resistant

mutants has been known in Salmonella typhimurium,66 Escherichisa

c01i67) and Bacillusg subtilis.68)

As described in Chapter II, a two-steps method for L-
histidine production, i.e., production of L-histidinol with

& histidine auxotroph of Corynebacterium glutamicum, and con-

version of the L-~histidinol into L~histidine has been developed.
However, the yield of L-histidine was 4 mg/ml at highest.

The present investigation was undertaken to develope a
direct process for L-histidine production, using a histidine

analog-resistant mutant of bacteria.

MATERIALS AND METHODS

Microorganisms. ~Histidine anslog-resistant mutants were

derived from C. glutamicum ATCC 1376l (wild—type) and other

bacteria which are listed in Table IX, by the mutagenic
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treatment with N-methyl-N'-nitro-N-nitrosoguanidine (xre) according
to the method of Adelberg 23.5;.69)

Culture method. Five milliliters of a seed medium { see
Table I in Chapter II, Section 1)} in a test tube (25 mm

200 mm) were inoculated with one loopful of microorganisms
grown on a bouillon agar slant, and incubated at 30°C on a test
tube shaker. After incubation for 20 ~ 24 hr, the seed cul-
ture was transferred into a fermentation medium and incubated
with the same manner as that described already (Chapter 11,
Section 2) for "imidazole accumulation". The basal composi-
tions of the fermentation media as well as of a minimal medium
used for the isolation of histidine analog-resistant mutants
are shown in Table I. Sensitivity of the microorganisms to
histidine-analogs was tested as follows: =a test tube (16 mm

x 160 mm) containing 2 ml of the minimal medium was inoculated
with one drop of cell-suspension prepared from a bouillon agar
slant to make the final cell concentration of lO7 cells/ml,
and incubated statically at 30°C for 24 hr.

Analysis. L—Histidine was colorimetrically determined accord—
ing to the method of Mcpherson,44) using the sample diluted
with water, The growth in the medium was measured by reading
the absorbancy at 660 nm of the culture in a cuvette with 10-mm
light path, using a Hitachi Colorimeter Model 101, For the
measurement of the growth in the fermentation medium, it was
done after dissolving the CaCO3 in the medium with HC1 and
100-fold dilution and dry cell weight (D.C.W.) was calculated

from the absorbancy by means of an appropriate calibration
curve.



Table I. Basal Composition of Media

Ingredients (amount in 100 ml) MM* G* M*
Glucose (g) - 1 15
Cane molasses (g)** 15
(NH4) S04 (g) 0.4 2 2 or 4.5
Urea % 0.1 0.3 0.3
KH,PO, (g) 0.15 0.15
KoEPO, (g) 0.01 0.05 0.05
MgS0, - TH20 (g) 0.05 0.05 0.05
FeS04+TH0 (g) 0.01
MnSO4 -4H,0 (&) 0.01
CaCO 3 3 3
Blotln % 6 20
Thiamine- HCl (vg) 500 30
Trace element soln.***(ml) 0.1

*) MM: Minimal medium. G: Glucose medium.

M: Molasses medium,
**)  As glucose,

The hydrogen ion concentration of the media was
adgusted to pH 7.4 with NH,OH, and the media were sterlized

at 120°C for 10 min.
*#*%*)  See Ref. 126).

Reagents. 1,2,4-Triazole-3-alanine (TRA) and 2-thiazolealanine

(TA) were purchased from Eli Lilly & Co.

acid was purchased from Sigma Chemical Co.

L~-B-Imidazolelactic



RESULTS

1. Derivation of higtidine analog-resistant mutants from

C. giutamicum ATCC 13761

Attempts were made to derive the mutant strains resistant
to histidine-analogs, 1,2,4-triazolealanine (TRA) and 2-
thiazolealanine (TA), from a wild-type C. glutamicum strain,
ATCC 13761.

The chemical structures of the histidine-analogs are

shown in Fig. 1.

s CH,—CH—COOH
I 5>-Thiazolealanine (TA)

K/N NH,

N /CHr_?H-—COOH
1,2,4-Triagole-3<alanine (TRA)
\/ NH N H z riazole alanine

z—

Fig. 1. Histidine Analogs

When the NTIG-treated cells were spread on the minimal agar
plate containing 1000 pg/ml of TRA or 750 pg/ml of TA at the
cell concentration of 105 or 106 per plate, the resistant
colonies appeared on the plate as shown in Table II. The
frequency of the appearance of the resistant colonies was app-
roximately 1077 or 10™% with TA or TRA, respectively.



Table II. Derivation of Histidine Analog-resistant
Mutants from C. glutamicum ATCC 13761

No. of Colony count per plate
cells spread A?ié?ilﬁdded Large Small
per plate colonies colonies
6 TRA (1000) 120 > 890
10 No addition Dense growth*
5 TRA (1000) 32 80
10 T2 ( 750) 240 360
No addition Dengse growth*

*) Dense growth on the whole surface of the ager plate.
NTG—treated cells of ATCC 13761 were spread on the MM-agar
medium containing the indicated levels of histidine-analogs.
After incubation for 3 days, colonies were counted.

2. TResistance to histidine-analogs.

The resistance to TRA and TA of a mutant strain TRA-5T,
which was derived on TRA-agar, was compared with that of the
parent wild-type strain ATCC 13761. It was done in a minimal
liquid medium containing TRA and TA at various concentrations
according to the method described in "MATERIALS AND METHODS."
As shown in Fig. 2, the growth of the parent strain decreased
by 60 % and 70 % by the addition of 50 g/ml of TRA and T4,
respectively. On the other hand, the strain TRA-57 exhibited
the resistance to the inhibition of both histidine-analogs in
comparison with the parent strain. The TRA-resistant nature
of TRA-57 also confirmed by the growth test with the minimal
agar medium. The mutant strain grew well on the TRA-agar



containing 300 ug/ml of TRA, while the parent strian did not.
The similar results were obtained with XY-10260 which was

derived as a TRA-resistant. These results indicate that

some mutants derived as TRA~resistant, including TRA-57 and

KY-10260, are cross-reaistant to TRA and TA.

Relativg growth (%)

“TRA-57
100 100
80 80
60 } 60
40 ¢ 40
ATCC 13761
20 ¢ 20 FATCC 13761

0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6
TA (mg/m1) TRA (mg/m1)

Pig. 2 Resistance of Mutant TRA-57 %o Histidine-analogs.

Relative growth (%) is given, taking the turbidity of
each strain in a non-supplemented medium as 100 %.

3. L-Histidine production by higtidine analog-resistant

mutants.

I-Histidine production by histidine analog-resistant

~ mutants from C. glutamicum ATCC 13761 was investigated.



As shown in Table III, 93 and 86% of the mutants derived
on each of the TRA-agar and the TA-agar produced more than
0.05 mg/ml of L-histidine in the culture medium. Among the
L-nistidine producers, a mutant strain KY¥-10260 which was
derived as a TRA-resistant was investigated for the culture
conditions for I-histidine production. L-Histidine was
isclated from the culture broth of this mutant and identified

from ite physical and chemical properties.

Table III. L-Histidine Production by Histidine
Analog-resistant Mutants from
C. glutamicum ATCC 13761

No. of strains producing

Resistant No. of L-histidine in amount of
to strains 0.05~1.0 1.0~2.0 2.0-%.4
tested (mg/ml) (mg/ml) (mg/ml)

TRA 113 72 21 13

TA 12 45 T 10

Fermentation medium: M-medium with 2% (NH,),SO,.
: . 42774
Incubation time: 3 days.

4. Chemical changes during fermentation.

Pig. 3 exemplifies the chemical changes during the fer-
mentation in a cane molasses medium and a glucose medium.
In each medium, IL-histidine production paralleled with the
growth of the microorganism and reached maximum in 2 to 3
days. l-Histidine concentration did not decline regardless
of a rapid raise of pH-value on 4th day.
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Fig. 3 Time Course of Histidine Fermentation
with C. glutamicum KY-10260

* With 2% (NH Dry cell weight

40259,

5. Effect of carbon source on L-histidine production.,

Six sugars and cane molasses were tested at 10 % level
to determine the favourable carbon source for L-histidine
production. As shown in Table IV, fructose, maltose, mannitol,
mannose, sucrose and glucose gave comparable yields. With
molasses, the L—histidine production was twice as much as with

other carbon sources.

- 62 -



Table IV. Bffect of Carbon Sources on L-Histidine
Production by C. glutamicum KY-10260

Sugar (10 %) L-Histidine produced
(mg/ml
Fructose 2.5
Maltose 2.4
Mannitel 2.5
Mannose 2.7
Sucrcse 2.9
Glucose 2.4
Molasses 5.1

G-medium (missing glucose) was used as the basal medium.
Incubatiorn time: 3 days.

6. Bffect of nitrogen source on L-histidine production.

Pive nitrogen sources were investigated at various con-
centrations to determine the favourable nitrogen source and
its concentration for L-histidine production in a cane mclas-
ses medium. Except for urea, every nitrogen source gave
good yield at the concentrations higher than 2%. With 4 to
5% (NH4)2504 or 3% NH4N03, L-histidine accumulation was maxi-
mum and reached a level of 6 mg/ml (Fig. 4).
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Fig. 4. Effect of Nitrogen Source on L-Histidine Production
by C. glutamicum KY-10260

M-medium [ missing (NH4)2SO4 and urea] was used as the basal medin
Incubation time: 4 days.

7. Effect of various substances on I~higstidine production.

Various substances were tested for their effect on the -
histidine production by KY~-10260. It was done by the addition
of following substances into the cane molasses @edium: casamino
acids, peptone, meat extract, yeast extract, corn steep liquor,
NZ-~amine, acid-hydrolyzate of soybean meal, acid-hydrolyzate of
€. glutamicum cells (at the levels of 0.25, 0.5 and 1.0 %); 22
amino ‘acids (100 and 1000 wg/ml); 4 purines (20 and 1000 ug/ml);
3 pyrimidines (20 and 1000 vg/ml), 9 vitamins (10 and 1000 pg/ml);
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organic acids such as oxalic acid, gluconic acid, lactic acid,
acetic aeid, pyruvic acid, citric acid, succinic acid, tartaric
acid, malic acid, formic acid, fumaric acid, a-ketoglutaric
acid and itaconic acid (0.5 armd 1.0 %D. The substances which
were found to affect the L-histidine production are shown in
Table V. Any of these supplements did not stimulate the L-
histidine production sc extensively as expected. The maximal
vield (8 mg/ml) was obtained by the addition of 1 % acetic
acid. L-Glutamine and L-tryptophan lowered the L-histidine

production.

Table V. Effect of Various Substances on L-Histidine
Production by C. glutamicum KY-10260

Substances added L-Histidine produced
(mg/ ml§
Corn steep liguor (1.0 %) 6.7
(0.5 %g 6.8
NZ-amine (1.0 % 7.0
Meat extract (1.0 %) 6.8
(0.5 %) 6.9
Peptone (0.75%) 6.9
No addition 6.0
L-Glutamine (1000 wg/ml) 4.5
L-Tryptophan ( 200 pg/ml) 4.5
No addition 6.1
Acetic acid (1.0 %) 8.0
Pyruvic acid (0.5 %) 7.3
No addition 6.5

M-medium with 4.5 % (NH4)2SO4 was used as the basal medium.

Incubation time: 3 days
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8. Effect of L-higtidine on L-histidine production.

As described above, L-histidine accumulated at the con-
centration of 6~8 mg/ml in the culture medium of KY-10260.
To determine whether such a high concentration of L-histidine
in the medium inhibits the production of L-histidine itself
or not, the L-histidine producer was cultured in the glucose
medium supplemented with 5 and 10 mg/ml of L-histidine.
As shown in Table VI, approximately the same amount of L-
histidine was produced with or without addition of I-histidine.
This result indicates that L-histidine dces not inhibit the
L-histidine production by the mutant at least at the level
of 10 mg/ml.

Table VI. Effect of 1-Histidine on L-Eistidine Production
by C. glutamicum KY-10260

L-Histidine added Growth L-Histidine {(mg/m1)
(mg/m1) (mg/ml as D.C.W) Total Produced
10.0 45 12.4 2.4

5.0 40 7.0 2.0
0.0 37 2.7 2.7

Basal medium: G-medium. Incubation time: 3 days.

8. By-products.

As shown in Fig. 5, B-imidazolelactic acid and glycine
were detected on a paperchromatogram of a culture broth of

L-histidine producers each by the diazosulfanilic acid-reaction
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and ninhydrin-reaction as by-preoducts. Identification of
these by-products was obtained in comparison with authentic
samples in paperchromatography as shown in Table VII and VIII,
The amount of glycine was usually 2~4 mg/ml, and that of
imidazolelactic acid veried depending on the strain used.

