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ABSTRACT

The blosynthesle of histidine bhas been investirated using & series
of histildine regquirine mutante of Neurospora and Penicillium. A peneral
method g ziven for the iaal&tian‘of o number of iwmidazole derlvatives
that arc pccumulated by these mutants., Methods of degradation zud
chromatography have been used to identify with reasonable ceritaivty
three crystallive products as b-(D-erythro-trihydroxypropyl)-imidazole,
L.(2-keto-3-hydroxypropyl)-imidazole and L-l-(P-amino-3-hydvorypropyl)-
imidazole (L-histidinol). Evidence is presented to shov that two other
non-crystalline products are phosphéte esters of the trihydroxy and
the ketchydroxy compounds. Chromatosraphic evidence is presecuted which
indlcates two other coumpounds are imldazole acetic acid and 4-{2,2-4i-
hy@roxypropyl)-imidazole. A ckemical synthesls of isomers of 4-{tri-
hydroxypropyl)-inmidazole is described.

The trihydroxy, ketohydroxy, and eminohydroxy compounds have been
placed in that order leading to histidine, on bthe basis of the S UeneS
o the mutants and the accumulations by the double mutants. Evidence
is discussed suggesting that the phosphate esters of thece compounis
are more likel. to be the true precursors of histidine. A schewme ig
postulated for the relation of all these substances to histidine o nthesis
and the possibility that a pentose-5-phosphate wa, be an earl, precursor
of histidine is discussed,

A wethod for the paper chromatorraph; of imidazoles is presented
and the Rf values of numerous s nthetic and natural imidazole derivatives

are plven.



R o g
ACEOHLEDGILEITTL

It i3 a plessuwre €0 acknowledse the suidonce of Herschel and
Mary Mitchell during the course of these investigstions. Thelr
patience, helpfulness, enthusiasm, and scientific example have oF00E
inmeasurably to the pleasantness and value of oy graduate study. I should
also like to express my gratitude to the staff and graduate students of
the Blology Division who make Kerckhoff such a pleasant place.

I am indebted to Robert Metzenberg for many helpful discussions
and for a critical reading of this manuscript.

The Tinancial assistance of the Atomic Energy Commission from
1951 to 1953, during vhich time I held an AE,.C. Predoctoral Fellow-
ship, and the ‘eff‘iciency, understanding, and helpfulness of the Uni-
versity Relations Division of the Oak Ridge Instltute of Nuclear
Studies vho administered the fellowship, are gratefully acknowledged,
I an indebted to Mr. and Mrs. Arthwr MHcCallum for a summer fellowship

in 1081.



THELE OF CONTERNDS

rage

I. Introduction 1

IT. The Metabolism of Histidine

R

Chewnistsy

0

L-Histidine as & nutritiouslly essential amino acid

The biosynbhesis of histidine 5

The catabolisu of histidine 8
III. The Histidineless Mutants of Heurospora

COriglin 0

Physiological properties of the mutants i

Activity of various compounds in substituting for 13

histidine
Cross feeding experiments 12
Imidezoles aceumulated by the mubtants 13
Chromatosraphic wmethods 1k
Genetics and the order of the mutant bBlocks 13
Isolation and identificetlon of the accumulated 20

compounds ‘
D-erythro-tribydroxypropyl imidazole 25
Uther coupounds accumulated by the mutants 26

Erzymatic experiments with some of the imidazoles 26
IV, Discussion 26

Bibliography 3%



Almoet all plends end
L-histidine, one o7

mn
il

attenpt

nlstidine-~-regulring mutants ol

b oy

o obbain

Tha use of

¢ the normal pothumy of

sore the abllity to syothoslze

the amino acid componsnts of protein Taie study

s

v dnbd w

evidence regarding the mechanlsnm

orranicns hao proved o be very

U Ospore Craseg vag

synbhesis.



Jnenistry

is0lated I

by
o
3
9

probanine hydrolysate by

pared the compound from the fraction

Jrecipivated by mercuric chloride. Hedin {2} independently izolated
toe silver salt of histidine from a hydrolysate ol another protein the

Pauly {3) subsciuently demoncirated thet histidine is o

e . o . .
{5} substituted imldacole of the sbructurae;

He clso discovered that imidauoles form szo dyes with diazoben cne

sulforic acld, and this reaction has been widely used as a basic Tor the

colorimetric determination of Zistidine. The first eynthesis of histidine
g

was accomplished by Pyman (&), by condensing k-chlorometiyl imids.ole

=

with the sodiuam derivative of the diethyl esier of chloromalonste

-,

folloued by hydrolysis. decarbozylation, and treatment of the c-chloro

3 Ho

imidasole propionic weld intermediste with ammoniz.

L-Histidine as & nubtritionally essentisl aming acid
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=y lmpetus

when histidine was dlscovered to be an essential anino acid for mary

*5y conventlion the numbering citarts with the nydrogen-beaving nitrosen
stom. Since the ring uqaﬁr”nw tautomerisn, the two nitrorens are
ecuivalent in imidazole, and an igmldasole with a substituent at the b
position is thus often desceribed as 4{5)-substituent-imidazole.

i



ol v animals. Numerous imvestl.ators tested all ¢types of

bistidine derivatives and lgidazcles for activity as a substitute for
bistldine. One of the earliest of these studies was that of Ackroyd and

‘Hopkins {5) vho reported that either a

in the diet of rats. They concluded the tvo anino acids are inter-
hangeeble in metabolism. Rose and Cox (G, 7) completely confirmed tho
Tlnding that histidine 1s an indispensable growth Tactor Tor the rat.
They discovered, however. thet arginine will not serve as a2 substitute for
Dletidine. PTollowlns thie lead vorious investiymtors showed that
nlstidine 1o a onubritional eseential in many higher animels as well so

in verious mlcroorganisms. These include the mouse {3), the chick {9),

the dog (10), Tetrahymwena (11). and Streptococcus Taecolis (12). an,

in contrast to the other higher enimals tested, has beer shown by

Rose et al. (13, 14), to maintein normal nitro.en equilibrium even when
nigtldine is not included in the diet. Thia umez§ecteﬁ Tinding dndicates
that elther man or his intesbinel Tlora can synthe bi e a sulficlent
amount of this amino acld for normsl metabolic processes. ¥Hork by

Levy and Coon (15) sugpests that probably pen himsels bas at least some
0l the enzymes necessary for histidine synthesis. 7They Found that human
liver sllces incorporate radiloactive Tormate into histidine

4o the rak wasn the Tirsb snimal shove to require hlstidine in the
diet and is one oF the most common experimental animals, it has been

the animal of choice in most experiments on the structural speciiicity
o bistidine as a grovth Jactor. Heuberger and Webster {16). usins

Joung rate on a histidine-deficient dict, studied & wmumbor of compounds

5

Wooeee 17 they vould restore normsl crovth. Ornithive and v-keto ornithine,

k3

o coupounds vwhickh tiey thousht might be biological precursors, were Ted



o vhess rats, but they did unot serve as substitubes for histidine.

Verious riag substituted lgidssoles were slso bried. 2.Thiolhisti-
dine, which is easily owidized %o histidine by ferric chloride, and

eroothioneine, its betalne, vere found 4o be inaciive, us was §l~methyl

histidire {17), whick 15 present in vertebraie muscle as anserine, a

Z-alanine. I% is appavent that the ret's enuymes exhibit

]

remarkeble speclficity for an unsubstitubed imidazole ring in histi-
dine. The side chain, however, can be wmodi7ied considerably without
destroying the crowth fYactor activity. D-Histidine, imidazole pyruvic
acid, and lmidazole lactic acld will support rowkh ol rats op a
bigtidine-lree diet {15, 19, 20). I% has been shown that in mice a
gmall agount of L-histidine is necessary Tor the ubilization of imida-
2ole lactic acid or D-histidine {21). These coﬁ@aands are probably all
involved in the pathway of conversion of the T to the I amino scid.

In peneral certaln substituents on the alpis aning grouy OF aming acids
do not destroy grovth factor activity. For example the Eﬁnaﬁetyl {153
and ﬁawmethyl {22) derivatives of histidine ave egulvalent Yo the parent
cogpound in the diet. Uroeanle acid (imidazole acrylic acid), an
intermedlate in the degradation of histlidine, is inactive, as are
imidazoles with shorter side chains,

Hoge and Elliott {23) have investi ated varicus coapouncs as

substitutes Tor histidine in the basal medium of Tetrahymena gelell, a

protozoan. L-carncsine {S-alanyl histlidine) is tranmsiormed into histidine
by this organism as it is in hicher animals. Imidazole lactic acid
is not active slone, but will spare bistidine when the latter is fad

at low levels.



Throu.l: the feeding of histidine derivatives 1o ﬁ&fﬁ&“ animals,

much information has been collected on the ability of various snimals

i

to convert related compounds to the amino acld. The information zathored,

however, has not belped appreciably in understandlv: how thils amino
acld is synthesicved in organlsms not regulring an exdernzl source ol
histidine. In wmore recent years nicro-ovzonisms have besn uged with
srester success in ctudying the problem. Broguist and Snell (12)
investignted histidine synthesis in the lactlic acid backeriz, Lacto-

boelllus arabluosus, Sireptococcus fgecalic, and L. casel. They Tound

-

that imidsuole pyruvie acid will replace histidine vhen pyridoxal is

-

acded to the basal medium, hub 2ot when the vitamin is absent. Purines
or histidlne will stimulate L. argbinosus in the presence of pyridousl,
wiile only hisbidive willi in the obsence of pyridozal. The requirvement

of L. cagel Jor purdue bases is increascd vhen grovn in the absence o

histidine. They concluded that pyridoval iz involved in the convercion

of imidazole pyruvic o histidine, preswedly by trancaminabion, fov

whileh pyvidoral phosphote is the coensyme . They olzo concluded that
purlnes are precurcors of histidine. Iwidezole prruvic seld wasz belleved

%o be a precurscr oF histidine and to be on the path of conversion of
purines ©o histidine. Imidazole lactic does not replace histidine for
these bacterla, whether they srce zrown with or without pyridoxal.