For example, the amount of tThe imidazolelactic acid produced
by KY-10260 in the molasses medium was less than 400 ug/ml,
while it reached the level of 500 ~ 2000 uwg/ml by another L-

histidine producer KY-10261 which was derived as a TA-resistant.

Diazosulfanilic Niphydrin
T acid-reaction -reaction
A =N
et i
& 1.0f a3 1.0f
2 0.8l o 0.8
= O 0 T~
~ 0.6 © Y 0.6}
Q@ b b S
'_é 0.4f va @a r-!;30-4- c
< @ <t '}i
§'0 o £ 0.2 o
) =
% 0.0 % 0. 9
K¥- KI- KY-
10260 10261 10260

Fig. 5 By-products of Histidine Fermentaticn

a) L-Histidine. ©b) Imidazolelactate. C) Glycine.
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Table VII. Identification of f-Imidazolelactic Acid

Diazosulfanilic acid-reaction (Rf)

Sample Sample from L-pB-Imidazole

Solvent culture broth lactic acid
system (KY-10261)

a 0.37 0.37

b 0.31 0.31

c 0,07 0.07

d 0.46 0.46

e 0.97 0.58

f 0.63 0.63

a: n-Butancl-Acetic acid—H20(4:l:2); b:n-Propanol
-0.2N Ammonia(}:l); c:N Ammonia-saturated n-butancl;
d:t-Butanol-H,0-Methylethylketone-Diethylamine (80:30:
40:8); e:Ethanol-H20(77:23); f:1-Butanol-Formic
acid-H50(70:15:15)

Table VIII. Identification of Glycine (Ei)

Ninhydrin-reaction

Sample Sample from
Solvent culture broth Glycine
system (X¥-10260)
a 0.17 0.17
d 0.34 0.34
g 0.10 0.10
h 0.40 0.40
¢-Fhtalaldehyde-reaction
a 0.1le¥% 0.16*%
d 0.38* 0.37*

g Methylethylketoneﬁg—Butanol—HgO—28% Ammonia(100:
100:60:5); h:Water-saturated phenol.

*Green gpot
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10. L-Histidine production by histidine analog-resistant

mutants derived from other bacteria.

Derivation of histidine analog-resistant mutants from
C. glutamicum ATCC 13761 and their L-histidine production
were described above.
The similar procedure was applied to another C. glutamicum

strain and other genera of bacteria, including Arthrobacter,

Brevibacterium, Bacillus amnd Nocardia. As shown in Table IX,

L-histidine producer could be cbtained from them.

Table IX. L-Histidine Production by Histidine Analog-
resistant Mutants from Several Bacteria

No. of strains producing

Parent Resis— No.of o L-histidine in amount of
strain tant to strains g €0.05 0.0% 1.0 2.0
(ATCC Wo.)  (ug/ml) tested & : 1.0 ~2.0 ~3.4

mg/ml mg/ml mg/ml mg/ml

A.citreus TA
0 o)
(11624) (1000) % G 23 e
B.flavum TA 51 [G 24 7 0 0]
(14067) (1000) M* 25 0 2 4
B.megaterium TA
20 G 17 0 0
(10778) ( 250) 3
B.subtilis TRA
1 G 11 2 0 0
(15244) ( 125) 3
C.glutamicum TA 5 M¥* 18 6 0 1
(13032) (1000) 2

N.gzloberula TA .
'TEL"‘S““‘ 21 G 20 1 0 0
13130 (1000)

*) M-Medium with 2% (NH4)2504.

- 69 -



DISCUSSION

It was now been demonstrated that histidine analog (TA or
TRA)-resistant mutants derived from several bacteria produced
a considerable amount of L-histidine in the culture medium.

In S. typhimurium, it is kxmown that TRA causes repression

71) and TA inhibits phosphoribosyl-ATP

of the histidine operon
)60)

pyrophosphorylase (EC 4.1.2¢ which is the first enzyme of

the histidine pathway. Some mutants resistant to TRA have

the derepressed levels of the L-histidine biosynthetic enzymes7o)
and the mutants resistant to TA have the first enzyme which is
regsistant to the feedback inhibition of L-histidine.ss)

Recently, Fink et g;.45) reported that a TRA-resistant mutant of
Saccharomyces cerevisiae had the Pyrophosphorylase which is

registant to the feedback inhibition. The L-histidine

biosynthetic pathway of the L-histidine producers studied here
is believed to be insensitive to the metabolic regulation like
that of the S. typhimurium mutants ang the S. cerevisiae
mutant,

At least two mutants of C. glutamicum, TRA-57 and KY-
10260, which were derived as TRA-resistants exhibited resis—
tance to TA as well as to TRA, and the extent of the resis-
tance to TA was greater than that to TRA. It needs a fur-
therrwork to clarify the nature of the change of regulation
mechanism in the histidine analog-resistant mutants derived
in the present study.

Some culture conditions for I-histidine Producticn by
a selected L-histidine producer, C. glutamicum EY-10260, were
investigated. Production of l-histidine was better in the
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molasses medium than in the glucose medium. Cane molasses
seems to contain some factors which are faveurable to the L-
hisgtidine production.

P-Imidazolelactic acid was identified as a by-product of
the histidine fermentation. A minute amount of this imidazole
was also formed in the L-histidine-supplemented culture of
the wild-type strain ATCC 13761. Therefore, the imidazole
must be formed through the metabolism of L-histidine, pre-
sumably via imidazolepyruvic acid as shown in B. coli72) and

73) s

Proteus vulgaris. The scarcity of the L~histidine-

degradation would be another reason of the L-histidine ac-

cumulation by the C. glutamicum mutants.

SUMMARY

The mutant strains resistant to 1,2,4-triazolealanine
(TRA) or 2-thiazolealanine (TA) were derived from Corynebac-.
terium glutamicum ATCC 13761 by the mutagenic treatment with

N-methyl-N'-nitro-N-nitrosoguanidine. More than eighty per-
cent of these mutants were found to accumulate L-histidine in
the culture medium. Among these L-histidine producers, &
strain KY-10260 which was derived on TRA-containing medium,
was used to investigate the culture conditions for I-histidine
production. The amount of L-histidine accumulated reached a
level of 6~8 mg/ml with & medium containing 15 % (as glucose
concentration) cane molasses and 4.5 % (NH4)2SO4.

According to the similar procedure, some L-histidine pro-

ducers were derived from other bacteria.
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Section 2. L-Histidine Production by Auxotrophic Histidine

Annlog-resistant Mutants of Corynebacterium

glutamicum

INTRODUCTION

As described in the preceding section, histidine analog-
resistant mutants of several bacteria produced a large amcunt
of L-histidine in the culture medium. A selected mutant strain

Corynebacterium glutamicum KY-10260 which was derived as 1,2,4-~

triazole~3~alanine (TRA)-resistant produced 6~8 mg/ml of L-
histidine. The production of L-histidine is explained in
terms of the lack of the feedback regulation on the histidine
pathway by the end product, L-histidine.

Some reports implicated L-histidine in the regulation
mechanism of aromatic amino acid bjosynthesis of Bacillus

74,75) and Neurospora crassa.76) The regulatory

subtilis
relationship between L-histidine and the synthesis of aromatic
amino acids in B. subtilis exemplifies "metabolic interlock"
termed by Jensen.77 A reverse relationship, i.e., the
regulation of histidine pathway by aromatic amino acid is

also knewn in B. subtilis.78) Based on these informations,

a high production of L-histidine is expected to be given by
the auxotrophic mutants of (. glutemicum carrying some defects
in addition to the histidine analog-resistance, though it is

not known whether any other metabolite than I-histidine
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participates in the regulation of the histidine pathway of
this microorganism or not.

In the present investigation, the author derived mutants
of C. glutamicum which have these two markers and tried to
select a useful mutant strain for l-histidine production from

them.

MATERTALS AND METHODS

Microorganisms. C. glutamicum mutants carrying auxotrophy

in addition to histidine analog-resistance were derived by
mutagenic treatment with N-methyl-N'-nitro-N-nitrosoguanidine
(NTG) in the following two ways. One was the derivation of
o-thiazolealanine (TA)-resistant mutants from a tyrosine
auxotroph KY-9296, a phenylalanine auzotroph K¥-9182, and a
tryptophan auxotroph KY-9292 all of which were derivatives of
a wild-type strain C. glutamicum ATCC 13032. The other was
the derivation of a wide variety of auxotrophic mutants from
a TRA-resistant L-histidine producer, KY-10260, a derivative

of another wild-type strain, . glutamicum ATCC 13761.

Culture method. Fermentation for I-histidine production was

carried out in a 250-ml Erlenmeyer flask for 72 hr by the
manner described in the preceding section, unless otherwise
stated., The compositions of the fermentatior medium are
shown in the legend of each table and figure. The fermen-
tation test shown in Table VI was carried out with a 5-liters

jar fermentor principally according to the flask test. The
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details of the experiment are shown in the legend of the table.

Determination of nutritional requirement. The cells of

auxotrophic mutants were streaked on minimal ager medium sup-
plemented with & mixture of vitamins, base components of

nﬁcleic acids or amino acids. From the growth behavior in
three~days incubation at 30°C on the media, they were clas-
gified into the five groups shown in Table IV. The above-
described supplements were used to make final concentrations

as follows : 1) Vitamins - choline 1000ug, folic acid 50 pg,
inositol %00 ug, calcium pantothenate S0 wg, pyridoxine
hydrochloride 50 yg, riboflavin 250 Yg, each per liter.

2) Base components of nucleic acids - adenine, guanine,
hypoxanthine, xanthine, cytosine, thymine, uracil, each 5 ug/ml.
3) Amino acids - arginine, asparagine, aspartic acid, alanine,
citruiline, cysteine, cystine, glutamic acid, glutamine, his-
tidine, homoserine, isoleucine, leucine, lysine, methionine,
ornithine, proline, phenylalanine, serine, threonire, tryptophan,

tyrosine, valine, each 20 ug/ml with respect to L-isomer.

Anelysis, L-Histidine and the growth in the medium were
measured by the method described in the previous chapter
(Chapter II, Section 1). 1-Valine was measured by the ninhydrin

method after paperchromatographic separation.
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RESULTS

1. L-Histidine production by TA-resistant derivatives of

aromatic amino acid auxotrophs.

As described previously (Section 1 of this chapter), a
histidine analog-resistant mutant of C. glutamicum accumrlated
6~7 mg/ml [4.0~4.7 % (w/w) of the initial sugar] in the cul-
ture medium containing 15 % sugar.

Following informations led us to expect posaible improve-
ment of the I~histidine producer by selecting aromatic amino
acid-auxotrophic mutant: Nester et 31.79) have reported that
1-tyrosine regulates the L-histidine biosynthesis in B.
subtilis. This includes the growth inhibition of a histidine
bradytroph by L-tyrosine, its reversion by L-histidine, L-
tyrosine repression of histidine gene—products,78'80) and L-
tyrosine inhibition of phosphoribosyl-ATP p—yrophosphorylase.BO
the first enzyme of L-histidine biosynthesis. Though there
is no evidence for the regulation of L-histidine biosynthesis
by L-phenylalanine or L-trytophan, to our kmowledge, the re-
gulation of the biosynthesis of these aromatic amino acids by

L-histidine has also been kmown in B. subtilis’® 7878L) am

76,82)
Neurospora crassa.

The author isolated TA-resistant mutants from aromatic
amino acid-auxotrophs, C. glutamicum KY 9296 (tyr), KY 9182
(phe) and KY-9292 (try), on a minimal agar medium supplemen-
ted with 1000 pg/ml of TA in addition to 100 ug/ml of an
aromatic amino acid required by each parent strain. The
L-histidine production by them was investigated in a medium

containing 10% (as glucose concentration) cane molasses and
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1% yeast extract. The yeast extract was used as the source of
aromatic amino acids required by the mutants. Table I shows
that more than 60% of TA-resistant mutents from three parent
strains accumulated more than 0.5 mg/ml of L-histidine in the
culture medium. The level of L-histidine produced was,
however, 2~3.4 mg/ml or 2~3.4%(w/w) of the initial sugar, at
best. The L-histidine production and the growth of three
representative strains which were selected in this experiment

are given in Table II. As can be seen, a TA-resistant

Table I. L~Histidine Production by Thiazolealanine-
resistants Derived from Aromatic Amino
Acid Auxotrophs of C. glutamicum.

No. of strains which

Parent No. of TA- produced L-histidinre
strain resistants in amount {(mg/m1) of
(requirement) tested 0.5~1.0 1.0~2.0 2.0~3.4
K¥-9296 (tyr) 48 4 11 21
KY-9182 (phe) a7 2 8 20

KY-9292 (try) 47 10 19 3

Fermentation medium: Molsses 10% (as glucose concentra-
tion), (NH%32804 4.5%, yeast extract 1%, urea 0.3%, KH,PO,
0.15%, K HPO4 0.05%, MgS04-7H,0 0.05%, Caco, 3.

{
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Table II. Comparison of Representative
L-Histidine Producers Selected from
Thiazolealanine-resistants Derived
from Aromatic Auxotrophs with KY-10260.

L-Histidine L-Histidine Growth

producer produced {0.D.660

(phenotype) (mg/ml) X 1/100)
TYT-6 (tyr,TAT) 3.4 0.22
PET-35 (phe,TAT) 3.3 0.55
TRYT-17 (try,TAT) 2.2 0.22
KY-10260 (TRAT) 4.2 ~ 0.60

The representative strains were gelected in the ex-
periment shown in Table I.

tyrosine auxotroph TYT-6 produced L-histidine comparably with
a TRA-resistant mutant KY-10260 which had been derived from

a wild-type strain, in spite of the lower growth level.

TYT-6 was further tested using fermentation media supplement-—
ed ‘with other natural nutrients. As shown in Table III, '
the growth of TYT-6 was significantly stimulated by the ad-
dition of 2~3% NZ-amine (an enzymatic digest of casein, a
product of Sheffield Co., TU. S.), 3% enzyme-hydrolyzate of
sake cake, 2% peptone, 1-3% "Mieki" (2 kind of protein
hydrolyzate) or 2~3%% meat extract in comparison with the
case when 1% yeast extract was added. The level of I~-
histidine production was 6,0 mg/ml or 4% (w/w) of the 1n1t1a1



sugar. These values were the same with or less than those
obtained with KY-10260.

Table IITI. Effect of Natural Nutrierts on I-Histidine
Production by a Thiazolealanine-resistant
Tyrosine Auxotroph of C. glutamicum.
Nﬁtural L-Histidine Growth
nuirient roduced {0.D.660
added(%g %mg/ml) X 1/100)
Corn steep (3) 6.0 0.44
liquor (2) 3.5 0.40
(1) 4.4 0.35
NZ-amine (3) 5.1 0.58
(2) 5.0 0.51
(1) 4.1 0.46
Enzyme-hy- (3) 5.1 0.56
drolyzate of (2) 4.5 0.41
sake cake (l) 4.5 0.37
Peptone (3) 4,8 0.47
Ez) 4.8 0.51
1) 4.1 0.38
"Mieki" (3) 2.6 0.52
(2) 2.8 0.62
(1) 5.0 0.53
Meat (3) 4.4 0.56
‘extract (2) 3.4 0.55
Teast (3) 4.1 0.44
~ extract §2g 3.7 0.40
- 1 3.8 0038

. Basal composition of the fermentation medium used was
“the same as that in the footnote of Table I except that
molasses concentration was increased to 15% (as glucose
_concentration) and yeast extract was omitted.

Strain: TYIT-6.
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2. L-Histidine production by suzotrophic derivatives
of KY-10260

One hundred and sixty-four auxotrophic mutants were
derived from a TRA—resisfant L-histidine producer, C. glutamicum
KY-10260. Their L-histidine productivity was tested using a
medium containing 15% (as glucose concentration) molasses and
1% yeast extract. Distribution of these mutants with res-
pect to their L-histidine production is summarized in Table
IV, together with the nutritional requirements. As can be
seen, 28 out of 164 auxotrophs tested produced L-histidine
in higher amount compared with the parent strain KY-10260.
These 28 strains were repeatedly cultured by the same manner.
Table V shows the results of two experiments on six repre-
sentative strains. An auxotroph, Ro -88 repeatedly gave
distinctly higher production of I~-histidine compared with
the parent strain and the level of production reached 7.3 -
8.7 mg/ml or 4.9 ~ 5.8% (w/w) of the initial sugar. The
higher production of L-histidine by Ra -88 compared with
KY-10260 was confirmed also by the fermentation with a 5-
liters jar fermentor (Table VI). Though other mutants,

Ra -29, Ra -30, Ra —-48 and Ra -119, produced a comparably
high level of L-histidine in the experiments shown in Table
V, their obvious superiority over the parent strain was not
reproduced in a jar fermentor-test. Ra -88 was proved to

be a leucine auxotroph.

3, Effect of molasses—SucrosSe ratio on I-histidine production.

Molasses was previously shown to be a more favourable

carbon source than glucose oOr sucrose for L-histidine production
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Table IV. L-Histidine Production by Auxotrophic
Derivatives of C. glutamicum KY-10260

No of No. of strains which produced
Group of strains L-histidine in amount (%)** of
mutants* tested
<80 80~100 100~160
A 53 27 14 12
B 36 31 4 1
v 15 8 1 6
X 32 23 4 5
W 28 15 9 4

Fermentation medium: The same as that used in the experiment

*)

shown in Table I, except for the increase
of molasses concentration to 15% (as
glucose concentration).

Mutants indicated with mark A, B or V are auxctrophs (or
bradytrophs) whose growth responded to a mixture of amino
acids, base components of nucleic acids or vitamins,
respectively, Mutants with mark X are auxotrophs which
did not respond to any of the amino acids, bases and
vitaminps. Mutants with mark W are bradytrophs whose
requiring substances have not been identified.

The amount of L-histidine accumulated by the parent strain
KY-10260 was taken as 100%. It ranged between 5.4 ~ 6.0
mg/ml in three repeated experiments.

by EY-10260. Moreover, it most remarkably stimulated the

I-histidine production among various substances tested (Section

1 of this chapter). This suggests that molasses contains some
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Table V. BRepresentative L-Histidine Producers
Selected from Auxotrophic Derivatives
of a Triazclealanine-resistant
L-Histidine Producer, C. glutamicum

KY-10260.
L-Histidine Growth
Strain Group produced (0.D.660
No. of (mg/ml) X 1/100)
mutant Exp.I Exp.II Exp.I Exp.II
Ra -29 W 6.8 6.1 0.64 0.66
Ra =30 B 6.0 5.9 0.66 0.70
Ro -48 A T.5 6.7 0.68 0.70
Ra -79 A 6.3 5.8 0.64 0.70
Ro.-88 A(leu) 8.7 7.3 0.66 0.51
Ra -119 A 6.3 7.3 0.66 0.59
5.4~ 0.66~
KY-10260 (Parent) 6.0 5.7 5.70 0.70

FPermentation medium: +the same as that shown in the
footnote of Table IV.

Table VI. L-Histidine Production by Representative
L-Histidine Producers Selected from Auxotrophic
Derivatives of C. glutamicum KY-10260

Strain N I-Histidine produced Growth
rain No. (mg/ml (m le)*

Ra -29 3.8 29

Ra =30 5.8 38

Ra -48 4.0 36

Ra -88 8.1 30

Ra -119 5.7 40
KY-10260

.2 41
(Parent) 4

Fermentation was carried out in a 5-liters jar fermentor
containing 3 liters of a medium comprising of 15% (as glucose
concentration) molasses, 0.2% KHpPO4, 0.05% MgS04-TH20, 2%
(NH4)2SO4, 0.2% urea, and 0.5% yeast extract.
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Culture condition: agitation, 600 rpm; aeration, 5 liters/
min; temperature, 30°C; incubation time, 76 hr. Hydrogen ion
concentration of the culture was adjusted to pH 7.0 during
fermentation with NH4OH.

*) Dry cell weight.

Table VII. Effect of Molasses-Sucrose Ratio on
L-Histidine Production by a
€. glutamicum Mutant Ra -88.

Strain Percentage L-Histidine Growth
No. of ) produced (0.D.660

molasses® (ng/m1) x 1/100)

0.0 4.1 0.42

37.5 6.5 0.57

Ra -88 50.0 9.5 0.60
62.5 11.0 0.57

100.0 8.5 0.70

KY- 0.0 3.0 0.46
10260 3.5 9.2 0.60

50.0 B.6 0.64

62.5 8.1 0.69

100.0 6.8 0.70

‘Fermentation medium: Sugar 20%, KH PO, 0.2%, K HPO,
0.1%, MgS0,-TH;0 0.05%, urea 0.2%, (NH,)5S0; 4%, FeS04 - THpO
0.001%, MnS04-4H,0 0.001%, corn steep liquor 0,.5%, biotin
200 1g/L, thismine-HC1 250 ng/L, CaC03 3%.

a) Both of molasses and sucrose were used as source

of sugar, singly or in combination. The percent sugar
concentration of molasses to a total sugar used is given.
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substances effective on the L-histidine production.
Therefore, the effect of molasses concentration on L—
histidine production by Ra —88 selected in the preceding
experiment was tested. It was done employing the media
which contained 20% sugar consisting of molasses and sucrose
in different ratios. As shown in Table VII, the level of
L-histidine production by the mutant reached 11 mg/ml or
5.5%(w/w) of the initial sugar at the optimal concentration
of molasses. The level of L-histidine production by K¥-
10260 was 9.2 mg/ml or 4.6% of the initial sugar.

4. Bffect of L-leucine on L-histidine production

Leucine auxotrophs of C. glutamicum have been reported
to accumulate a large amount of L-valine in the culture

83)

medium. The L-valine production was maximum at the sub-
optimal level of L-leucine for growth. At the higher levels,
L-leucine inhibited the L-valine production. Because the
selected strain Ra -88 was proved to be a leucine auxotroph,
the effect of L-leucine concentration on the production of
L-histidine and L-valine by this mutant was investigated

with a medium containing molasses (15% as glucose concentra-
tion) as carbon source (Fig. 1}). The L-histidine productiocn
was maximum when the L-leucine concentration was suboptimal
for growth (20 ug/ml), and was only slightly reduced by the
addition of it at 50 ug/ml, the level which gave the maximal
growth and strongly inhibited the L-valine production.

The addition of L-leucine at 300-500 ug/ml distinctly in-
hibited the L-histidine production together with the L-

valine production.
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Fig. 1 EBffect of I-Leucine on L-Histidine Production by
a Leucine Auxotroph Derived from C. glutamicum KY-10260

Fermentation was carried out in a 500-ml Sakaguchi flask
~containing 40 ml of fermentation medium basically comprising
of the ingredients shown in the legend of Table IV except that
yeast extract was omitted.
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DISCUSSION

Based on the concept of metabolic interlock between I-
histidine and aromatic amino acids in some other microorganisms,
the author expected a high production of I-histidine by C.
glutamicum mutants carrying arcmatic amino acid-auxoctrophy in
addition to histidine analog-resistance. However, TA-resis-—
tant mutants derived from a tyrosine auxotroph, a phenylalanine
auxotroph and a trytophan auxotroph of a C. glutamicum strain,
did not produce such a high level of L-histidine as expected.
The level was lower than or the same with that of C. glutamicum
KY-10260, a non-auxotrophic TRA-resistant mutant.

L-Histidine production test with 164 auxotrophic deriv-
atives of XKY-10260 revealed the distinect superiority of a
leucine auxotroph Rao -88 over the parent strain with respect
to L-histidine productivity. Excessive amount of L-leucine
inhibited the L-histidine production by Ra -88. These
results are of interest in the light of observations that
L-leucine recov§red the growth-inhibition by TA in Brevibac-—
31

terium flavum and that I~leucine production by an L-

leucine-producing mutant of C. glutamicum is remarkably en-
hanced by the addition of histidine-—auxotrophy to the mutant.s4
It seems to be possible that there may exist some inter-
pathway-relationship between L-histidine and I-leucine in

"coryneform glutamic acid-producing bacteria".
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SUMMARY

Corynebacteriym glutamicum mutants carrying both auxotrophy
and histidine analog~-resistance were derived by a mutagenic -
treatment, and their L-histidine productivity was compared with
that of & triazolealgnine (TRA)wregistant L-hiatidine producer,
£. glutamicum KY-10260. As & result, a leucine auxotrophic
TRA~resistant mitant, Ra —88 was selected out of 164 auxotrophic
derivatives of KY-10260. It produced L-histidine at a dis-
tinctly higher concentration than the parent strain under every
condition tested. The concentration reached 11 mg/ml or 5.8%
{w/w) of the initial sugar. Addition of an excessive amount
of L~leucine to the medium inhibited the IL-histidine produc-
tion together with the by-production of L-valine by this
matant. Thiazolealanine-resistant mutants derived from a
‘ i:y-roains auxotroph, a phenylalanine auxotroph and & tryptophan
auxetroph gave the same or lower production in comparison with
KY-10260.