. partial clariification of the role of purines in histidine syathesis
as well as the origin of the amidine carbon ol the ring {carbon 2)
resulted from the experiments of Lovy and Coon {24) using oM jabeiea

substrates.



These investissbors srev yeast

taining Jlueose ond o smell smourh of

only carbon sources. The yezst was nours, marvested,
S g

and then its protein was lsolated and hydrolyzed. The hydrolysate was

Trom which the histidine.

‘ractionzbed on an lon exck
acid, srzinine, aspartlc acid, and tyrosine were lsoleted. Only hklsti-
dine had appreciable radicactivity and thic was all in The 2 carbon
aton. The experiment wae repeated twilce more, with dycine-1-C " in
place of the foruwate in one case, and blearbonste- ’1k in the other.
Tn +he eyvpariment with lsbeled glyeirne all o the above amlno acids
had nerligible rediocsctivity. vWhen lebeled blearbonate was used only
the isolated aspardlie acid hed any madicectivity, and bhat was vory
slight. These experiments indicate that the 2 carbon atom ol histidine
comes fairly directly from Tormate, and that zlycine is uot involved
in the synthesis of the imidavole ring in histidine. Yeast has been
shovn 0 ineorporate slycine directly ints the yurine iwmidazole ring.
The non-incorporation of glyeine into the histidine imidazile ring
indicates that thisg ring ig systhesived by a different mechanizm and
that the purine imidesole ring is not o precursor o ¢he histidine

imidazole  Tabor et al. {25) working with Torulopels utilis, o yeash,

have found that, as in Sacchavomyces, foyﬁaﬁe»ﬁl& is incorporated iato

the 2 carbon of histidine. Purine catabollisa is known to Turnis

F)v

o

foraante and a possible explanatlon of the vesulis of Brogulet end Sncll
is that purines serve as Tormate donors. It would be of interest to

see whether formate is eguivalent to purines in sparing histidine for

L. arabinosus. end whether pyridoxal 1o still requlved 17 this 1o the
fordiilsonbhufrivish vt

cCaic.
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Levy and Coon (15) have presented o preliminary report on their
experimente desiined to find the origin of the Pive carbon chain of
histidine. They grev Saccharomrces oo uniformly labeled glucose and
non-labeled glubksmic acid in an atiempt to “ind out i7 sdubamic acid
is a falrly direct precursor of the Tive carbon chain. The isolated
histidine was highly radicactive in the Tive carbon chaln, indieating
that histidine does not come fram glubtenlc acid or ite metzbolic
products, end aight come fairly dirsetly from rlucose. They also dic
a simllar experiment with wmethyl labeled acetate. There was sone
label in the carbon 2 of histidine, presumably via formate, but none
vas Tound in the Tive carbon chain. Acetate apnarently is aleo not
Girectly imvolved im the synthesis of the principal carbon chain of
histddine,

Another approach to the problem of histidine biogenesis has been
throush bilochemical genetics. This has been the method of choice in this
study, using a series of histidineless mutants of HJeurospora. Vogel

Py

et al. (26) bave used several histidine requiring wutants of ©. coll in

a similar study. They found that one of theoe hintidine regulring

umutants sccupulates a substance in 1ts culture wediug which is utilized
slovly by ancther mutant as a substitute for histidine. A variant of

this second strain vas selected whiech utilizes this sceumulated cowpound
0% as well as histidine. This was used as an assay organism for isolating
the substance. It was isolated from the culiure amcdlum by adsorptlon on
harceoal, elution, and crystallisation as the plerate. The compound

was identified as b-(2-amino, 3-hydroxypropyl)-imidazole {L-nistidinol),

a substance which had previously been synthesized by Karrer et al. (273

by the reduction of histidine methyl ester. As will be described this



compound. vas also lsolated I'rom the culture medium of one of the
Yeurospore mubtants used in the present study. Vozel and Davis {28)

nvesticated various other amino alceohols ag substitube srowth footors

ot

for &, coll eoino aecld requiring mubants, but found L-histidinol was

¢he only c-amino alechol which substibuted for the related smino acid.

They concluded that kistidinol is a ftyue Interpediate on the pothuvay

of histidine biosynthesis.

The catabolisn of histidine.

The catabolism of histidine has been studied in a variety of
organisns and is of Interest in relation Lo the blosynthetic pathway.
The major degradative pathway in mammelian liver and in Pseudomonas
Tiluorescens ig one in which histidine is transformed to Le-zlutamic
acld via urccanic acid. The litersturc perdaining to this pothvny of
histidine degradation has been reviewed iu the vecent papers of ehler
anG Tebor and their collaboramtors (P9, 30, 25).

The first step in thils catebolic sequence iz conversion of hisbi-
dine t9 urocanic scid with the liberation of the alpha enino group of
higstidine as ammonia. It is not vet known whether this is catelyged
by & single eneyme. Urocenic acld is further degraded by obher enzymes
%0 yield L-glutamste, formetbte, ard ammonia. The alpbe amine group of
the glutamate is derived from the 73 atom, and the formste frog the
CQ atom of nistidine. An intermediste in the conversion of woeanic
acid to glutamate has been lsoluted by Tabor et al. (31). This com-
pound yields 2 mole esch of glubamate. formate, and ammonia on hydrolysie.
I% has also been isolated frowm the urine of folic acid-deficient rats

Ted large amounts of histldine or urocanic acid {32). Dorek and taelsch {33)



“eoud

mave isolated o cowpound with similar properties Trom o cat Liver
digest of hisbidine. Gz.bhg baslis of titration data {hey believe this
compound to be c-forgauidinoylutaric acld rather than I-Torayliso-
giutamine which has the same empiricel Tormula. and which has been
suggested as the intermediate. Experimenis of Mehler and Tebor (29)
indicate this pathway accounts Zor at least 809 of the degradation of
histidine lu zulnea plg liver.

L second pathway of degradation has been studied by Tabor and
Mebler {34, 35) and Schayer (3€). This involves the decarboxylation
o hisbldioe Lo glve histamine, & hozmQW iu higber anlwals. Histamloe
is oxidized by rats bto glve imldazole acetic acid and further products,
es yet unldentified. This pathwey seeus o be mainly a method of
detoxlfying histamine and probably only accounte Tor a small amount of
the histidine catabolized.

A discussion of the degradative pathwaye in relation to the synthetic

one will be presented after the experimental section.



1II. THE HISTIDINEIES: MUTANTS OF HEUROSPORA

The genebics and physioclogy o the hilstidineless gubonts of
Deurcspora have been described by Hues et al. (7). Althoush bisti-
i o e 4

dine autants are now koown $o occur at a Talrly high frequency anon:

i»i

{rradiatda Geurospora conldia, none was  isolated until the anee
selection technluue ol Lein et al. {38) vas used. This wethod uses
histidine alone as a growth supplement rather than o complex zizture of
amino acids. JMutant €34, the Tfirst histidine-requiring nutan t iszolated,
was obtained 1n the original ecxuperiments of ILein et al. Using the same
method of selectlion, Mitchell and Mitchell i1solated mutent 094, and
Heas isolated wutants CLUO and CLAL. Mubant T1710 was obtained by

Dr. C B. Harrold. All of the other histidineless smutants thet have
been obtalned in this labovatory secem ¢o be genetically identical with

one of these types (37).

Physiological properties of the mutants.

The fact that histidineless mutants could be readily iooluted
irom platings of ascospores on winlwal nedium supplemented with
nistldine, yet had never previocusly been isclated in many experiments

-

in which sutants were obtaluned by plating of ascospores on cowplern

»

medla, sug.ested thet the histidineless nutants were inhibited by

sometbing in compley mediuwm. This “lon was investizpted in
mutants CO4 and €94 by 1tehell and HMitchell {37). Tt was found that
arsinine or lysine in combination witbh any one of o large nuwiver of

other amninoe acids will completely inhivit she povwith oF the mutonts

even thouch histidine is present in the medivm. Thiz hap been found
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to ke true Tor all of the histidine-requiring mutants tesbed. A
typleal exgei}memﬁj done in collaboration with Dr. Fellr Haas, is
presented in table T. The amlino scids vere added to 20 wl. of Pries
minimal medium (39) in & 125 wl. Briemseyer Flask. A1l culturcs vere
grown at 259 for four days. Growth in each Fflack iz expressed as

v of dried mycelium.

Table I
addition to minipal mo/ Tlosk ol CLLO Clhl TLTLO
none - (5] i i 1
histidine HCL.H-0 g.5 35 36 30 o5
L-arginine 0.5 G o 1 1
L-tyrosine 2.0 O O L iR
histidine. arginine 0.5, 0.5 36 L1 1 a7
histidine, tyrosine 0.5, 2.0 40 be L 69
arginine, tyrosine 0.5, 2.0 .0 0 1 i
hist., arg., tyros. 0.5, 0.5, 2.0 O O 1 1

Mutants Cibl and TLTLO, as is apparent from table I, will paoow a
trace on minimal medium; the growth of TL7I0 approaches that of wild
type on ainlmal after a lag perlod of gbout 2z week. The histidine
requirement for balf maximal prowth, under the conditions used above,
is about 5 my./ml. Tor TIT1L0, 30 mg./ml. for Cl4l, end 20 mg./ml. for

amutants C84, €94, and CLLO.