Section 3. I~-Histidine Production by Corynebacterium
glutamicum Mutants, Multi-resistant to
Analogs of Histidine, Tryptophan, Purine
and Pyrimidine

INTRODUCTION

At present, the involvement of 5-phosphoribosylpyrophos—
phate (PRPP) in the biosynthesis of L-histidine has been
inown. 297 96:60:85°8T) . piot ctep of L-nistidine
biosynthesis is a condensation of adenosine 5'-triphosphate
(ATP) and PRPP. The biosynthetic pathway leading to ATP
involves the purine pathway. PRPP also serves as a skeleton
upon which the heterccyclic ring of purine is built.

The biosynthesis of PRPP in Salmonella typhimuriumaa’sg)
and Escherichia coli89’90) is inhibited by adenosine 5'-

diphosphate (ADP) and less effectively by other purine nucle-
otides, pyrimidine nucleotides and L-tryptophan at the step
of PRPP synthetase (EC 2.7.6.1). The formation of PRPP
synthetase of S. fyphimurium has recently been revealed to

91, 92) The adenine

be repressed by uridine nucleotides.
nuclecotide synthesis in bacterial systems is regulated by
purine derivatives. PRPP amidotransferase (EC 2.4.2.14),

the first enzyme of the purine pathway, from Aerobacter
aerogenesg3) is inhibited by guanosine 5'-monophosphate (GMP),
adenosine 5'-monophcsphate (AMP) and guanosine 5'-triphosphate

(GTP), and less effectively by ADP and inosine 5'-monophosphate
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(IMP). In Bacillus subtilis,94)

guancsine nucleotides is muchk less than that of the adenine

the enzyme inhibition by

nucleotides, and IMP has been shown to be ineffective.
The inhibitory effect of 5-amino-1-(5'-phosphoribosyl)-4-
imidazolecarbezamide (AICAR) and of ATP on this enzyme is also

86)

deacribed in S. typhimurium 114)

and Brevibacterium ammoniagenes,

respectively. Adenylosuccinate synthetase (EC 6.%.4.4), the
first enzyme in the AMP-specific pathway, is inhibited by
guanosine 5'-diphosphate (GDP) and GMP, and less effectively
by AMP and ADP in E. colil®)  The GDP inhibition is much
less than that of AMP and ADP in B. subtilis.96)

Formation
of the enzymes of the common pathway for the purine nucleotide

synthesis is repressed by the derivatives of both adenine and

guanine or by either of them, in S, §xphimurium,97).é.
aerogenes,97’98) E. coli?ﬁ)‘ﬁ. subtilisgg’loO and B.

ammoniagenes.114) The formation of the adenylosuccinate

.synthetase is repressed by adenine derivatives in B. subtilis

101) and in A, aeroggnes.ga)

As already described (Chapter IV, Section 1), histidine

100,

analog-resistant mutants ef Corynebacterium glutamicum ac-
cumilated 6~7 mg/ml [ 4~4.7 % (w/w) of the initial sugar ]
of L-histidine in the culture medium, and the high production

of L-histidine by these mutants was explained in terms of the
lack of end product regulation on the histidine pathway.

If, in these mutants, the histidine pathway is so extensively
relieved of the end product regulation that the biosynthesis
of such precursors of L-histidine as PRPP and adenine nucle-

otides limits the L-histidine production, the increase of the



biosynthesis of the precursors will lead an increased pro-
duction of L-histidine. Moreover, it has generally been
recognized in bacterial systems that the mutations causing
resistance to a structural analog of a normal metabolite
involve a mutation causing overproduction of the metabolite
or its related metabolites.

Based on these facts, the author attempted the improve-
ment of L-histidine productivity of an L-histidine-producing
mutant, C. glutamicum KY-10260, by letting it be resistant
successively to each analog of purine, pyrimidine, histidine

and tryptophan,

MATERIALS AND METHODS

Microorganisms. C. glutamicum KY-10260, an L-histidine pro-

ducer which was derived in the previocus section (section 1
of this chapter) as TRA-resistant from a wild~type strain
ATCC 13761 was used as the original parent strain of all the

analog-resistant mutants described in this study.

Mutagenesis. Every mutagenesis was performed by the treat-
ment of bacterial cells with N-methyl-N'-nitro-N-nitrosogu-
anidine (NTG). Prior to the mutagenesis, the sengitivity
of a parent strain to an analog was tested by streaking the
cells on a minimal agar medium (Table I in Section 1 of this
chapter) supplemented with the analog at various concentra-
tions from 50 to 8000 ng/ml and incubating at 30°C. The
analog-resistant mutant was selected on the agar medium

containing the amalog at twice to ten times the minimel
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inhibitory concentration of the parent strain.

Culture method. Fermentation was carried out in a 250-ml

Erlenmeyer flask for 92~96 hr by the manner described in the
previous section (Section 1 of this chapter). Compositions
of the fermentation medium were described in the legend of

each table and figure.

Anglysis. L-Histidine and the bacterial growth were measured
by the method described in the previous section (Chapter II,
‘Section 1). Adenine was measured spectrophotometrically
from the absorbancy at 260 nm after paperchromatographic
gseparation in isobutyric acid— 28% NH40H (100:20 by volume)

as golvent and eluticn with hot water.

Reagents. Sources of the reagents used are as follows: 6-
mercaptoguanine and 8-azaguanine from Nutritional Biochemicals
Co.; 6-mercaptopurine, dithiouracil, 6-methylpurine and 5-
methyltryptophan from Sigms Chemical Co.; 4-thiouracil and
3-amino-1,2,4~-triazocle from Tokyo Kasei Kogyo Co., Ltd.; DL~
2-thiagolealanine and DL-1,2,4-triazole-3-alanine from Eli
Iilly & Co.; tubercidin from Calbiochem. 2-Fluorcadenine

was synthesized by Mr. Teranishi of Kyowa Hakko Kogyo Co., Ltd.
according to the method of Montgomery.loz)



RESULTS

1. Improvement of L-histidine productivity by the addition

of single purine anslog-resistance.

The biosynthetic pathway leading to adenine nucleotidesas'
93,101,103) and PRPP88~90) in bacterial systems is known to
be regulated by purine nucleotides. Furthermore, such purine
analogs as 6-mercaptopurine (MP), 6-mercaptoguanine (MG) and
B8-azaguanine (AG) are shown to mimic some of the above-described
regulatory action of the normal metabolites after conversion
to the nucleotides corresponding to each analog.104’105)
Moreover, these analogs have been shown to inhibit the growth
of a C. glutamicum strain.106) 2=Fluoroadenine (FA) has been
shown to be a feedback inhibitor of purine biosynthesis in

E. coli.107)

Based on these informations, the author expected that
some mutation causing C. glutamicum resistance to these analogs
would allow the overproduction of precursors of L-histidine,
PRPP and ATP, and the overproduction of them would result in
an increased production of I~histidine in an I-histidine pro-
ducer. At first, attempts were made to derive the mutants

resistant to these analogs from a TRA-resistant L-histidine

producer, C. glutamicum KY-10260. Resistants were selected

on the agar media containing one of these analogs at the
concentration indicated in Table I. The concentrations used
were much higher than 62.5 ug/ml, the level which completely
inhibited the growth of the parent strain KY-10260 in a pre-
liminary experiment. Two hundred and fifty mutants thus
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obtained were tested for L-histidine productivity in a medium
containing 15% (as glucose concentration) cane molasses as
carbon source. Table I shows the L-histidine production by
four strains, each gave the highest yield of L-histidine in
each class of the mutants selected on the agar medium con-
taining different analog. As can be seen, an MG-resistant
mutant MG-15, an AG-resistant mutant AG-121 and an FA-resistant
mutant FA-43 produced 7.4, 7.0 and 6.7 mg/ml of L-histidine,
respectively. These values were higher than that (5.2 mg/ml)
given by the parent strain KY-10260. Out of them, strain

Table I. L-Histidine Production by Purine Analog-
resistant Derivatives of €. glutamicum

KY-10260
Best I-histidine pro-

Class of mutants Ne. of ducer in each class
mutants Strain I-Histi- Growth

tested  No. dine (0.D.660x
Resistant to produced 1/100)
(mg/m1)

2-Fluoroadenine( 1000ng/m1) 73 FA-43 6.7 0.53
6-Mercaptoguanine( 1000ug/ml) 80 MG-15 7.4 0.64
6-Mercaptopurine( 200ug/m1) 50 Mp-22 5.5 0.64
8-Azaguanine( 500ug/m1) 47 AG-121 7.0 0.76
(Parent) KY-10260 5.2 0.62

Fermentation medium: 15% (as glucose concentration)
cane molasses, 4.5% (NHy),S0,, 0.15% KH,PO,, 0.05% K,HPO,,
0.0%% 4gS0,, - TH 0, 0.3% urea, 3% CaC0; BH 7.2.
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MG-15 was selected as parent strein for the further mutation
to improve the L-histidine productivity in the following ex-
periment. The L-~histidine productivity of the MP-resistant
mutants was comparable with that of KY-10260, but was lower
than that of MG-15, AG-121 and FA-43.

2. Bv-production of adenine by FA-resistant derivatives of
KY-10260

In the experiment described above, it was found that all
the FA-resistant derivatives of KY-10260 accumulated 0.5~2.0
mg/ml of adenine in addition to L-histidine in the culture
medium. Identification as adenine was obtained from the
agreement of its Rf-values in paperchromatography (Table I1)
and its UV-absorption spectrum with those of authentic adenine.
In comparing the amount of adenine with that of L-histidine
produced by each FA-resistant mutant, it was noted, as shown
in Fig. 1, that low production of L-histidine tended to ac-
company high production of adenine and that high production
of L-histidine did not always accompany low production of
adenine. For example, FA-21, FA-60 and FA-69 which were
three lowest L-histidine producers, gave the highest yield
of adenine. Strain FA-43 which gave the highest yield of
L-histidine accumulated 1.2 mg/ml of adenine, the amount of
adenine being comparable with that (1.2 ~ 1.3 mg/ml) given
by strain FA-18 or FA-45 which exhibited low L-histidine pro-
ductivity. Adenine was also produced by FA-resistant deriv-
atives of a wild-type strain C. glutamicum ATCC 13761, from
which all the mutants described here were originated, as

reported elsewhere.los)
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Table II. Paperchromatographic Identification
of Adenine Produced by 2-Fluorcadenine-
resistant Mutants
(Rf-values)

Substance produced

¥*
Solvent system by the mutant

Authentic adenine

A 0.60 0.60
B 0.12 0.12
c 0.94 0.95

*)  Solvent system (ratio by volume): A, n-propanol-
0.2N NH,O0B (3:1); B, isopro &no1-CHzCOONa~(NHy ) 5504
saturated solution (2:19:79 ; C, isobutyric acid-

1 N RE40H (5:1).

L-Histidine produced (mg/m1)

Strain No.

= L-Histidine

FA-60 —— Adenine
FA-21
0 1 Z

Adenine produced (mg/m1)

Fig. 1 BRelation between the L-Histidine Titers and Adenine
By-production by 2-Fluoroadenine-resistant
Derivatives of €. glutamicum KY-10260
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3. Improvement of L~histidine productivity by the

addition of double purine analog-resistance

An MG-resistant mutant, MG-15 gave the highest yield of L~
histidine in the previous experiment {Table I). The improve-
ment of the L-histidine productivity of this mutant was at-
tempted by a further addition of AG-resistance marker to the
mutant, because the emergence of AG-resistance in KY-10260
was rather effective on the L-histidine production (Table I).
As a result of an I~histidine production-test with 32 mutants
of such MG~ and AG-resistants, a mutant MGAG-16 gave the
highest yield (7.8 mg/ml) of L-histidine. This mutant was
used as the parent strain for the further mutation te improve

the L-histidine productivity in the next experiment.