Activity of various cowmpounds in substituting for histidine.

A study of the specificity of hlstidine as a growth-prowoting
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substance vas carried o early in the blocheumical lnvestiyabtlon of
the Heuroszpora putants. Numerous compounds, incluling many synthetic
and natural imidazole derivatives, were tried as histidine substitutes.
A11 of the amino aclds commonly Tound in proteln were tested on ¢O% and
o4 by Mitehell and Mitchell {37), and Found to be inzctive. These
amino seids, in addition to many other compounds, were tesbteld on all
of the mutants with no positive resulbs. Those compounds Tound to be
inactive are the purine and pyrimidine bases of nuclelc aclds, imidazole,
nethyl imidezole, hydrowymethyl inldezole, imidazole Tormsldelyde,
imidazole carbomylle acid, imidazole (Lyouylle scid, imldsmole acetic
geid, histamine, urocanlc aseld, imidarole lactie zeid, t@w various

ol

e

optl

£

somers of trinydrouvpropyl imldezole, D-arebino-tetrahydrowy-
butyi imidemziole, Elmmetbyl histidine, 2-thiolhistidine, L-amino-5
carboxemide imidazole, L-amino-5-carboramidine imidazole, creatine,

creatinine, ribose, glucosamine, allantoln, Tormic acld, and pyridoxamine.

Crose~Teeting experiments.

4 charscteristic of some biochemical mutants vhich mekes them
very useful Tor elucidation of blosynthetic pathwaye is the accumulatlon
of precursors which pile wp beeause of the Llocked rescbion. Acscusulo-
tione have bxeﬂ denonstrated in certoln tryptophane, purine, pyrimidine;
choline, thiamine, aromatic, and other biochemical mutante {40, 41).

These precuwrsors ecan often be assayed by their sctivity Tor other mubtanto

blocked in an earlier reaction step. The informetlon sained fros

#nless otherwlse indicated the substituent ie at the L(5) position
of the imidazole ring.



accumitlations 1s not always clear, hovever. as accumulated precursors
are often modified by normel metabolic reactions., For eusmle a
Neurcepora nlcobtinic acld amutant blocked in the conversion of kynurenine
to hydroxykynurenine accumulabes Fl-acetylhynurenine and hynureuic

acid, two metabolically inactive derivatives of kynurenine (LO). Un-

doubtedly the eguilibrium between variocus accumulated precursors iz

[

also affected by numerous secondary metabolic Tactors.

In collaboration with Dr Hoss. on atbempt uvas mede to demonsiéraie
the accumulation of active intermedistes by the histidine mutants (37).
Thie was done by incorporsting the filitrate of a nutant srovn on wall
its mayimum regulrement of histidine into flasks of ¥ries minimal oedium
and inocculating each Tlask with oue of the other wmubants. To insure
against the possivle interference of inhibiting substances in the
f1ltrates, another test Tor accumulatlons of rowth supporting com-

pounds was wade. Filtrates of the mutantes were concentrated in vacuo

and chromatosyaphed. The chromatocrams were divided into sectioms and
these were eluted with minlmal pedium, The eluate fractions were then
exzamined o grovth-promoting sctivity for each o tho mutants. lone
o7 the mutants was observed to accumulate any substance in the medium

which would stimuléte the crowth o any other histidine mutant.

Imidazoles accumulated by the wmutants.

In the carly work with nutant 3%, Mitchell end Mitchell (L&)
found that a substance was accumulated in the culture medium that
reacted to form a red dye with dimzosulilanilic scid, a reagent whicl

is used for detecting imidavoles. When the culiture wedis fron autante

Clhl and TLTI0 were tested these mubanis were 2lse Tound o accumulnie



3

substances. presumaebly imidazoles, which would react with diazosulfanilic

) x

neid. Mutantz CLLO, €OL, and wiléd type were Tound not to produce any
dimzo-regcting substances. These results sugrested that the inldszole
riny might be Tormed early in the blosymthetic pathway. An lnvestimmbion
was undertaken to lsolabte ond esctablish the gtructures of the various

accunulated compounds . even thoush the evidence from the cross Teeding

experiments seemed to indicate that they were probobly lnactive.

Chromatocraphic methods.

The separation and isolation of the sccumulated compounds could not
be followed by wmeans of thelr blologleal activity, and it was necessary
to use cheamlceal assay methods. Paper chromatography seemed sn ideal
way for following purification of these compounds and therefore the
alazosulfanilic test Tor imldazoles was modified so that it could be
used as a spray reagent or paper chromatograwms. Fumerous imldazoles
vere chromatopraphed, using several solvents, and the chyowmtosrenms
were developed with the diaczo spray reagent. These knoun igldazoles
served as uselul refereres when working vwith the wnknown compounds.

The Rf values of these lmidazoles as well as some of the properties
of the reagent are described in the Pollowing paper from the Jowmnal

of the Americsn Chemical Soclety.
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[Reprinted from the Journal of the American Chemical Society, 74, 252:(1952).]
Copyright 1952 by the American Chemical Society and reprinted by permission;of the copyright ower:

The Paper Chromatography of Imidazoles
By Bruce N. Ames anp H, K. Mircuerr!

During - the course of investigations  on the
accumulation of imidazole-like substances by histi-
dineless mutants of Newurespora, methods have been
developed for paper chromatography and detection
on the paper of: compounds of this type. Dent?
reported the use of the Pauly reagent (diazosul-
fanilic. acid) for this: purpose. Using the modi-
ficationi of this reagent described below and the
method of Jorpes® in which the acidic diazo reagent
is mixed with the imidazole before developing the
color with Na,COs, excellent results have been ob-
tained with a variety of imidazole derivatives.

Procedure  and Results —Air.dried chromatograms are
sprayed so as just to wet the paper with the diazosulfanilic
acid reagent, and then the color is developed by a light
spray. of 5%, sodium carbonate solution. The diazo re-
agent.is made by adding slowly and with stirring 25 ml. of
a freshly made up 595 sodiuin nitrite solution (0 5 mlof o
stock sulfanilic acid solution (0.9 g. sulfanilic acid and 9 ml.
of concentrated HCI made up to 100 ml. with distilled water),
Both the nitrite and sulfanilic acid solution must be brought
to 0% before mixing. i

‘L'he digzo reagent will keep-for abott 45 days at 0" but

carbonate is sprayed on.*  This blue color: is: uniqued and
probably can be used for the quantitative estimation of this
natural base.

The coupling reaction is: not general-for all imidazoles.
Imidazoles with alkyl substituents on one of the ring nitro-
gena do not give the reaction”; ¢ig.y Ismcthylhistidine and
anserine. - Somie imidazoles with a. carbonyl group next.to
the ring at the 4 position do not redct; e.g., [imidazolyl-4-
(5)}~formaldehyde . :and  [imidazolyl-4(5)]-glyoxylic " acid.
Aweak “yellow: color: is given by 4(5)-carboxyimidazole.
Some ‘condensed ring systems containing an imidazole nu-
cleus also do not give the Pauly reaction; e.g., most purines
and benzimidazole:

In addition to imidazoles other compounds have been en-
countered in ‘biological materials which react with diazo-
sulfanilic: acid giving colored dyes.  Ammonium: chloride
as well as other ammoniam salts gives yellow spots i fairly
high dilution.. Tyrosine has been found- to give a red
color “under - the - conditions ‘stated - but only ‘at’ much
greater concentrations. Many phenols other than tyrosine
are also known to couple with diazosulfanilic acid. - This
reaction has been used for their identification on paper
chromatograms by Evans, ¢ ¢l who reported various
orange,  brown and yellow colors from - biochemically im-
portant pheaols. A non-imidazole base that gives a red
diazo reaction has been encotititered by Hunter? in' maize.

The Ry values and diazo colors of a number of imidazoles
of ‘biochemical and preparative importayce are listed  in
Table I. Absorption spots under 2537 A. ultraviolet and
ninhydrin reaction color are also listed as'they are useful in

decomposes rapidly at higher temperatures:  Thestock sul= ~ charactéerization.
TaBLE 1
R VALUES ON' 3.5 FHTOURS, ASCENDING,” WHATMAN #1 CHROMATOGRAMS AT 25°
Re with 3:1
alfcfgg&& R with 3: 1 propyl 2537 4.
0.2 N alcohol-1 N absorp- Ninhydrin

Compound Diazo spot color ammonia acetic acidlt tion eolor
Histidine Red 0.22 0,12 — Violet
4(5)-Carboxyimidazole” Yellow .23 .29 —
Carnosine Red 24 .06 -~ Violet
2-Thiol histidine” Red .25 15 -+ Violet
[Imidazolyl-4(5)]-lactic acid Red .26 .27 — e
Ergothionine Red 27 .26 B SR
Guanine Orange .27 .35 T U
[Tmidazolyl-4(5) -pyruvic acid”® Red .31 .81 - e
[Imidazolyl-4(5) J-acrylic acid Red .34 .69 R ST
Ammoniut chloride Vellow .39 .41 -
4(5)-Amino-5(4)-carboxamide imidazole? Blue .52 .51 -+ Yellow-Orange
Histamine Red .65 .10-0.28 — Violet
Histidinol® Red .65 .10~ .28 — Violet
Histidine methyl ester” Red .75 45 — Violet
4(5)-Hydroxymethylimidazole” Red .75 .56 L
Imidazole Red-Orange .88 .58 L

The compounds indicated were kindly supplied by @ Dr. R. G. Jones, ? Dr. M. Fling, * Mr. P. Thayer; 4 Dr. E. E. Snell,

¢ Dr. B. Davis,’2 £ Dr. P. M. Ruoff.

fanilic acid solution keeps indefinitely at room temperature.

This method is considerably more sensitive than the nin-
hydrin method for histamine and histidine. The diazo
reagent- will indicate 0.3 of ‘a microgram of histamine or
histidine on a chromatogram: - ‘The sensitivity of the re-
agent is about the same for other imidazoles.

Using this procediire with known imidazoles several dif-
ferently “colored  spots have been. observed. In general
imidazoles with 4 side chain at the 4-position, such as histi-
dine; give a red color ‘with the reagent. ~Substituents in
addition to a side chain may alter the ‘color considerably.
Guanine gives a bright orange color and 4(5)-amino-5(4 )~
carboxarmide imidazole gives first an orange color with the
acid diazo solution and then a bright blue when the sodium

{1} This work was supported in part by funds from the Rockefeller
Foundation and by funds from the Atomic Energy Commission. ad-
ministered through contract with the Office of Naval Research, U, S.
Navy, Contract N6 onr-244, Task Order V.

(2) C. E. Dent, Biochem. J.; 48, 169 (1948).

(3). E. Jorpes, ibid., 26 1507 (1932),

Chromatograms have been made. from the réaction mix-
ture of the Parrod!?® synthesis of imidazoles from glucose.!t

(4) A darker color is obtained if the sodium carbonate is sprayed on
before the diazo reagent.

(5) ' A blue diazotization product has also been reported by Hunters
with 4(5)-guanidinoimidazole.

(6) G. Hunter, Biockem. J., 30, 1183 (1936).

(7). M. Guggenheim, ““Die Biogénen Amine,”” S. Karger, Basel, 1940,
p. 407, :

(8) R. A. Evaus, W\ Parr and W. Evans, Nature, 164, 674 (1049).

(9Y G. Hunter, Biochemn. J., 48, 265 (1951).

(10)-R. J. Williams and H. Kirby,; Science, 107, 481 (1948).

(11) Histamine and histidino! give streaks with this solvent.

(12) H. ¥ Vogel, B Dy Davisiand /TG Mingioli; Trxs JOURNAL,
73,1897 :(1951),

(18):J. Parrod, dnn. Chim.; 19, 233 (1933).

(14) A modification of the: Parrod procedure is'listed in ref. 15 for
the synthesis’' of 4(5)-hydroxymethylimidazole, an’ intermediate in
histidine synthesig.

(15). Org. Syntheses, 24, 64 (1944).
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Parrod reported imidazole and 4(5)-(D-arabino)-tetraby-
droxybutaneimidazole as the products. The chromato-
grams indicate that fair quantities of 4(5)-hvdroxvymethyl-
imidazole and two other diazo reacting substances were ob-
tained as well.

Chromatograms have been made of many other complex
materials, such as deproteinized liver fractions, the products

of the action of L-aminoacid oxidase on pr-histidine, and
culture filtrates from Newrospore and Penicillium histidine-
less mutants, with good separation of imidazoles and repro-
ducible colors and R values.

KERCKHOFF LABORATORIES OF BIOLOGY

CALIFORNIA INSTITUTE OF TECHNOLOGY

PasapeNA, CALIFORNIA RECEIVED SEPTEMBER 12, 1051
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When the mediun from each wmuband was chromaeboryaphed it was
found that T1710 accumulated one couwpound, (54 anmother, and ClbL
accunuleted the €84 compound plus still enother. (9% and G140 resemble
wild type in that they do not profuce arny imidszoles. Several
histidine-regulring Penicillium smutants were availsble as a result of
the wvartlme penicillin research and these mutants vere also tested
for accumulations., Two of them formed an iwmidazole that was different
Trom the major compounds from Neurospors, out which was later shown %o
be accumulated in small amounts by CiLhl.

Nén@ of these coumpounds corresponded chrometographically to any
of the known Imidazoles which were first tried. Later when a sample of
L-histidinol, isolated by Vogel et al. from an I. coli histidineless
mutant, was obtained, it was found to have the same Rf value as the
T1710 imidazole. The Rf values and other properities of these imldazolces
as determined from the chromatozrams, are given In table IT. The

procedures and solvents are ap deseribed previously.

Table II, Chromatosraphic Properties of the iccumulated Imidazoles

outants reduces
accunu-~- R in Al in diazo- nin- alkaline
lating propanol-  propanol-  spot hydrin  copper
compound  compounds ammonisa acetic color color sulfate
A c8h, cih L6 BT red- - -
purple
B Cls1 66 A rose vellou=
orange
C TL710 e L10-.28 red violet -

"penicillium iamidazole® .66 .55 red - -




.‘ Genetics and the order of the gutant blocks.

Previous ilnvestications 1n this laboretory have made use o7 double
autante to provide evidence for a blochemlcal seguence Tor Heurnspora
mutants ¢hat have the same growth requirewment (43, #4). A compound
accumulated by a mutant because ol the genetic block will no lonser
be produced if a double mutant is made by introducing a cene that blocks
a reaction step earliier in the biosyathetic seguenee. I the five
histidineless mutants are blocked in five steps in a linear sequence of -
blochemical reactions that lead to histidine, and if the accumulated
substances are intermediates or are derived from intermediates in this
pathway, then any double mutant carrying penes that eliminate two
metabolic reactions on the pathvay should sccumulate the same compounds
ac the single mutant with the earlier block. IT the order of steps
for the Neurospora histidine mutents is:

cok o8y cihl TLTL0

—4+—> cpd. A —> c¢cpd. B —4—> cpd. C —4—> Dhistidine
then C94 C1h1, like €94, should not accumulate any imidazoles, and the
C1kl T1710 double wmubant should behave like C14) 1n accumulatlog
lmidazoles A and B, but not C.

The geunetics of these mutants has been investirmted in detail by
Ir. Hoas and Mrs. M. B. Mitchell (37). The mutant gene of CCh is in
linkese croup B, that of CLl is in linkage sroup o, while the histi-
dineless genes of Cl40, TL710, and CO4 are in linkage group A . TLTLO
appears o have a tranclocation and because of this the non-appearance

7 wild types from a TL710 ¥ C1LO cross is not necessarily an indication

that these genes sre allelic. T1710 is also physiologically different
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140 in several resmpects. C0L is about six units from the C1LLO

12
L
g
3

L1l the double mutants that were genetically possible (The
T1L0 TLTIO combiration could not be mede) were made by Dr. Iaas.
The imidazoles produced by these double nutants were examined both
guéntitaﬁively and chromatographically in collaboration with Dr. Haas
and the Mitchells {37). o imidazoles were Tound to be accumulated
by 9%, €10, COb éz&o, Cok CSk, COk CL41, COk TLTIO, C14O CAL,
C1k0 cibi, or wild-type 7A. Strains CB4, CBL C141, and CB4 TLTLO
accumulote only compound A. Strains Cibl, end CL4L T1710 accumulate
A end B. These data are consistent with the scheme presented above.
Mutant €84 ie ploced before €141 in the seguence as the double mutant
C8L C141 shows the phenotype of C84 rather than that of Clhl., The
rest of the analysis follows in a similar maoner. 4s a further cheek
Hags outerossed all the double nutants to wild type and the six
histidineless-two wild type asci obtained vere examined. Fach ascus
of this type provides one wild-type culture, one dcuble mutant culture,

and cultures of each of the parental single mutants. The same tests

=

¢ previcusly carried cut with the double and singie uutants were
prrrorged on eack of the Tour spore pairs of the asel saved from the
cuterssees. The results obtained demoustrate that the strains tested
ag Gouble mubtents did have the expected genetic constitution. The data
on accunulation from cach culture was as expected Pfrom the above resulbs.
Growth experiments with the doubls mﬁtants are not Incunsistent
with this order, TL1710 has a much lower histidine ?ﬁ@uirﬁmentAtban the
sther motants. Hone of the double mutente heving TL710 sse & cowmponent

nad this lower requirement Tor histidine,



The C9% CLAO dounic mutant rosembles poth U9k and 140 in thas
1t does wot accumulabe imidszoles, and thervefore 004 and C1E0 can
not be placed im serial order with vrespect to each other, but caun be
placad before 34 in the sequence. Tho analysis is wot chenjed 47

it i assumed that A, 3, and € are ipactive products derived from

/

the actual invermedistes in the biozynthesis

Isclation and ldentification of the sccumulaied coggounds.

After this order was postulated, the actual isolation and proo?
of structure of these accumulated compounds was tndertaken with the
hope that hunovledge of thely structures would zive some clus ag to the
viosynthesis of histldine. Mitchell and HMitchell Lo thelr sarly work
with compound A from C8h were able to oxidize it o the kmown compound
imidazole glyoxylic acid, a compound which can also be prepsred by
the oxidation of histidine. They isclated compound A from 088 culture
mediuwn by weans of & mercury salt precipitation. &n elementary
analysis of the sirupy product cbbtained indicated that 1t contained
an imidazole ring with a three carbon side chain bearing tuo or thrse
hy@roxyl groups. The coupound rescted with sodlum metaperiodate, a
reasent thét reacts with compounds having adjacent hydroxyl proups,
They also prepared the phenyldiasz ivative of the cogpound, thoucsh
the exact structure of the derivaotive waz unceriain at that bluo.
These general outlines were Topllowed in isolating and establishing
the structures of all of the lpidazole derivatives. The wmain addition

to the Isolation procedure was the usge ol ion exchonge columns for

separating and purifving the iwmidaszoles. The procedures for the isolation
ol the compounds, the proofsol thelr structures, and the synthetic methods

>

developesd are described in the Tollowin, naper.
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[Reprinted from the: Journal of the American Chemical Society, 75, 1015 (1953).]
Copyright 1853 by the American Chemical Society and reprinted by .permission of the copyright owner.