4. Improvement of L-histidine productivity by the addition

of pyrimjidine analog-resistance

The biosynthesis of PRPP is inhibited by cytosine nucle-
otides and uridine nucleotides at the step of PRPP synthetase

in S. typhimuriant® ) and E. 0011.%0125) e formation
of PRPP synthetase in S. typhimurium is repressed by uridine
nucleotides.gl’gz) The uridine nucleotides can be derived

from uracil via "salvage pathway", and the cytosine nucleotides

85,109)

derivedfrom the uridine nucleotides. Moreover, some

pyrimidine—analogs cause the inhibition of bacterial growth
by mimicing the regulatory effect of normal pyrimidine
104,105, 109)

nucleotides. As a fact, pyrimidine enalogs, 4-

thiouracil {4TU), 6-azauracil (6AU) and dithiouracil (pTU,
2,4—dithiopyrimidine) inhibited the growth of an L-histidine
producer MGAG-16 which gave the highest yield of L-histidine
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Table ITI. Distribution of Pyrimidine Anslog-
resistant Derivatives of MGAG-16 with
respect to L-Histidine Productivity

Class of Ro. of ¥o. of strains produci
mutants mutants L-histidine in amount (mgﬁml)of
tested
2) 6> 6-7 -8 8-9 9-10 10-11
Resistant™’ to
6-Azauracil €9 6 7 17 26 13 0
4-Thiouracil 28 1 4 5 11 4 3
Dithiouracil 40 2 6 10 14 7 1

Fermentation medium: The same as that in the footnote of
Table I except that 0.75% meat extract was added.
a)' Mutants were derived in the presence of the analog
at 500 ug/ml.

Table V. IL-Histidine Production by Best
L-Histidine Producer in Bach Class of
Pyrimidine Analog-resistant Derivatives
of C. glutamicum MGAG-16

mmetwma SRNME @
: mg/m1) X1/100)
Resistant to
6-Azauracil 6ATU6-37 9.9 0.62
4-Thiouracil  4TUB-2 ’ 10.3 0.53
Dithiourscil  DTU6-2 10.1 0.63
(Parent) MGAG-16 6.3 0.59

Details of the experiment were the same as those in the
footnote of Table III,
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ip the preceding experiment, as well as wild-type strain C.
glutamicum ATCC 13761.

Based on these facts and the similar essumption es
that described for the derivation of purine analog-resistant
mutants, the author expected a high production of L-histidine
by the mutants resistant to these pyrimidine-analogs. Such
mutants were derived from the MGAG-16. An L-histidine
production test with 137 mutants in all of 6AU-resistant,
4TU-resistant and DTU-resistant mutants revealed that more
than half of these pyrimidine analog-resistant mutants pro-
duced L-histidine at the higher levels than 8 mg/ml, as shown
in Table JII. As can be seen in Table IV, a 6AU-resistant
mutant 6AU6-37, a 4TU-resistant mutant 4TU6-2 and a DTU-
resistant mutant DTU6-2 produced 9.9, 10.3 and 10.1 mg/ml of
L-histidine, respectively. Among them, gtrain 4TU6-2 was
employed as the parent strain for a furthér mutagenesis in

the next experiment.

5. Improvement of IL—histidine productivity by the additior

of 6-methylpurine-resistance and tubercidin-resistance

In the preceding experiment, a 4TU-resistant mutant
4TU6-2 exhibited a high productivity of L-histidine. For a
further improvement of its I-histidine productivity, the
author sought some purine-analogs which were inhibitory to
the mutant. A purine analog, 6-methylpurine (MEP) and a
micleoside antibiotic, tubercidin (Tu) were found to com-
pletely inhibit the mutant's growth at 250 and 4000 ng/ml,
respectively. Therefore, the mutants resistant tc each of

these analogs were derived from 4TU6-2. As shown in Table V,
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the amount of L-histidine produced by these mutants was 10 mg/ml
at best. This value was comparable with that given by the
parent strain 4TU6-2 in the preceding experiment (TablelV),
thpugh it was higher than that given by the parent strain in
this experiment. Based on this result, an MEP-resistant

mutant TUM-39 listed in Table V was used as parent strain in

a further mutagenesis in the next experiment.

Table V., I-Histidine Production by 6-Methylpurine-
resistant Derivatives and Tubercidin-
resistant Derivatives of C. glutamicum

4TU6~2
Best L-histidine producer
Class of mutants No. of in each class
mutantsg Strain L-Histidine Growth
tested No roduced (0.D.660
Resistant to ‘ }()mg/ml) %1/100)
6-Methylpurine( 2000ng/ml) 60  TUM-39 10.0 0.52
Tubercidin.{ 8000ng/ml) 50 TUT-44 8.9 0.51
(Parent) ATU6-2 7.8 0.62

Fermentation medium used was the same ag that in the‘
footnote of Table ITII.

6. Improvement of IL~histidine productivity by increasing

the resistance to TRA

FA was a unique purine-analog in that the emergence of
resistance to it in an L-histidine producer KY-10260 caused
the by-production of adenine.(Pig. 1). In this case, a high
production of L-histidine still accompanied the production of
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Fig. 2 Relation between I-Higtidine Titers and Adenine
By-production by 2-Fluoroadenine-resistant
Derivatives of C. glutamicum TUM-39

a considerable amount of ademine. Consequently, if the
adenine nucleotide is used for the biosynthesis of L-histidine
without being excreted into the medium as adenine, the L-his~

tidine production will increase. - This was expected in the



case of an FA-resistant mutant simultaneously carrying 4TU-
regsistance, if the latter resistance allowed %the overproduc-
tion of PHPP and the excess of PRPP was used for the L-
histidire biosynthesis coupling with ATP. These situations
brompted us to the derivation of FA-resistant mutant from
TUM-3G which had been derived from a 4TU-resistant mutant
4TT6-2 in the preceding experiment. An FA-resistant deriv-
ative TUMF-20 thus obtained produced 1l1.4 mg/ml of L-histidine.
This value was rather higher than that (10.7 mg/ml) given by
the parent strain TUM-39. Bight out of thirty FPA-resistant
derivatives produced adenine as well as L-histidire, As shown
in Pig. 2, high L~histidine producers by-produced smaller amount
of adenine than low L-histidine producers.

The growth ofg?UM—39 was delayed in the presence of such

histidine—analog32 as 2-thiazolealanine (TA), TRA or 3—amino-
1,2,4-triazole (AMH). Therefore, it seemed still possible in
TUM-39 that L-histidine production is limited by the residual
end product regulation cn the histidine pathway. When lO7
NIG-treated cells of TUM-39 per plate were spread on a minimal
agar medium supplemented with 200 ug/ml of TRA, 88 colonies
appeared with a slight background growth on the entire agar-

surface. When a similar experiment was performed with the

" . medium supplemented with both of TA and AMT each at the con-

tentration of 1000 wg/ml, 10 colonies appeared with similar
background growth. In the presence of either TA or AMT, only
the slight growth over the entire agar-surface was observed,

but no distinet colonies appeared. The author isolated the
colonies, which rapidly grew in the presence of these histidine-

analogs, as the mutants highly resistant to the analogs. Two
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Table VI, L-Histidine Production by Histidine
Analog-resistant Derivatives of

C. glutamicum TUM-39

No. of Strai L-Histidine Growth
Class of mutants matants Noln produced (0.D.660
tested : (mg/m1) X1/100)
Increased resistance to
Triazolealanine
( 200 ng/m1) 76 TOMT-24 12,2 0.63
Thiazolealanine
( 1000 ng/m1)
plus aminctriazole
( 1000 ug/ml) 10 TUMA-1 10,1 0.39
(Parent) TUM-39 10.7 0.57

The details of the experiment were the same as those in
the footnote of Table ITI,.

strains which gave the highest yield of L-histidine among the
mutants, and the data on their L-histidire productivity are
listed in Table VI. A mutant TUMT-24 selected from the
mutants which grew rapidly in the presence of TRA produced

a distinctly higher amount (12.2 mg/ml) of L-histidine than
its parent strain(lO.T mg/ml).

7. Effect of cane molasses-pucrose ratio on L-histidine

production
As already described, cane molasses stimulated the I-

histidine production by a TRA-resistant lL-histidine preoducer,
KY-10260 (Section 1 of this chapter), and its leucine auxot-
rophic derivative (Section 2 of this chapter). At the ap-
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Table VII. Effect of Molasses-Sucrose Ratio on
L-Histidine Production by C. glutamicum

TUMT-24

Percentage of I-Histidine produced Growth
molasses* (mg/ml) (0.D.660X1/100)

0 6.4 0.38

37.5 13.4 0.41

50.0 11.2 0.55

59.0 10.8 0.50

10C.0 10.8 0.49

*)  The percent sugar corncentration of molasses to a
total sugar used is given.

The molasses-sucrose ratio was adjusted by combining the
following two media in different ratios. Medium T: Sucrose
15%, KHoPOy 0.2%, KoHPO, 0.1%, MgSO4-TH20 0.05%, urea 0,2%,
(NEy),S0, 4%, FeS0,+THo0 0.001%, MnSO4-4H,0 0.001%, meat
extract 3.75%, thiamine-HC1 500 ug/liter, biotin 200 ng/liter
and CaC0, 3%. Medium II: Cane molasses 15% (as glucose con-
centratidn), MgS0,-7H;0 0.05%, (NH4),S0, 4%, KoHPO, 0.1%,

KH, P04 0.2%, urea 0,2%, meat extract 0.75% and CaCO3 3%,

propriate molasses-sucrose ratio, the level of the L-histidine
_production by these mﬁtants became maximum. Therefore, the
effect of mclasses concentration on L-histidine production by
TUMT-24 which gave the highest yield of L-histidine in the
preceding experiment wés investigated. It was done with
media containing 15% sugar comprising of came molasses and
'sucrose in different ratios. As can be seen in Table VII ,
the mutant produced 13.4 mg/ml [8.9% (w/w) of the initial
sugar] of I-histidine under the condition where the molasses
percent is 37.5%.



TableVIII, Distribution of 5-Methyltryptophan-resistant
Derivatives of (. glutamicum TUMT-24 with
Respect to L-Histidine Productivity

No. of No, of strains producing L-
Exp. No. mutants histidine in amount {(mg/ml) of
tested

<9 9-10 10-11 11-12 12-13 13-14 14-15

I (molassei)

medium? 88 35 18 21 9 5 0 0
II(molasses-

sucrose 79 18 4 9 15 15 10 8

medium®))

a) The molasses medium was the same as that in the
footnote of Table III.

b) The molasses—sucrose medium was composed of 6% (as
glucose concentration) cane molasses, 9% sucrose,
0.2% KHpPO,, 0.1% KpHPO4, 0.05% MgSC,-7Hp0, 0.2%
urea, 4% (ﬁH4)2so4, 0.0006% FeS0,-THZ0, 0.0006%
MnSO, -4HoO and 0.75% meat extract, biotin 120 wg/l,
thiamine-HC1 1500 ug/1.

5-Methyltryptophan-resistant mutants were derived in the
presence of 500 or 1000 ug/ml of the analog.

8. Improvement of L-histidine productivity by the addition

of tryptophan analog-resistance

The tryptophan inhibition of PRPP synthetase is known
with crude extracts from S. tgphimuriumaa) and E. coli2%)
Based on a similar assumption as that described for the
derivation of purine analog-resistant mutants, the author
expected the high production of L-histidine by the mutant

carrying resistance to S-methyltryptophan (SMT) which has
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Table IX. 1~Histidine Production by
Representative 5>-Methyltryptophan-
resistant Derivatives of (. glutamicum

TUMT-24
. Growth
Strain L-Histidine produced
Exp. No. Yo, (mg/m1) (0.D.660
X1/100)
AT-83 12.6 0.44
I (molasses AT-32 12,2 0.64
medium) TUMT-24 9.6 0.61
(Parent) '
AT-83 15.0 0.44
II{molasses- AT-85 14.6 0.40
S“§?°S§ TUMT 24 12.6 0.42
medium (Parent)

The details of the experiment were the same as those
in the footnote of Table VyIII.

been shown to be a regulator of the aromatic pathway of bac-
teria, 110-112)

Such mutants were derived from TUMT-24 which gave the
highest yield of L-histidine in the preceding experiment, and
'cultuied at first in a fermentation medium containing 15% (as
glucose concentration) cane molasses. As can be seen in
"fables VIIT and IX (Exp. I), 5 out of 88 such mutants produced
12 ~ 12.6 mg/ml of L-histidine. These levels of L-histidine
‘were comparable with or higher than those giver by the parent
strain TUMI-24 in the preceding experiment (12,2 mg/ml) and
in this experiment (9.6 mg/ml, Bxp. I in TableIX), respectively.
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Seventy-nine of the SMP-resistant mutants were cultured again
in a medium containing 6% (as glucose concentration) cane
molasses and 9% sucrose as carbon sources. The concentration
[40% (w/w) of the total sugar] of molasses used was near the
optimal one (37.5%) for the L-histidine production by the
parent strain TUMT-24,. Eight of them produced 14 ~ 15 mg/ml
of lL-histidine (Bxp. II in Table VITI); ihe vnlues were
distinctly higher than those given by the parent strain in
the preceding experiment (13.4 mg/ml, Table VII ) and in this
experiment (12.6 mg/ml, Exp. II in TableIX). The highest
yield was given by AT-83 also under this condition, and the
level of L-histidine produced by this mutant reached 15 mg/ml
or 10% (w/w) of the initial sugar.