[CONTRIBUTION FROM THE KERCKHOFF LABORATORIES OF BroLogy, CALIFORNIA INSTITUTB OF TECHNOLOGY]
Some New Naturally Occurring Imidazoles Related to the Biosynthesis of Histidine!

By Bruce N. AMmES,? HErRSCHEL K. MITCHELL AND MARY B. MITCHELL
REeceveD Avcust 19, 1952

A general method is given for the isolation of a number of imidazole derivatives that are accumulated by mutants of
Neurospora and Penicillium. Methods of degradation and chromatography have been used to identify with reasonable
certainty three crystalline products as 4-(trihydroxypropyl)-imidazole, 4-(2-keto-3-hydroxypropyl)-imidazole and r-4-(2-
amino-3-hydroxvpropyl)-imidazole (L-histidinol). Evidence is presented to show that two other non-crystalline products
are phosphate esters of the trihydroxy and ketohydroxy compounds while a sixth product is 4~(2,3-dihydroxypropyl)-

imidazole.

These findings are discussed in relation to the problem of the biological synthesis of histidine.

A chemical syn-

thesis of isomers of 4-(trihydroxypropyl)-imidazole is described.

Previous investigations in this Laboratory on
the histidine requiring mutants of Newurospora®*
have demonstrated that several of these mutants
aceumulate imidazale derivatives-in the medium
that are related in some way to the biological syn-
thesis of histidine. Although none of the accumu-
lated imidazoles will support the growth of any of
the neurospora mutants, it was hoped that their
isolation and identification would provide a clue to
the biosynthetic pathway that yields this amino
acid. Evidence is presented here that supports the
contention that histidine is derived from carbohy-
drate, probably pentose, in quite a direct manner.
This conclusion is in agreement with the results
from tracer experiments reported by Levy and
Coon.8

By means of mercuric chloride precipitations fol-
lowed by chromatography on Dowex-50, 4-(trihy-
droxypropyl)-imidazole hydrochloride (I) has been
isolated from mutant C84,% 1 and 4-(2-keto-3-
hydroxypropyl)-imidazole hydrochloride (II) from
mutant Cl41, and - 1-4-(2-amino-3-hydroxypro-
pyl)-imidazole dihydrochloride (L-histidinol) (IIT)
from mutant T1710. In addition, two compounds

(1) This work was supported in pari by funds from the Rockefeller
Foundation and by funds from the Atomic Energy Commission ad-
ministered through contract with the Office of Naval Research, U, 8.
Navy, Contact N6 onr-244, Task Order V.

(2) A. E. C. Predoctoral Fellow in the Biological Sciences.

(3) J. Lein, H. K. Mitchell and M. B. Houlahan, Proc. Natl. Acad.
Sci., 84, 437 (1948).

(4) F. Haas, M.. B. Mitchell, B. N. Ames and H. K. Mitchell,
Genetics, 37, 217 (1952).

(5) L. Levy and M. J. Coon, Federation Proc., 11, 248 (1952},
(abstract).

(6} Cenetic and physialagical data for these mutants are given in
reference 4.

which appear to be the phosphate esters of I and II
have been obtained from the mycelium of C141.

N CHOH—CHOH—CH,OH CI)
LN U HC1 TTCHPE——CH%OH
-
H

i . HCI
II
e
I\II [ CH—CH—CH,0H
kN] 2HCL CHy—CHOH—CH,0H
H 111 L ﬂ HCI
N
H IV

Another imidazole accumulated by two penicil-
lium  histidine mutants and in small amounts by
C141 is chromatographically identical with 4-(2,3-
dihydroxypropyl)-imidazole (IV). ‘

Various isomers of 1 have been synthesized from
L-arabinose, p-arabinose, D-ribosc and: p-xylosc by
the Parrod reaction of sugars with cuprammonium
solution and formaldehyde.

Experimental

Isolation.—Mutant C141 was grown with forced aeration
in two 15-liter cultures of Fries minimal medium? supple-
mented with 450 mg. of rL-histidine monohydrochloride
monohydrate per culture. This is sufficient histidine for
half-maximal growth. ‘The mycelium was collected by
filtration through cheese-cloth. It was then homogenized
in a blendor with several portions of boiling water, filtered
and the 3 liters of filtrate obtained was combined with the

(7) &, W. Beadle and E. L. Tatum, Am, J. Bot,, 82, 678 (1945),
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30 liters of medium in which the mold had been grown.
The extracted mycelium was discarded. .

The solution (pH 4) was then brought to pI 8.5 with
barium hydroxide. The resulting precipitate, which was
allowed to settle overnight, was then removed by filtration
and discarded.® The alkaline filtrate was treated with 100
g. of mereuric chloride dissolved in 400 ml. of cthanol to
give a precipitate containing all the imidazoles. The pre-
cipitate was collected and dried. The imidazoles were ex-
tracted from the dried precipitate with 800 ml. of 0.5 N
hydrochloric acid. This extract was treated with hydrogen
sulfide and then filtered to remove the mercuric sulfide.
The resulting solution was concentrated in vacuo to 40 ml.
and utilized for chromatography on a Dowex-50 column.

A 2 X 70 cm. column of Dowex-50 resin (250-500 mesh)
was prepared and equilibrated with 1.5 A hydrochloric acid
following the method of Stein and Moore.! The sample
was eluted with 800 ml. of 1.5 M hvdrochloric acid followed
by 800 ml. of 2.5 M hydrochloric acid; 20-ml. samples were
obtained during the elution by use of an automatic fraction
callector 1 Samples (0.001 ml.) from each fraction were
chromatographed on paper™ in order to follow the chution
process. Appropriate fractions were then combined and
evaporated over sodium hydroxide pellets in a desiccator.

The same general procedure as described above has been
utilized for isolation of the imidazoles from the mutants
other than Cl41 with the exception that preliminary purift-
cations of histidinol from the culture medium of strain T1710
were carried out by the method of Vogel, ef ¢l.12

A summary of the data on isolations of six natural and
one synthetic imidazole is given in Table I.

TasrLe 1*
THE VARIOUS ISOLATED IMIDAZOLES
Riin
3:1
pro-
panol- Rfin 3:1 Dowex eluate-
0.2 propanol- fraction
N 1 .V acetic at which
NHs acid substance
What-  What- starts to appear
man man HCY,
Substance Mutant wno. 1 no. | M1 N
Phosphate ester of I C141 0.04 0.16 200 1.5
Phosphate ester of 1T Cl41 .07 L17 350 1.5
C141
I also C84 46 46 400 1.5
Isomer of I synthesized from
L-arabinose L4646 400 1.5
“Penicilium imid- 141 66 LE KO0 toA
azole’ 50 2.5
1I Cl41 66 .45 800 1.5
100 2.5
11X T1710 .62 .10-0.28 500 2.5
20 4

s For details of chromatography on paper see reference
number 11.

Identification. I from Mutants C141 and C84.!3-—A color-
less sirup was obtained when the DoweX fractions containing
I, from the Cl141 isolation, were pooled and evaporated.
All attempts at crystallization failed during the first few
months of work with the compound. The picrate is ex-
tremely soluble and the usual base precipitants were equally
unsatisfactory. The compound crystallized spontaneously,
however, after a month in the refrigerator.. It was tritur-
ated with acetone; then with cold absolute ethanol and re-
crystallized twice from absolute ethanol. Large white

(8) Ttlie barium precipitation removes tartrate and other substances
iu the medium that would otherwise come down later with the mercury
precipitation of the imidazoles. Barium does not precipitate any of the
imidazoles or imidazole phosphates,

(9) W. . Stein.and 8. Moore, Cold Spring Harbor Symposia Quant.
Biol., 14, 179 (1950).

(10) The authors are indebted to Drs. G. Keighley and H. Borsook
for use of this equipment,

(11) B. N. Ames and I. K. Mitchell, Tars JourxaL, T4, 252
(1952),

(12) H. J. Vogel, B. D. Davis and E. 8. Mingioli, bid., T3, 1897
(1951).

(13) Compound I was isolated from (84 several years before the
Dowex technique became available, [t was never obtained crystalline
but was investigated as a sirup.

rosettes of broad needles were obtained; m.p. 102.5-103°
(cor.), [«]®p 11.6° (¢ 12.1, in water).

Anal. Caled. for CelH,0O:N-HCl: C, 37.10;
N, 14.43. Found:* C, 37.53; I, 5.85; N, 14.57.

Periodate Oxidation of I.—One ml. of 0.26 M sodium
metaperiodate was added to 20 mg. of crystalline I (from
C141) in a 10-ml. volumetric flask and the solution was di-
luted to the mark with distilled water. The vohunetric
flask was placed in an ice-bath and 2-ml. aliquots were with-
drawn 0.5, 1.5 and 2.5 hours after mixing. Periodate con-
sumed was determined by the method of Forrest and Todd.®
The reaction was found to be at an end within the first half-
hour with the consumption of 1.8 moles of periodate per
mole of compound I.

A second aliquot of the reaction mixture was titrated with
0.01 M sudiwn Lydiuside in order Lo determine acid pro-
duced in the reaction (formic acid). An acid equivalent
of 0.9 mole of acid per mole of I was found.

A third aliquot (1 ml.) from the periodate reaction was
used for the determination of formaldehyde using a modifica~
tion of the method of Boyd and Logan.’* The l-ml. sample
was diluted to 150 ml. and a 3-ml. aliquot was mixed with
0.2 ml. of sodium arscnite solution {25%) and 2.5 ml. of
filtered chromotropic acid solution (720 mg. of chromo-
trapic acid in 20 ml. of water mixed gradually in an ice-hath
with 30 ml. of concd. sulfuric acid). The mixture was
heated with occasional stirring at 100° for 30 min. Known
amounts of formaldehyde were treated in the same way and
after cooling, optical densities were determined in the Beck-
man spectrophotomcter at a wave length of 580 mu. The
standard curve is linear in the range of 2 to 10 ug. of formal-
dehyde per sample. By use of this method it was found that
the periodate reaction mixture yielded an equivalent of 0.94
mole of formaldehyde per mole of compound ' I.

A fourth aliquot of the periodate reaction mixture was
chromatographed on paper.' An ultraviolet absorbing,
non-diazo reacting substance corresponding to. imidazole
aldehyde was observed. Authentic imidazole aldehydel
was. run alongside and the Ry values were identical.® No
other imidazole was observed.

Degradation of I to Imidazoleglyoxylic Acid.—A sample
of T (150 mg.) from C84 was refluxed for 3.5 hours with 10
ml. of coned: nitric acid. Nitric acid was removed by evap-
orating the solution to dryness in a stream of air, adding
water and evaporating again. The residue was then taken
up in a small amount of water and the pH adjusted to 3.0
with sodium carbonate solution. The resulting precipitate
of imidazoleglyoxylic acid was recrystallized from hot water;
yield 57 mg., m.p. 280-290° (dec.); Rein 8:1 l-propauol-
0.2 N ammonia solvent, 0.28; absorption spectra: 20 ug./
ml. in 0.1 NV hydrochloric acid, maximum at 285 mu, optical
density 1.92; 20 ag./ml. in 0.1 N sodium hydroxide, maxi-
mum at 252 my, optical density, 0.81.

Anal. Caled., for C;H,O3;N: C, 42.90; H, 2.86; N,
20.00; neut. equiv., 140. Found: C, 42.95; H, 2.99; N,
20.40; neut. equiv., 141.

The degradation was repeated on a small scale with I
from C141 and imidazoleglyoxylic acid was identified chro-
matographically.

Imidazoleglyoxylic - Acid from Histidine.—r-Histidine
was  oxidized with nitric acid to imidazoleglyoxylic acid!®
and isolated as described above. As demonstrated by chro-
matography of samples from the oxidation mixture, histidine
is first converted to imidazoleacetic acid at a high rate but
it is necessary to reflux'about 10 hours to effect the oxidation
of this compound and a number of side reactions occur.
Componnds T and TT da nat give rice to this resistant inter-
mediate. Caled., neut. equiv., 140; found, 139; m.p.
280-290° (dec.). Kmnoop reported 296° (dec.); Rf in 1-
propanol-ammonia, 0.28. Absorption spectra are the same
as for imidazoleglyoxylic from I.

The Bis-(phenyldiazo) Derivative of I.—A cold solution
of phenyldiazonium chloride (from 100 mg. of aniline, 0.3

H, 5.67;

(14) All microanalyses were done by Mr. G. Swinehart,

(15) H. S. Forrest and A. R. Todd, J. Chem. Soc., 3295 (1950).

{16) M. J. Boyd and M. A. Logan, J. Biol. Chem., 146, 279 (1942).

(17) A sample was generously supplied by Dr. Peter Lowy of the
California Institute of Technology.

(18) An R value of ‘0.75 was obtained: in 3:1 n-propanol-(0.2 N
ammonia,

(19} F. Knoop, Beitr. Chem. Physiol. u. Path., 10, 116 (1907).
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ml. of concentrated hydrochloric acid, 80 mg. of sodium
nitritc and 1.5 ml., of water) was added to 150 mg. of I,
(from C84) in 5 ml. of water. The coupling was done in an
ice-bath. A concentrated sodium carbonate solution was
added to the solution until a red precipitate of the bis-
(phenyldiazo) derivative was formed. This precipitate
was washed with water and recrystallized from adueous
methanol; m.p. 173-180° (dec.).

Anal. Caled. for Clgl{ls\eod C, 59. 00
22.94. Found: C, 59.08; H, 5.39; N, 22.30

Synthesis of 4- (L~¢rythro-’l‘nhydroxypropyl)—umdazole —
Parrod® described a method for the preparation of 4-(p-
arabino-tetrahydroxybutyl)-imidazole from glucose or frue-
tose. This method as modified by Huebner? has now been
utilized for the preparation of the various optical isomers
of 4-(trihydroxypropyl)-imidazoles from different pentoses.

1-Arabinose {10 g.) was dissolved in a solution of 45 g.
of copper acetate in 75 ml. of concd. aqueous aminonia,
After the addition of 16 ml. of 379 formaldchyde solution
the mixture was heated on a water-bath for 30 min. The
copper—imidazole precipitate from the cooled reaction mix-
ture was removed, resuspended and treated with hydrogen
sulfide. The products were then separated on a Dowex-50
column as described above for the natural imidazoles. The
desired product (apprux. 0.5 g.) was eluted from the column
in the same fractions as compound I. Similar preparations
were made on a smaller scale from p-arabinose, p-ribose and
p-xylose. None of these products has been obtained in a
crystalline form but all have the same chromatographic and
chemical properties as I. A comparison of the optical prop-
erties of the various products has not yet been carried out
since the synthetic compounds have not yet crystallized.

II from Mutant C141.—On evaporating the pooled frac-
tions containing II from the C141 Dowex column, the com-
pound- crystallized as white needles. These were reerys-
tallized three times from 959 ethanol; m.p. 171-174° dec.

I, 4.97; N,

(cor.). The erystals turn brown at 171°.
Anal. Caled. for CeHsOsNoHCl: C, 40.86; H, 5.11;
N, 15.90. Found: C,40.79; I, 4.85; N, 15.55.

1I reduces alkaline copper sulfate and Tollens reagent and
reacts with phenylhydrazine.

Periodate Oxidation of II.-—The periodate oxidation was
done by the same method as described for I. Aliquots
taken at 1.5, 6.5 and 20 hours all gave a value of 1.1 moles
of periodate taken up per mole of II. 1.0 mole of formal-
dehyde was found. Imidazoleacetic acid?® was the only
imidazole apparent on chromatographing the reaction mix-
ture. The isomeric hydroxyaldehyde, which would also
reduce alkaline copper sulfate, would, unlike II, yield imi-
dazoleacetaldehyde and formic acid on periodate oxidation.

Degradation of II to Imidazoleglyoxylic Acid.—Compound
IT (200 mg.) was refluxed with 20 ml. of concentrated nitric
acid. With this compound: the maximum yield was ob-
tained within 1 hour. No imidazoleacetic acid could be de-
tected on the chromatograms run at intervals during the
oxidation. The carbonyl group apparently activates the
methylene group next to the ring with the resultant rapid
formation of imidazoleglyoxylic acid in high yield. The
isolation was dome in the same way as for the product from
I; m.p. 280-290° (dec.); R: value in n-propanol-ammonia,
() 28. Absorption spectra are as given for imidazoleglyoxylic
from I.

III (1-Histidinol) from Mutant T1710.—On evaporation
of the hydrochloric acid eluate from the T1710 Dowex run,
IIT crystallized. It was recry%tftllucd three times from
95% ethanol; m.p. 194-195°. A sample mixed with au-
thentie L-histidinol dlhydrochlorxdc% (m.p. 193.5-194.5°)
melted at 193.5-194.5°. The R; values of the two samples
were identical.

Anal. Caled. for CGI-1110N3~ZI{C1: C, 33.78; H, 6.10;

N, 19.70. Found: C, 85.42; H, 5.87;, XN, 20.04.

Phosphate Ester of I.—Evaporation of the first fraction
from the Dowex chromatogram of imidazoles from mutant
C141 (Table I) yielded 500 mg. of sirup. Chromatography
of this materinl on paper gave rise to a spot which reacted
with both the diazo reagent and the phosphate ester reagent

(20) J. Parvod, Ann. chim., 19, 233 (1933).

(21) C. F. Huebner, Ta1s JournaLr, 78, 4667 (1951).

(22) The R value in m.propanol-ammeonia is (L.31.

(23) A generous sample was obtained through the courtesy of Drs,
1. J. Vogel and B. D. Davis.

of Hanes and Isherwood (as utilized by Bandurski and Axel-
rod?t).  Hydrolysis of the material with 6 M hydrochloric
acid at 100° for 1 hour or with alkaline phosphatase (Ar-
mour) at i 7.8 for 2 hours at 35° yicelded products con-
taining orthophosphate and an imidazole that is chromato-
graphically identical with [ in several solvents.

II Phosphate Ester from Mutant Cl141.—The fractions
containing the second imidazole from the Cl41-Dowex run
also gave a sirup when evaporated. The substance gave a
diazo reaction and a phosphate ester test at the same R:
value on a chromatogram (Table I). Warming this mate-
rial in dilute hydrochloric acid solution caused complete
hydrolysis to yield a substance that is chromatographically
identical with 1I.  In addition both II and the hydrolysis
product gave an orange ninhydrin test, reduced alkaline
copper sulfate and gave a slightly rose colored diazo reaction
at the same R; value on a chromatogram.

This ester hydrolyzed spontaneously over a period of
several months.  An a-keto group is known to labilize phos-
phate esters of this type, as can be seen by the extreme la-
bility of dihydroxyacctone phosphate ester.