DISCUSSION

The L-histidine productivity of a TRA-resistant L-histidine
producer, C. glutamicum KY~10260 could be improved in a step-
wise manner by the successive additions of such resistance
markers as purine analog-resistance, pyrimidine analog-
resistance, high resistance to histidine-analog and tryptophan
analog~resistance to the mutant. The genealogy of AT-83, a
finally selected mutant strain, and of the mutants which were
employed as parent strain at each step of improvement is shown
in Fig. 3, together with their L-histidine productivity.

The improvement of the I-histidine productivity in each step
was rather minor, but as a total a finally selected mutant

strain, AT-83 produced approximately twice as much L-histidine
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as the original L-histidine producer KY¥-10260. Amongst the
steps, the addition of 4TU-resistance caused most significant
increase in the L-histidine productivity. The distribution
pattern of 4TU-resistant mutants with respect to L-histidine
productivity (TableIII} also supports the significance of

4TU-resistance marker.

Strain  Added merker Maximel amount of L-histidine accumulated (mg/ml)
A?ggsl (Wild strain)’ ? }Q 1%
KY—%oeso TRAT .

MG-15 Mot 1
MGAG-16 acT ~

4TUIG-2 47Ut —

TOM-39 MEP™ :

TUMT-24 TRAPT¥ O —

ATJ—83 sMel M
[ 1 L it

=77, Cane molasses medium; WENEE | Cane molasses—
sucrose medium.

Fig. 3. Increase in L-Histidine Productivity by the
Successive Additioms of Purine, Pyrimidine,
Histidine and Tryptophan Analog-resistance
to C. glutamicum KY-10260

*) High resistance to TRA,
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The rational of the improvements were based on the
speculation that the regulatory mechanism on I~histidine
biosynthesis and related biocsynthesis kmown iﬁ some other
microorganismseg’53’56’60’85’87’113) would be applicable to
C. glutamicum. These are supplying of increased amount of
PRPP and adenine nucleotide for L-histidine biosynthesis by
releasing the feedback regulation on their biosynthesis in
the regulatory mutant obtainable as an end product-analog
resistant. The improvement by increasing the resistance to
TRA could be explained in terms of a further release of end
product regulation in histidine pathway in consequence of the
additional mutation at the regulatory sifezg) other than the
original one in KY-1026C.

FA-resistant mutents derived from both histidine-produc-
ing mutants and a wild-type strain (ATCC 13'761108)) of C.
glutamicum accumulated a large amount of adenine in the cul-
ture medium. This is explained in terms of the lack of feed-
back regulation on the biosynthesis of adenine nucleotides,
overproduction and decomposition of the qucleotides and excfe—

tion in the form of adenine base.
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SUMMARY

The I-histidine productivity of an L-histidine producer

Corynebacterium glutamicum KY~10260, which was derived as a

1,2,4-triazole-3-alanine (TRA)-resistant mutant, was improved
by successive additions of such markers as purine analog-
resistance, pyrimidine analog-resistance, histidine analog-
resistance and tryptophan analog-resistance to the mutant.

A selected mutant AT-83, multi-resistant to 6-mercaptoguanine,
8-azaguanine, 4-thiouracil, 6-methylpurine, TRA and 5-methyl-
tryptephan, accumulated twice as much L-histidine as KY-10260
in the culture medium. The level of L-histidine production
~ by this mutant reached 15 mg/ml or 10 % (w/w) of the initial
-‘sugar in the medium containing 6 % (as glucose concentration)
cane molasses and 9 % sucrose as carbon sources. 2-Fluoro-
adenine-resistant mutants produced adenine in addition to
I~histidine.
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Section 4. Feedback-resistant Phosphoribosyl-ATP
Pyrophosphorylase in L-Histidine Producing

Mutants of Corvnebacterium glutamicum and

Its Significance for L-Histidine Production

INTRODUCTION

Moyed and Magasanik56)

first described the involvement of
adenosine 5'-triphosphate (ATP) and ribosylphosphate in L-
histidine biosynthesis. It was established with enteric
bacteria tha;lﬁmidazoleglycerol phosphate (IGP), a known

intermediate for L-histidine biosynthesis, is produced
from ribose 5-phosphate, the amide nitrogen of L-glutamine,
and N-1, C-2 portions of the adenine ring of ATP.

Genetic and enzyme studies on Salmonella typhimurium by
29)

Ames, Hartman, Martin and their coworkers have provided
many informations on the biocaynthetic pathway for L-histidine
and control mechanisms of the pathway. The first step of
the pathway is a condensation o¢f 5-phosphoribosyl-l-pyrophos-
phate (PRPP) and ATP to form N-1-(5'-phosphoribosyl) adenosine
triphosphate (phosphoribosyl-ATP) and pyrophosphate. The
reaction is mediated by N—l—(5'—phosphoribosyl) adenocsine
triphosphate : pyrophosphate phosphoribosyltransferase
(phosphoribosyl—ATP pyrophosphorylase, EC 4.2.1c), and is
subject to feedback inhibition by L—histidine?o) Certain
mutants of S. typhimurium resistant to a histidine-analog, 2-
thiazolealanine (TA), were found to have a pyrophosphorylase
resistant to feedback inhibition. This property offered an
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explanation for the L-histidine-excretion by TA-resistant

mutants of this microorganismGG) and Escherichia coli.67’ll5)

The histidine pathway is also under feedback repression

29,60,116)

control. Mutants resistant to 1,2,4-triazole-3-

alanine (TRA) of S. typhimurium have been found to be relieved
of the repression control.29'70
As described in the previous section (Chapter IV, Section

1), Corynebacterium glutamicum mutants which were derived as

resistants to either TA or TRA accumulated a large amount of
l-histidine in the culture mediim. & mutant strain obtained
from one of the above TZi-resistant mutants by successive ad-
ditions of purine analog-resistance, pyrimidine analog-resistance
and increased resistance to TRA, produced twice as much IL-
histidine as the original L-histidine producer (Chapter IV,
Section 3).

In the present investigation, some properties of the
pyrophosphorylase of some L-histidine producers of £. glutamicum
and related strains were investigated to clarify the mechanism

of L-histidine production by the L-histidine producers.

MATERTALS AND METHODS

Microorganismg. €. glutamicum ATCC 13761, a wild-type strain,
and its derivatives were used in this study. KY-10234 (ATCC

21339) is defective in histidinol dehydrogensse (EC 1.1.1.23)
and produces L-histidinol in the culture medium (Chapter II,
Sections 1 and 2). KY-10260 and KY-10261 are L-histidine
Producers derived from ATCC 13761 as a TRA-resistant and a
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TA-resistant, respectively. KY-10260 has been clarified by
a growth experiment to be resistant also to TA. KY¥-10522
(TUMT—24) is a derivative of KY-10260, being improved in the
L-histidine productivity through successive additions of 6-
mercaptoguaniné—resistance, B8-azaguanine-resistance, 4-thio-
uracil-resistance, 6-methylpurine-resistance and increased
resistance to TRA. This mutant strain produced twice as much
L-histidine as KY-10260. S. typhimurium hisG46his01242 was

a gift of Dr. B.N.Ames, This mutant strain is defective in
phosphoribosyl-ATP pyrophosphorylase and produces constitu-

tively other histidine enzymes.46)

Preparation of enzyme extract. Dialyzed cell-free extracts

used in this study a&s enzyme preparation were prepared by the
method described in the previous chapter (Chapter II, Section
2) with a slight modification. The cells of . glutamicum
were cultured in an Erlemmeyer flask containing 20 ml of the
growth medium, In the case of C. glutamicum KY-102%4, a
histidine auxctroph, the cells were grown on 0.026~0.52 mM
L-histidine. The cells of S. typhimurjum hisG46his01242
harvested were frozen at -20°C without washing and used for

each enzyme preparation.

Phosphoribosyl-ATP pyrophosphorylase. The enzyme activity

was assayed principally according to the "method b" of Martin
et gl.49) Phosphoribosyl-ATP was converted to N-{5'-phospho-
D-1'-ribulosyl-formimino)-5-amino-1-(5' ' ~phosphoribosyl)-4-
imidazolecarboxamide (BBM III), the forth intermediate in

IL-histidine biosynthesis,56’117) and the BBM III was spectro-

photometrically determined. An excess of S. typhimurium
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hisG46his01242 extract46)

required to convert phosphoribosyl-ATP to BBM III. The

provided an excess of the enzyme

complete assay mixture contained 1.5 ml of tris (hydroxymethyl)
aminomethane-HC1 buffer (pH 8.5) supplemented with 0.02M MgCl,
énd 0.3M KC1, 0.15 ml of ATP solution, 0.15 ml of PRPP solution,
0.05 m1 of the extract of S. typhimurium hisG46his01242, enzymes
and water to 3 ml. Solutions of L-histidine, histidine-
analogs, NH401 and L-glutamine were added to the mixture in
place of water according to the purpose of experiment.

The control contained nc ATP, The reaction was started by

the addition of PRPP solution, and the absorbancy at 290 nm of
the mixture was spectrophotometrically followed for 5 min in a
cuvette with 10-mm light path, using Hitachi Colorimeter Model
139, The reaction temperature was maintained using Komatsu

Solidate Type SPR-S apparatus.

Determination of imidazole and arylamine. Periodate oxidation

method described by Ames et al. for IGPGO) was applied for the

determination of the imidazole formed, with the modification
of eight-fold scale of the original method, using imidazole-
..glycerol as the standard. The butanol layer-extract from the
samples gave two peaks, at the wave lengths of 275~280 and
310~315 om, in the UV-absorption spectrum, like that with
authentic imidazoleglycercl. The arylamine formed irn enzyme
reaction or by acid-hydrolysis of bound diazotizable amine was
determined by the modified Bratton-Marshall method of the five-

fold scale of the original procedureso)

using 5-amino-4-
imidazolecarboxamide riboside as the standard. The sbsorption
spectrum of the chromatophore produced with the samples coin~

cided with thet produced with the standard riboside.
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Protein determination. Protein was determined by the Folin

450)

metho as described in the previous section (Chapter II,
Section 2},

Reagents. Adencsine 5Ltriphosphate'N82, L-hisgtidine-HC1,
D-erythro-imidazolegliycerol+HC1 were the products of Kyowa
Hakko Kogyo Co., Ltd. Phosphoribosylpyrophosphate'Na2'4H20,
DL—l,2,4—triazole-3—alanine'H20, DL- o ~methylhistidine+2HC1,
S-amino-4-imidazolecarboxamide riboside were purchased from
Sigma Chemical Co. Dl-2-thiazolealanine was purchased from
Cyclo Chemical Co. Bovine albumin (fraction V) was purchased

from Armour Pharmacology.

RESULTS

1. Validity of the enzyme assay

49)

The enzyme assay method of Martin et al. employed here

for phosphoribosyl-ATP pyrophosphorylase is based on the fol-
lowing informations derived from the studies on S. txphimuriumso)
and E. coli.56)

phoribosyl-ATP, is converted to BBM III in the presence of

The product of the forward reaction, phos-

the extract of S. typhimurium hisG46his01242. The extract
of the S. typhimurium mutant provides in excess the enzymes
required to convert phosphoribosyl-ATP to BBM III but is
deficient in the pyrophosphorylase. Further metabolism of
BBM III is prevented by the deficience of L-glutamine{or NH4
C1l) which is required for its metabolism. BBM III formed is

spectrophotometrically followed at 290 nm where this compound
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has a molecular extinction ccefficient of 9 X 103.49)

To confirm the validity of the assay, the characterization
of the reaction product in our assay system as BBM III was at-
tempted. When a complete assay mixture was incubated for
105 min, the absorbancy at 290 nm increased by 0.562. The
value corresponded to the formation of 0.19 pmoles of BBM III

per 3 ml calculated on the basis of its molecular extinction

Table I. Estimation of BBM III

12)  Amount of BEM III estimated from the 0.19 umoles
increase of absorbancy.
IIb) Amount of BBM III estimated from the 0.21 umoles

formation of AICAR.