““Penicillium Imidazole Compound’’ IV.—This imidazole
from C141 runs slightly faster than II on the Dowex column.
Unlike II, to which it is very similar in chromatographic
urooertles (Table 1), it does not reduce copper nor does it
give a ninhydrin reaction. It is chromatographically iden-
tical both with the imidazole accumulated by two penicillium
histidine-less mutants and with 4-(2,3-dihydroxypropyl)-
imidazole obtained by nitrous acid treatment of III. Ounly
a small amount is accumulated by Cl141 and insufficient
material for characterization was obtained from the Dowex
run. Two of the penicillinm mutants accumulate IV in
large amounts, but it has not yet been isolated in large
quantities.

Discussion

Structural Evidence.—The degradations of I and
11 to imidazoleglyoxylic acid establishes the imida-
zole ring and the position of the non-branched side
chain at carbon atom 4. The results of the perio-
date oxidations furnish evidence for structures®
which are fitted by only I and II. The analyses,
derivatives and preliminary synthetic work in the
case of I all confirm the structure presented. As
yet there is no evidence indicating whether I is the
p-erythro, L-erythro, D-threo or L-threo isomer. II
has no asymmetric carbon atoms and its structure
is therefore uniquely determined. III is a known
compound, synthesized by Karrer, et ol.,* and iso-
fated from a histidine-less mutant of I. coli by Vo-
gel, Davis and Mingioli.'* The determination of
its structure is therefore based on a comparison
with authentic III. Agreement of various physical
properties, analysis and a mixed melting point seem
to establish conclusively the identity of III.

The phosphate esters of I and II have not been
crystallized and the evidence for their structure is
chromatographic and enzymic. The position of
the phosphate group on I is unknown, though by
analogy with the ester of II which only has one hy-
droxyl, the primary hydroxyl group seems likely,
but a phospho-enol linkage 1s possible in II. The
relative stability of the ester of I to acid hydrolysis
suggests a primary ester.

The evidence for the identity of TV with the imi-
dazole accumulated by two of the penicillium histi-
dine-less mutants and in small amounts by Cl141 is
solely chromatographic. It is mentioned because

(24) R. S. Bandurski and B. Axelrod, J. Biol. Chem., 183, 405
1951).

( (25) A discussion of the applicability and specificity of this reagent
is given by E L. Jackson in “‘Organic Reactions,” Vol. 2, John Wiley
and Sone, Tne., New Vork, N. V., 1944, p. 341.

(26) P. Karrer, M. Sutcr and P, Waser, Helv. Chim. Acia, 32, 1036

(1949.)
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‘of the apparent structural relationships with the
other compounds and its accumulation by both
fungi.

The Biosynthesis of Histidine.—A previous pub-
lication® presented genetic and biochemmical evidence
that the histidine mutants of neurpspora are re-
lated from the standpoint of biosynthesis of histi-
dine according to the scheme

Co4 g4 Cl41 T1710

X Y Z Histidine
Cl40 |

A B (o}

A, B and C refer to the compounds accumulated by
the various mutants and they were not considered
to be intermediates in the biosynthesis. 'L'hese
compounds have now been identified as: A = I,
B = Il and C = III. These compounds do not
support the growth of any of the mutants and the
discovery of the phosphate esters of I and II in the
mycelium of strain C141 suggests the possibility
that these esters correspond to the actual interme-
diates X and VY indicated in the above scheme.
Since phosphate esters in general are not taken up
by growing neurospora, it is necessary to use en-
zymatic methods to determine whether these es-
ters are actually intermediates in histidine biosyn-

thesis. Experiments of this kind are in progress.
Since the first compound accumulated in the series
contains a trihydroxypropyl side chain, it is a par-
ticularly attractive hypothesis that the carbon chain
of histidine is derived in quite a direct fashion from
pentose phosphate.

Compound III isolated from an L. colz histidine
mutant by Vogel, et al.,'? provided an important
clue as to the nature of the biosynthetic pathway.
It was found that his isolated L-histidinol was util-
ized slowly by another histidineless Z. cols mutant.
By selection from this second mutant, a strain was
obtained which utilized vr-histidinol 759, as well
as histidine. If not histidinol, but its phosphate
cster is the truc intermediate, results such as this
can be easily explained. Perhaps what was being
selected for was an organism with a histidinol phos-
phorylating enzyme.
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Dr. Hugh Forrest for his interest in the work and
his aid in the periodate titrations. We are in-
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D-erythro-trinydroxypropyl lmidazole

In view of the possidle relation of the trihyvdrowypropyl imidazole
0 pentose it became ol interest to debermine the exact confiruration of
tals compound. As deseribed previoucly the L-erybhro-~trihydroxyprooyl
inidazole was synthesized from Learabinose buf could not be erystallized.
The D-erythro isomer was synthesized from D-srabinose by the sone
proceduwre. A sirup of the synthetile Teerythro isomer crystallized when
& seed crystal of the Neurospora trilydroxy imidazole hydrochloride
vas added. The crystals were triturated with ecold acéto&e gud re-
é?yﬁtallized from absolute cthanol. Only about 50 w:. were obtained
from 10 g. of D-arabinose. Ho atteupt was wmede to improve the synthesis
80 that a better yield would be obtained. The compound isolated from
HNeurospors was Judged, on the basis of the follovinz criteris, %o be
{dentical with the synthetic compound, end thus to have the D-erythro

coull uration:

L. Analysis o7 the syntbetlc compound.

For CgHyplslin "HCL

Cale'd Found
G 37.10 37.15
GH 5.67 5.09
e 14,43 1420

2. Mixzed weltin; point.

@.p. of leurospora compound 103-103.5% {uncorz.)
w.p. of synthetic D-erytiro cpd. 102.5-103° (uncorr. )

wixed melting poiat 102.5-1037 (uncorr.)



3. Optical rotatlion,

Neurospora compound {&}%5‘6 - 213%.3% (c TS, waﬂer}
synthetic compound {a}%5°é = 413.0°% (¢ 7.5, water)

L, Physical propertics,

Both compounde Tormed rosettes of prismatic ncedles on
crystallization. The RT of the symthetic compound was ildentical
with that of the compound isolated Trow Heurospors in each of the
several solvents used. The two compournds show the same behavior

on the Dowex~50 column.

Other cogpounds accumulated by the mutants.

During the course of the isolation procedures several other
compounds glving dlazo tests vere elubed From the Dowex columns. They
are present in the noutante in small amounts and 1t is nobt known vwiether
they are also present in smell smounts in wild type. One of these,
obtained frowm Clhl, is chromatographically identical with imidazole
acetic acid.  The Rf in 3:1 n-propanol-1Y acetic acid is 0.23; in
3:1 n-propanol-1¥ amgonia 0.31;, and in 2:1:) ethanol-amyl aleohol-1i

acetic acid 0.38. It shows approzimstely the same behavior on a Dowexn-5

column as the ilmidazole acetol (hydroxyketopropyl iwmidazole).

Encymatic experiuments wlth some of the imidazoles.

Prelinminery experiments have been carried out with some of the
inldazoles to see vwhether enzymatic conversion of one to another could
be demonstrated, Paper chromatosraphy was used in the absence ol o
more sensitive sualybical wethod for detecting a reasction. In one
experiment several nev diazo-reacting substances appesred on incubation

0i the phosphate ester of trihydroxypropyl imidazole with ground mycelium.



The enzyne was prepared by grinding 5 grams wild-type uycelium and
2.5 :rame sand 1n 12.% ml. of 0.05 ¥ phosphate buffer {pE 7) in an
iced mortar. This crude enzyme preparation (0.2 ul.) was added to
each of three test btubee containluy respectlvely, buller, trilydroxy-
propyl imidazols phosphate ester, tribydroxypropyl imidazole, and
ribose-5-phosphate. The reaction nivbures were zade up to 0.5 nl.
with buffer. Controls conbaived bolled enzyme. These mixbturss were
incubated sercbically at 359 for 2.5 aours. The reaction vas stopped
by addition of 0.3 mi. of 20% trichloracetic acid to each tube. The
tubes were then centrifuged and the reactlon mixtures vere extracted
with ether. The extracted supernatent vas cﬁmcamtrateé and chrogato-
graphed using the propanol-ammonla solvent. The chrowatosranm was
sprayed with dlazosulfanilic acid reagent. The reaction mirxture con-
taining the imidazole phosphate ester and fresh enzyme showed, in
addition to the diazo spot of the phosphate ester, a spot at B 0.k
corresponding to the dephosphorylated compound; and a new spot at

Rf 0.27. These were nob apperent iv the other tubes. The hydrolysis

of the phosphate ester was probably caused by non-specific phosphabases.