An enzyme reaction mixture containing SX10 M ATP, 3.3X10~ M
PRPP, extract of (. glutamicum ATCC 13761 (2.3 mg as protein)
and other ingredients of "complete assay mixture" described
in MATERIALS AND METRODS section was incubated for 105 min
at 37°C.

a) A molar extinction coefficient for BBM III of 9}{103 at
PH 8.5 and 290 nm was used in converting absorbancy to jmoles.

b) Assayed as 5-amino-4-imidazolecarboxamide riboside,
after acid-hydroltsis by the method of Ames et al. Without
hydrolysis, the value was 0.04 umoles.

eoeffigient. The BBM III was converted to 5—amin0-l—(5'—
phospheribosyl)-4~imidazolecarboxamide (AICAR) by mild acid-
hydrolysisso and the AICAR formed was determined by Bratton-
Marshall reaction (Table I). The amount of BBM III exactly
corresponds to the amount (0,21 umoles/3 ml) of diazotizable
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amine determined as AICAR. The formation of BBM III wae
confirmed further by ancther experiment. The experiment
is based on that the extract of S. typhimurium converts BBM
IIT to equimolar amounts of AICAR and IGP in the presence of

60 '
401. +117) As shown in Table II, the

l-glutamine o NH
amounts of these metabolites were approximately esquimolar.

The estimation of IGP and AICRR wag accomplished by the
methods described by Ames 23_32.60) for each compound.
Omitting ATP from the reaction mixture used in the conversion
of BB III to AICAR =2nd IGP did not resuli in such metabolites.

Thus the metabclites were confirmed to be the product of

Table II. Effect of Ammonium Chloride and I—Glutamine
on the Pormation of Imidazoleglycerol and AICAR

ATP added Ammonium source added Productsa) (pmolesf}ml)

(M) (M) Imidazole AICAR
0 0 0.00 0.00
5X1072 0 0.04 0.06
5X1077 N, C1 (3.33%107°) 0.32 0.%3
5£107° L-Glutamine(6.7X107°) 0.25 0.37

The reaction mixtures, each containing 3.3X1O_4M PRPP,
extract of C. glutamicum ATCC 13761 (2.3 mg as protein},
indicated levels of ATP and other ingredients of the complete
assay mixture were incubated at 37°C for 75 min, and incuba-
tion was continued for 30 min after the addition of the indi-
cated level of NHQCI or glutamine.

2} Determined by the methods described in "MATERIALS
AND METHODS".
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enzyme reaction, A small amount of these metabolites ac-
cumulated even in the absence of L-glutamine or NH4Cl; this
may be ascribed t¢ the contamination of some nitrogen sources
from excessive enzyme extract used in this experiment.

These results together with the results of the succeeding
experiment on the requirements for enzyme reaction, support
that the change of absorbancy of the assay mixture employed
here corresponds to the amount of BBM III formed and reflects

the pyrophosphorylase activity in C. glutamicum strains.

2. Requirements for pyrophosphorylase resction

Fig. 1 shows that the wild-type enzyme of KY-10234 re-
quires ATP, PRPP and Mg++ for its pyrophosphorylase reaction,
like that of S. tzphimurium.so) Omission of the extract of
S. typhimurium hisG46his01242 from the complete assay mixture
resulted in 60% reduction of the activity. Increasing the
amount of the §. typhimurium extract did not increase the ac-
tivity. These results support that the activity determined
in the assay system employed here expresses the pyrophosphorylase
activity of C. glutamicum. A slight but significant increase
in absorbancy was observed without addition of ATP, PRPP or
€. glutamicum enzyme. Based on this result, the enzyme ac-—
tivity was estimated by subtracting the absofbancy in the ab-

sence of ATP from the total absorbancy.
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-S.typhimurium

A0.D.290
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Incubation time (min)

Fig. 1 Requirements for PR-ATP Pyrophosphorylase Reaction
ATP; 5X10~3M; PRPP:105M; temperature:37°C.
(%*): -ATP, -PRPP or -L. glutamicum enzyme.

3. Dependence on enzyme concentration

Dependence of the pyrophosphorylase activity on enzyme
concentration was confirmed with wild-type enzyme at 30°C or
37°C, with the PRPP concentration of 3.3 X 10 7M or 10 M.

As shown in Fig. 2, the response was linear upto the absor-
bancy of 0.19 at 37°C with 10-3M PRPP. With 3.3 X 10_4 PRPP,
the response was linear upto the absorbancy of 0.1 at both
30°C and 37°C.
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40.D.290/5 min

0.5 1.0 1.5
Enzyme added (mg, as protein)

Fig. 2. Dependence on Enzyme Concentration

ATP: 5X10~3M; PRPP:10 ~M; temperature: 37°C;
enzyme: C. giutamicum XY-10234.

4. Effect of temperature

Effect of temperature on the wild-type pyrophosphorylase
activity was investigated at a PRPP concentration of 3.3 X 10—4M,
a8 standard concentration of PRPP used for the study on the pyro-
phésphorylase of 8. txphimurium.49) The activity increased

wvith the increase of temperature up to 42.5°C where the highest
activity was attained, as shown in Fig. 3.
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Fig. 3 EBffect of Temperature

ATP: 5X10™°M; PRPP:3.3x10‘4M;enzyme: C. glutamicum
KY-10234.

5. Inhibition by L-histidine
The pattern of L-histidine-inhibition of the pyrophos-

phorylase of wild-type enzyme from KY-10234 was compared with
that of the enzyme from L-histidine-producing histidine analog-
resistant mutants, KY-10260, KY-10261 and KY-10522. The
enzyme activity assay was carried out with 3.3 X 10™*M PRPP
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and at 30°C, optimal temperature for L-histidine production by
the above L-histidine-producers. As shown in Fig. 4, the ac-
tivity of the wild-type enzyme reduced by 50% or 96% in the
presence of 3,3 X 10_4M or 10—3M L-histidine, respectively.

In contrast, the activity of the enzyme from every L-histidine-
producer was not inhibited by the same concentrations of L-
histidine and inhibited as effectively as the wild-type enzyme
at 100-fold higher L-histidine concentraticns. L-Histidine-~
inhibition on the wild-type enzyme was investigated also with
10—3M PRPP, the concentration near that producing the substrate
saturation as shown in Fig. 7. In this case, the inhibitory
effect of L-histidine was rather less than the one with 3.3 X
10_4M PRPP, i.e., 6 X 10-4M L-histidine produced 50% inhibition,
Almost the same L-histidine inhibition-pattern was obtained with
30°C and 37°C (Pig. 5).

In the inhibition studies described above and in the suc-
ceeding section, the following facts should be noted, As
described in the experiment shown in Fig. 1, omission of the
S. typhimurium hisG46his01242 extract from the complete assay
mixture resulted in the reduction of the activity. This means
that the extract of the S. typhimurium mutant stimulates the
conversion of phosphoribosyl-ATP, which is formed by the action
of the pyrophosphorylase in the extract of €. glutamicum, to
BBM ITI. The remainder of the activity (40%, in the case of
the experiment shown in Fig. 1), is believed to be due to the
over-all reaction of BBM III-forming system (including pyTo-
phoaphorylase) of C. glutamicum. There has been no evidence
in C. glutamicum that the BBM III-forming enzymes other than
the pyrophosphorylase are not inhibited by L-histidine or its
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Fig. 4 Effect of L-Histidine on the Activity of PR-ATP
Pyrophosphorylase from Various (. glutamicum Strains

Enzyme: o—e,KY-10234; 0---0 ,KY-10260; &——aA ,KY-10261;
¥z X KY¥-10522
ATP:5X10 “M; PRPP:3.3X10 'M; temperature:30°C.

analogs. In this respect, it is questicnable that the in-
hibition pattern determined in the coupled assay system employ-
ed here is an exact reflection of the nature of the pyrophos-
phorylase of . glutamicum, though this question might vanish
in future in reference to the insensitivity of the BBM III-
forming enzymes other than the pyrophosphorylase to the feed-
back inhibition in S. typhimurium. Because of this insensitive
nature of the conversion step of phosphoribosyl-ATP to BBM III
in S. typhimurium, on the other hand, at least the effect on
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Fig. 5 Effect of Temperature on L-Histidine-inhibition
ATP: 5X10M; PRPP:10 - M; enzyme:KY-10234.

the.fraction of the ectivity of the enzyme, which was reduced
by eliminating the Salmonella extract from the reaction mixture
as shown in Fig. 1 (about 60% of the complete system), can
directly be ascribed to the effect on the pyrophesphorylase of
C. glutamicum in the inhibition studies. TFor example, under
the condition employed in the experiment of ¥ig. 1, the in-
hibition over 40% of the total activity doubtelssly involves
the inhibition agﬁinst the pyrophosphorylase of C. glutamicum.
Under these situations, it is generally concluded that the
pyrophosphorylase of C. glutamicum is almost completely in-
hibited by 10-3H L-histidine but hardly is inhibited by 10_4M
L-histidine, and that all the above L-histidine-producers have
the pyrephosphorylase 100-fold resistant to the feedback in-
hibition.
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6. Inhibition by histidine-analogs

The effect of TA and a-methylhistidine(MH), known in-

hibitors of the pyrophosphorylase of S. tzphimurium,ll9) on

the pyrophosphorylase of C. glutamicum was investigated. As
shown in Table'III, the activity of wild-type engyme from Ki-
10234 reduced by 50% or 90% in the presence of 3 X 107M or
10_2M each histidine~analog, respectively. MH inhibited also
the engymes from histidine analog-resistant mutants, KY-10260,
KY-10261 and KY-10522 as effectively as the wild-type enzyme.
In contrast, TA did not inhibit and rather stimulated the

reaction of the enzymes from these mutants at least at 10~2M.

Table III.

Effect of Histidine-aznalogs on the Activity of PR-ATP
Pyrophosphorylase from Various C. glutamicum Strains

Source of Percent iphibition in the presence* of
enzyme DL-a-Methylhistidine DL-2-Thiazolealanine
(strain = = R = SR

No.) 10 2X10 7X10 ° 10 1077 3%X10° 7 10

KY-10234 34 38 46 92 5 46 90
KY-10260 36 99 0
Ky-10261 62 100 -28
KY-10522 98 -13

* Molar con%entration of L-isomer.
ATP:5X10 °M. PRPP:3.3X10"%M. Temperature:30°C.
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7. Repression by L-histidine
Attempts were made to clarify whether the pyrophosphorylase

formation in §. glutamicum is under the repression control of
I~histidine or not.

As exemplified in Table IV, the growth rate of KY-1023%4,
a histidine auxotroph, distinctly reduced when L-histidine
concentration in the growth medium was lowered from 0.52 mM to
0.026 or 0.052 mM. The growth rate with (.52' mM L-histidine
was fairly close to that of wild-type strain ATCC 13761. The
pyrophosphorylase levels were determined for the cells of KY-
10234 grown with the above three concentrations of L-histidine.
As can be seen in Table V, the cells grown with the limited
amounts of IL~histidine were derepressed for the enzyme ; the
specific activity of the pyrophosphorylase was 2.8~ or 1.6-
fold higher in the cells grown with 0.026 or 0.052 mM L-
histidire, respectively, compared with the cells grown on
0.52 mM L-histidine. In another experiment, three-fold de—
repression was noted with the cells grown with 0.052 mM L-

histidine.

Table IV. Growth Response of a2 Histidine Auxotroph,
KY-10234 to L-Histidine

Strain No. L-Histidine Growth (0.D.660
: added (mM) x/40)
0.520 0.22
0.052 0.07
KY-102 .
1-10234 0.026 0.04
0 0.00
ATCC 13761
(Wild-type) 0 0.28

Incubationrtimg: 19 hr.
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Table V Repression by L-Histidine of PR-ATP
Pyrophosphorylase Formation in a
Histidine Auxotroph, Ki-10234

L-Histidine added AO.D.290/5 min Relative

to the medium (mM) /mg protein activity
0.520 0.044 1.0
0.052 0.069 1.6
0.026 0.124 2.8

4

ATP:5X10 M. PREP:3.3X10 M. Temperature:37°C.

8. Levels of the pyrophosphorylase in C. glutamicum strains

A large number of TRA-resistant mutants have been iso-

29) These included regulatory

lated from S. typhimurium.
mutants generally giving more than three-fold derepression of
120,121)  p.cauge KY-10260 and KY-10522 had

been selected in the presence of TRA, they might have dere-

histidine operon.

pressed levels of the pyrophosphorylase. Accordingly, the
specific activity of the pyrophospherylase of these mutants
was determined in comparison with those of wild-type strain
ATCC 13761 and a TA-resistant L-histidine-producer, KY-10261.
As shown in Table VI, the specific activity of the pyrophos-
phorylase from KY-10260 was nct so distinctly higher than that
from ATCC 13761 and KY-10261 as expected. In contrast, the
pyrophosphorylase activity was two-fold elevated in KY-10522

compared with the wild-type strain.
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Table VI. Levels of PR-ATP Pyrophosphorylase in Various
C. glutamicum Strains

. 80.D.290/5 min Relative
Strain No. mg protein activity
ATCC 13761 0.047 1.0

KY-10260 0.062 1.3
KY-10261 0.053 1.1
KY-10522 0.094 2.0

ATP: 5K10 M. PRPP: 10 M. Temperature: 37°C.