1% iz planped to investlgate this nev compound at some Tuture time.
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in investisating a blosynbthetic sequence such as that of histidinoe,
standard enzymatic methods ave not of much use in the sbsence of
information on the identity of some of the intermedistes. DBecause oF
their unioue advantares blochemlcal mutants have come increasingly into
favor Tor investisatinge this type of metabolism. Hutants of wicro-
or;anisms are especiaslly valusble for studying a blosynthesls because
of the frequent accumulation of compounde due to the genetic block,
the ease of testing compounds for growth-promoting activity, and the
ability to establish a seoquential order among the mutants in refersuce
%o the synthetic scheme, The information obtained Irom wutants
perteining to the bipsynthesis is, hovever, not strictly comparable
%o the informatlion that would be obtained by an ensymological study
of a metabolie chaln, and this difference 1ls worthy of a brief analysis.
Tn standard enzymological terminolosy for exasple, 17 the phosphate
ester of gluconie acid i said to be on intermediate iln the couversion
of glucose-G-phosphate to ribulose-5-phosphate, in E. coli, it is meant
that enzymes are known in E. coll which convert slucose~-C-phosphate to
to gluconic-G-phosphate, and gluconic-L-phosphate to ribulose-5-phosphate.
Gluconic-6~-phosphate, then, can be sald to be a precursor of ribulose-5-
phosphate on this particular pathway, bearing in mind that possibly the
enzymes are not assoclated iun any physlological sense in the intact
orzanism. Seldom does one Tind in papers in biochemlcal genetles,
houever, that the words precursor end intermediate are used 1ln even
this exact a sense. Ividence bearing on precursors and intermediates

can be obtained Trom an ordered series of mubants by "feeding experiments’



where compounds ere sxamined for thely grovih-promoting activity o
the mubants, or by an accumulation analysic such as has been done for the
histidine mubtants, or, aost elesantly, Yy a combination of these uwethods
when mutants vill “eross feed.” In Teeding experiments, one counsiders
as "precursors' not only compounds whilch are precursors in the
enzymological sense, buv also compounds that can be translormed into
sueh precwursors hy the mutent. In 2ddidicon anueh "Feeding’ resulis may
e completely misleading 17 the mubent block is a result of some coapli-
cated metabolic interaction. A threonlne gubant which will also grow
on sullonnaide (U5) 1s a case in point. This mutant seems 0 hove o
threonine regulrement because of an gbnormal catabolisa of threonine,
the vrcbable couse of which has been traced to the production by the
matant of an excess of p-emincbenzoic acid which catalyzes thls excessive
destruction of threoulne. Julionemide enables the mubant Lo g?au by
antegonizing the excess p-aminvbenzoele acld,

I? the cause of the requirement, as in the sulfonamide mubant,
is more complicated than apparent, accusulations also way be aislesding.
Other éifficulties in interpreting date on aceumulations, sueh as
metabolic traneformations, have previously been discussed. I boith
aecumulation and biélcgical activity of a coumpound vcan be demonsbtrated
in a serles of mutants, then the possibility that the compound is e
precursor” becomes culte likely, but the method still does nob
distingulish between precursors in the enzymologlecal sense and related
compounds that can be transformed into these true precursors. In the
histidine wutants, as in other cases, there is no substitubte Tor an
enzymological investization of the cogpounds suspeched of belng true

precursors,
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The intormation that a compound is not ubilized by & mutant can
also be misleadin:, and does not necessarily meaun that the compound is
not a precurscr in the blocked bilosynthetic sequenece. Heurospors
myeelium is apperently permeable to many compounds only in ile nou-
ionized Torm, e.g., Tormic acid (U6), nicotinic acid (L7). Bonoer and
Bendle (47) have investigated s nicotinicless mutant for vhich nicotinie
acid 1s as active as nicotinamide when the culture wedium is at pH 4.6
but is completely inactive at pH €.6. Phosphate esters, having a pX of
sbout 1, are not taken up by the mycelium at all (48). The more difficulk
problem then of identifying possible intermediates which will not
enter the cell, such as phosphate esters, must be solved using inlorma-
tion gmined from accumulations rather than from "feeding experiments”
as a gulde to enzymatic experiments. It is postulated that the inter-
mediates in histidine synthesls fall into this category.

From the order of the éutsms as established by the analysis of
the double mutants, and the nature of the accumulated compounds, a
scheme has been postulated (fig. 1) relating the mutants and their
pecumulations to histidine synthesis. The phosphate esters of D-erythro-
trihydroxypropyl imidazeole and imidacole scetol, rether than the
unphosphorylated compounds, are presented as likely intermedistes. If the
unphosphorylated compounds were the actual interpediates then one would
expect them to be teken up readily by Heurospora and to show biological
activity Tor the mubants blocked before tihese compounds in the segusnce.
The fact that they will not substitute for histidine is more easily
erplained or the basis of their not beinz intermediates than on the
basis of permesbility. The pk o the imidazole ring is sbout 6.5 for

these compounds and thererore they are quite weak bases. Hewrospors
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is even permeable, however; to such strong béaes as choline and
arsinine. Neurosporaza is also permeable o imldazole acrylic acid st
the pH of Fries mediunm (5.5), =nd o course histidine is taken up by
the mold. The fact that the acecumulated bases diffuse out into the
“ulbture medium during srowth and are not confined %o the mycelium

also seems to indicate that Weurospora mycelium is quite @ermeéble b0
them. I the unphosphorylated compounds were the actual intermediates,
1t would also be difficult to explain the appearance of their phosphate
esters in the mycelium.

On the other hand if the phosphate coters are plcitured as possible
interuediates these difficulties do not arise. The mold myceliunm is
lmpermeable to phosphate esters as has been indicated, so it is not
surprising that these substances do not substitubte for hisbtidine in
grcwth experimente. The enzyme experiments that were done show that
Heurospora has a phosphatase capable of hydrolyzing the phosphate
egter of the t?ihyﬁroxypropyl imidazole, and Heurospora has also
been shown by Shuster and Kaplan (49) to be rich in phosphatases.

If simple phosphate esters or even more complex dinucleotide-like
precursors were accumulated in the mycelium they would be expacted to
be nydrolyzed very readily by the wold.

A polnt vorth elaborating in the postulated scheme ls the relation
of the dibydroxypropyl imidazole to the rest of the compounds. The
presence of smell &Qounts of dihydroxypropyl imidazole in Clhl sugsests
this compound may arise by sowme non-specific reduction of imidarole
acetol or imidazole acetol phosphate. Anslogous to this would be the
reduction of dihydroxyacetone to glycerine, and fructose o mamnitsl,

which are well-known microbiologieal reductions., ILardy (50) has shown



that a-glycerophosphate delydrogenase is nob strictly specific as 4o
substrate and will convert scetol phosphate to propanediol phosphate.
This enzyme might be also actilve on imidezole acetol phogphate in
fieurospora. It 18 Of course possible that an ester of the Ainydroxy
compound 1s ectually an intermediate and the imidazole acetol phosphate
is a side product, or that both compounds are intermediates. T
sccumulation of the dihydroxyvropyl imidazole by the two Penilcelllium
mutants examined 18 of inkerest in this regard. In flgure 1 the
dihydroxy compound has been pletured as a side product. This results

in & relatively simple chaln of reactions to yvield histidine. 4

rization of the trihydroxypropyl lmldazole phosphate esber could
presumably yvield the ester of ipidazole acetol directly, and & trans-
aninetion might convert this dirvectly to histidinol phosphate. The
L-histidinol or L-histldinol phosphate couversion o histidine probably
involves several steps. E. Adems et al. {51) bave cbtained an
unidentified straln of aercblc soll baciteria which adapte to histidinol
as a carbon souwrce. It will also adapt to histidine, When the bacteria
were adapted to histidinol they were Tound to be gsimulbaneously adapted
t0 histidine, -sugpesting that the histidinol iz metabolized throush
histidine. An.enzyme extract has been cbtalned Irom this orgsnlsm
which converts histidinol to histidive. It has not yst been determined
vhether this zoes through the phosphate ester of histidinol (52).

The structure of the D-erythro-trihydroxypropyl imidazole suzgests
that earlier precursors are sugar devivatives, especially when one
bears in mind that this cogpound can be synthesized Trom formeldehyde,
amnonia, and pentose under wild conditions. Parrod's origlual syntheses

ol D-arabino-tetrahyiroxybutyl imidazole were done at room teuperatuwre.
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'. The Tact that the trihydroxy compound is of Decrythro configuration
suscests that D-ribose-b-phosphate or D-arabinose-SH-phosphabe, the
pentoses with this configuration, mijght well be fthe starting point far
histidine bilosynthesis. This indirect evidence polnting to sugsrs as
the precursors of histidine 1s in agreement with the tracer vork of
Levy and Coon (15). Ié is surprising to find that speculations about
th@‘biogenesis of histidive frox sugars were made wmany years ago by

M. Guogenbeinm. It seews appropriabte to quote Trom his useful book

Die Biogenen Amive (53) concerning the Parrod reaction:

"Es erscheint nicht susgeschlossen, dass auch in der lebenden

Zelle eine almliche Reactionsfolge von einer Pentose oler Hexose

aus zur Bildung des Histidins fihrt.”

It is of interest in light of these investirsabions of the mubanis
to examine the pathway of histidine degradation for a possible connection
with the synthetic pathway. Tracer work on yeast indlcated that the
degradative pathway was probably not the same ag the synthetic pathusy;
this seems to be true Tor NHeurospora also. Preliminary experiuents have
been done by Haas (54) showing that, despite their block in the synthetic
pothway, the Heuroepors histidine mutants will degrade histidine and
urocanic scld to non-diazo-reacting substances. It seems likely,
therefore, that histidire catabolism in Yewrospora is sinilar to that
in other organisms investirsted. I this is the case, it is apperent
that the proposed synthetic scheme is almost tobtally dissimilar to bhe
degradative pathway as shown in figure 1. One comnection between the
pathvways, however, way be throuch a formate pool in the or;anism.
Formate 1s incorporated into the 2 carbom of tﬁe ring during synthesls
of histidine, and s8lso 1s liberated during catabollsm of hlstidine,

One vonders whether this Tormate cyele has any physiolojpical significance
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',in resulating the biogyathesis or the scatabolizn, in the manner ol &
feed-back pechanisn. The degrodative pathway 1z also of interes?t 4o

the present investigation because oF the asppesrance of inldazole acetic
acid in small amounts im ClhL. This imidnzole derivative mey arise

Trom the degradation of one of the sccumnlated imidazoles, or fron
degradation of histidine throush the histanine pathwey. As wlth some

of the other unanswered questione, this will probebly best be elucidated

Ty meens of enzyme ewperiments.
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