9. Substrate kinetics

The apparent Km for PRPP (with 5 x 107 °M ATP) or for ATP
(with 2 ¥ 107 M PRPP) was obtained from a Lineweaver—Burk plot,
and was 6.67 x 10~ (Fig.7) or 4.9 x 10_4M(Fig.6), respectively.

20

[
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{1/ (40.D.290/5min) ]
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v
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~P#ig. 6 Determination of Km for ATP
‘_PﬁEPfolO-BH; temperature:37°C; enzyme:KY-10234
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DISCUSSION

As described above, phosphpribosyl—ATP pyrophosphorylase
of the wild-type C. glutamicum was strongly inhibited by L-
histidine. By tne addition of 3 ~ 6 x 107 or 107M I-
histidine, the reaction rate reduced by 50% or 95 ~ 100%, res—
pectively ; 10~ L-bistidine hardly inhibited the reaction.
Strictly speaking, the inhibition~pattern thus determined may
be a reflection of the L-histidine-inhibition to both the
pyrophosphorylase and the BBM III-forming system of C. glutamicum,
as illustrated in the section of RESULTS. However, this in-
hibition to the BBM III-forming system probably represents the
inhibition to the pyrophosphorylase. This presumptive con-—
clusion is based on the fact that, in L-histidine biosynthetic
pathway of other microorganisms, only pyrophcsphorylase is
known to be subject to L-histidine-inhibition and the other
enzymes concerned in BBM III-synthesis are not. Thus the in-
hibition by L-histidine observed in the experiments of Figs. 4
and 5 may directly reflects the sensitivity of the pyrophos-
phorylase of C. glutamicum to L-histidine. Even at present,
it can be concluded that the pyrophosphorylase of C. glutamicum
is inhibited alimost completely by 10_3M I-histidine but hardly
inhibited by 107*M L-histidine. This shows that the pyrophos-
phorylase of this microorganism is less sensitive to L-histidine-
inhibition than the enzyme of 5. txphimuriumss’lls’llg’122)
which is inhibited 50% by 5 ~ 8 x 10_5M L=histidine under the
similar conditions as described here. ’

TA and MH are well-known histidine—analogs.29) Each of
them inhibited the wild-type pyrophosphorylase of C. glutamicum
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ten-fold less effectively than L-histidine. A similar cor-
relation has beern recognized between the effects of L-
histidine and these histidine-analogs on the S. iyphimurium

119,122) 67,123)

pyrophosphorylase. however, the

BBM III-forming system is hardly inhibited by MH, though TA in-

In E. coli,

hibits the system. In these respects, the C. glutamicum
pyrophosphorylase resembles that of S. typhimurium.

Limited supplying of I~histidine to a histidine auxotroph,
KY-10234, resulted in three-fold derepression of the formaticn

of the pyrophosphorylase at maximum. The derepression level
is much lower in comparisonr with that in S. txphimurium124)
and E. coli46), in which more than ten-fold derepression was

noted. However, the result obtained here indicates the his-
tidine pathway of C. glutamicum is under feedback repression
contrcl at least at the first step.

Two L-histidine producers, KY-10260 and KY-10261, each
derived as a TRA-resistant and a TA-resistant from a wild-type
strain ATCC 13761, had the feedback inhibition-resistant pyro-
vhosphorylase. The mutant enzyme was 100-fold resistant to
the inhibition of L-histidine and TA. However, the enzyme
formation was not appreciably derepressed in both mutants.
Such repressed formation of pyrophesphorylase in KY-10260 is
different from the case of S. typhimurium, where mutations to
TRA-resistance involved the regulatory mutation causing re-

29,70512(}’121) In any way,

lease of the repression contrel.
one reason for I-histidine production by KY-10260 and KY-10261

may reside in the loss of feedback inhibition control on the

pyrophosphorjlase‘
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Another L-histidine producer, KY-10522 (TUMT-24) had two-
fold derepressed level of the pyrophosphorylase. This mutant
had been derived from KY-10260 by the addition of the markers,
purine analog-resistance, pyrimidine analog-resistance, and
increased resistance to TRA, and has the increased L-histidine-
productivity. Though it is not verified whether the additional
TRA-resistant marker or other resistant markers described above
caused the derepression, the lack of the ;epression control of-
fers an explanation for the increased L-histidine-productivity
of KY-10522.

Effect of MH on the pyrophosphorylase reaction was unique
in that this histidine-analog inhibited the feedback-resistant
pyrophosphorylase as effectively as the wild-type enzyme.

The mechanism of this phenomenon is not kmown, but it seems to
be probable that the iphibition site of MH on the pyrophos-
phorylase may be different from that of L-histidine and TA.

SUMMARY

FPhosphoribosyl-ATP pyrophosphorylase of two L-histidine-

producers of Corynebacterium glutamicum, each selected as a

2-thiazolealanine (TA)-resistant and a 1,2,4-triazole-3-alanine
(TRA)-resistant, was found to be 100-fold resistant to L-
-Histidine-inhibition in comparison with wild-type enzyme. It
was also resistant to the inhibition by TA, but still as sen-
sitive as the wild-type enzyme to the inhibition by o-methyl-
histidine. Formation of the pyrophosphorylase in these mutants
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was not significantly derepressed. However, two—fold de-
repression was noted with a further improved I-histidins. pro-
ducer KY-10522, a derivative of the above TRA-resistant.
KY-10522 is an improved sirain in L-histidine-productivity
Vthrough the ad&itions of resistance markers including increas-
ed resistance to TRA. Phosphoribosyl-ATP pyrophosphorylase
of K¥-10522 was found to be resistant to the feedback inhibi-
tion, like its parent strain.
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Chapter V. Conclusion

In the present study, the author investigated two fermen-
tation processes for L-hiatidine production.

The first one is a two-steps process, namely production
of the imidazole intermediates of the histidine pathway with
bacterial histidine auxotrophs and the microbial conversion of
the imidagzoles into L—histidine with other microorganisms.

A histidine auxotrophic mutant of Corynebacterium glutamicum

was found to produce L-histidinol, the terminal intermediate of
the histidine pathway, at the concentration of 11 mg {dihydro-
chloride) per ml in the culture medium. Enzymic study with
dialyzed cell-free extract revealed that the L~histidinol pro-
ducer is defective in histidinol dehydrogenase, the enzyme con-
verting L-histidinol into L-histidine. Moreover, it was proved
that phosphoribosyl-ATP pyrophosphorylase, the first enzyme of
the histidine pathway, of this microorganism is regulated by
both of feedback inhibition and repression by L-histidine.
Based on these facts, the L-histidinol production was explained
in terms of the block of the metabolism of L-histidinol due to
the defect in histidinol dehydrogenase, the release of the
feedback regulation under the L-histidine-limitation, and the
excretion of the L-histidinol into the culture medium.

When the later—phase culture of the L-histidinol producer
was mix-cultured with an Escherichia coli strain, 4 mg/ml of
L-histidine was accumulated with the reduction of L-histidinol.
The microbial conversion of L-histidincl into I-histidine is

believed to be attained by the action of histidinol dehydrogenase
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of the E. coli within or outside of the cells. The cell-
permeability of the L-histidinol and L-histidine and the scar-
city of L-histidine-degradation may be relevant to the peculiar
nature of the E. coli strain.

A histidine auxotroph of Brevibacterium ammoniagenes pro-

duced 13 ng (as monohydrochloride) per ml of imidazoleglycerol
in the culture medium. However, the microbial conversiocn of
this imidazole into L-histidine was unsuccessful.

The second process investigated for L-histidine produc-
tion depended on the use of the regulatory mutants which were
derived as histidine analog-resistant mutants. It was found
that 2—thiazolea1anine(TA)—resistant mutants and/or 1,2,4-
triazole-~3-alanine(TRA)-resistant mutants derived from C.
glutamicum, Arthrobacter citreus, Brevibacterium fluvum,

Bacillus megaterium, Bacillus subtilis and Nocardia globerula ac-

cumulated a considerable amount of L-histidine in the culture medium.
Of these L-histidine producers, €. glutamicum KY-10260 which
was derived as a TRA~resistant was investigated for the cul-
ture condition. It was most important for the L-histidine
production to use cane molasses as carbon source and a com-
parably high amount of ammonium salts as nitrogen source.
Thus the amount of L-histidine accumulated reached a level of
6~7 mg/ml of 4~4.7 (w/w) of the initial sugar with a medium
containing 15 % (as glucose concentration) cane molasses and
4.5 % (NH,),S0,.

Various kinds of auxotrophic mutants were derived from
the L-histidine producer KY-10260, and their L-histidine pro-
ductivity was cohpared with that of the parent strain. As

the result, a leucine auxotrophic derivafive Ra-88 was.selected
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out of 164 auxotrophic derivatives of KY-10260. The mutant
produced L-histidine at a distinctly higher concentration than
the original L-histidine producer under every condition tested.
The L-histidine production by Ra-88 reached 11 mg or 5.8 % (w/w)
of the initial sugar. The L-histidine production was inhibited
by L-leucine, which suggests that I-histidine bicsynthesis of

C. glutamicum is regulated by L-leucine through a certain un-
clarified mechanisam.

The L-histidine productivity of €. glutamicum KY-10260
could also be improved in a stepwise manner by the successive
additions of such resistant markers as purine analog-resistance,
pyrimidine analog-resistance, high resistance to histidine-
analog and tryptophan analog-resistance to the mutant. The
improvement of the productivity in each step was rather minor,
but a finally selected mutant AT-83 produced approximately
twice as much L-histidine as the original L-histidine producer
KY-10260. The level of L-histidine production by AT-83 reached
15 mg/ml or 10 % (w/w) of the initial sugar.

To clarify the mechanism of the L-histidine production by
the above C. glutamicum mutants, some properties of phosphori-
bosyl-ATFP pyrophosphorylase were investigated with the dialyzed
extracts from the L-histidine producers and the related C.
glutemicum strains., The wild-type enzyme was almost completely
inhibited by 10 oM L-histidine, 10™°M TA amd 10 °M a-methyl-
histidine. The enzyme formation of a histidine auxotroph was
three-fold derepressed at maxiwmum when the mutant was grown
under L-histidine-limitation. On the other hand, the mutant
enzymes extracted from twc IL-histidine producers (XY-10261 and
XY-10260), each derived as a PA-resistent and a TBA-resistant.
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were 100-fold resistant to the inhibition by L-histidine

end TA but were still as sensitive as the wild-type enzyme

to the inhibition of a-methylhistidine. Pormation of the
pyrophosphorylase was not derepressed in these I~histidine
producers. In contrast, two-fold derepression was noted with

a further improved L-histidine producer KY-10522, a mutant
multi-resistant to 6-mercaptoguanine, Bfazaguénine, 4—thiourscil,
6-methylpurine and TRA.

These results indicate that the L-histidine productivity
of the original L-histidine producer C. glutamicum XY-10260.is
due to the feedback inhibition-resistance at least of phos-
phoribosyl-ATP pyrophosphorylase, and that a partial derepres-
sion of the formation of the first enzyme also contributes to
the increased L-histidine productivity of the improved I~
histidine producers.

The fact that a single-step mutation simultaneously in-
duced both of the high L-histidine productivity and the feed-
back inhibition-resistance of the first enzyme suggests that
the feedback inhibition control on the histidine pathway is
mainly exerted on the first enzyme in C. glutamicum. It
remains unclear whether the histidine enzymes other than the
pyrophosphorylase are under the repression control or not.

It is also unclear whether the alteration of the repression
control on these enzymes contributes to the L-histidine produc-
tivity of the C. glutamicum mutants or not.

B-Imidazolelactic acid, a known metabolite of I-histidine,
was by-produced in the L-histidine fermentation. The amount
of this imidazole produced was usually less than one tenth of

that of L-histidine. A minute amount of this imidazole also
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accumulated in the I-histidine—supplemented culture of the
parent wild-type strain C. glutamicum ATCC 13761. The scarcity
of the L-histidine-degradation may be another reason of the L-

histidine production by C. glutamicum mutants. The cell-
permeability may also be relevant to the L-histidine production.

In the present study, the author found the accumulation of
adenine, imidazoleacetol and glycine, besides the substances

described above, in comsiderable amounts.
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