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CHAPTER l 

GENERAL INTRODUCTION 



GENERAL INTRODUCTION 

During the past 'ben years, the importance of the phenomenon 

of enzymtic adaptation has beoome more and more apparent. Besides 

being in itself of considerable interest, it possesses implications for 

general oellular physiology extending outside of the area in which adapta­

tion was originally studied, that of variations in micro-organisms. 

Thua, advanoes in our understanding of genetio mechanisms have already 

been made through studies of enzymatic adaptation (1). It has been pre­

dioted that further knowledge of enzymatio adaptation will thraw l1ght 

on some of the mechanisms of cellular differentiation in animal tissues 

(2). Arguments have been advanced to link adaptive enzyme formation with 

detoxioation meohanisms and ant1body formation in higher animals(3). 

Elegant teohniques have been devised, emp10ying enzymatio adaptation for 

the study of metabo1io pathways in baoteria (4). Fiœ1ly, with ttle 

growing realization that enzJn8tio adaptation la the expression of a 

biologioa1 phenomenon of fundamental importanoe, many workers are turn1ng 

their attention to its use for the study of genera1 Jœchanisms of enzyme 

synthe sis and of protein synthesis. 

This subjeot has been reviewed several times in the past 

(5-11), most reoently by stanier (11) in 1951. References te the 

earl1est work are given in the reviews of Karstrom (5) and Dubos (6). 



In view ot this, a oomplete literature surTey will not be givan bere. 

A short historical aooount ot the work oarried out on thia phenomenon 

will he present.d, with speoial attention given to those experiments on 

whioh the ourrent Ti.ws ot enaywatio adaptation are based. Past work 

on the speoifio problems dealt with in this tbseil will he giTen in 

aeparate seotions in detail. and a tborough disous.ion will be giTen 

of experiments whioh relate enzymatic adaptation to protein synthesi •• 

It will he se en sub.equently that enzymatio adaptation doe. involve 

the syntheail of enzymes. and tharetore the synthesi. of proteins. 

Studies of the faotors involved in enzymatio adaptation. suoh as those 

reported bere, are abo studies of the faotors underlying protein 

.ynthesis in the 1iTing oe11. 

Defini tians ot adaptation 

In di.oulling the pbenomenon in m10ro~rgudSlU, the ter. 

"adaptation" has been used in the p&st to denote reversib1e ohangea in 

these organislll8, induoed by the introduotion of new taotor. into the 

environment and not involvin! alterations of the genes. The tera has 

been applied to various pbenomena. 80me intrinsically, other only 

superfioially related. These inoludet 

1. The deTe10pment ot the abili ty to grow in the presenoe ot toxio 

substances through suboulture in the presence ot sub-letha1 a.,unt. 

ot thee. substancee. 

:2. 



2. Changes in virulance ot mioro-organis_ upon passage through a 

boit or upon cultivation in art1tical media. The training of 

mioro-organisms to overcome the resistance ot prospeotive hosts. 

3. Changel in nutritional requirementl induoed by training ot mioro­

or ganiSlll8. 

4. The development ot the ability to aetabolize certain substratel 

through growth in the presence of these substrates. In 80me oales, 

the ability to met&bolize a substrate ... y be gained without oell 

proliferation or in a medium lI'hioh will not support growt~ 

In addition to such phenoDleDA in mioro-organisme, it has been 

tound that administration ot a given substance to living animals (12) or 

to embryol (13) may bring about the tormation of an enzyme system able to 

attaok this substance or may greatly inorease such an enzyme system if 

already present. This phelloDl8DOn bas been known for a nUlRber of years 

(5) and interest in lt bas grown reoently with the increase in knowledge 

ot adaptation in mioro-organisms. Thus far, howeTer, investigators have 

direoted their attention priarily to the nature of the enzyme systeDUI 

tormed rather than to the meohanism. ot formation ot such enzyme 

systems. 

The experlmental studies and theoretioal oonsiderations ot 

Hinlhelwood (9) have been devoted to the deTelopment ot resistance by 

bacteria to to:do substanoes. It is his belie! that this "training" ot 

baoteria to groll' in the presence of toxie substanoes inTolTes the torma­

tion ot nell' enzyme patterns in baoteria. His analyses have shown tbat 

3. 



it would be diffioult to explain aIl training phenomena as natural 

selection. For example, bacteria trained to resist a drug, may 

lose ail resistanoe upon one pasla@B through a drug-free medium. To 

aocount for this by natural seleotion would require the unlikely 

assumption that resistant baoteria grew lels well in the drug-free 

medium than non-resistant ones. With the type of experimenta, often 

involving many suboultures, whioh are œoessary in studying trw 

development of rasistanca to drugs, it il, however, impossible to rule 

out naturel seleotion as a oomplicating factor. There have been few 

demonstrations yet of ohanges in the enzyme patterns of oe11s whioh 

have become resistant to toxic substanoes, although reoently invest­

igators have begun to give attention to this problem. Yall and Green 

(14) observed, for exampla, that in the presence of uraa Microocus 

pyogenes var.aureus produced a uraase the action of whioh was inhibited 

by furacin, p-chloromerouri-benzoate, and trivalent arsenicale, but that 

strains of this organism resistant to turacin produeed a uraase not 

affected by the above inhibitors. Theae authors postulated that the 

urease normally produced ls a sulfhydr,yl enzyme, whereas the aotivity 

of that produoed by resistant cells does not depend upon the presenoe of 

'a sulfhydr,yl group. Suoh isolated observations ara only hints, however, 

and muoh additional work will be required ta make clear the relation 

between the training to toxie substances and other types of adaptation. 

Studies of the changes of virulenoe upon passage through a host 

are extremely difficult to interpret becauss of the impossibility of 



exactly controlled experiJœnts and the .complex :aa.tur. ot the pheUOlll8_ 

baing studied. Workers on this type of "adaptation" have been limited 

to describing these changes in the most qualitative manner (15), and it 

is sel do. possibleto deoide to wbat extent natura! selection il 

involved. 

Training in nutritional requirements ia ulually linked 

intu.tely w1 th · natural selection. A well-kno1l1l example il tbat ot 

Salmonella . typhola, whioh, as W'8.S shawn by Fildes !!!!.. (16), _y be 

trained to grow without added tryptophan through serial oultivation in 

media containing progressively less and le88 tryptophan. This, as 

demcnstrated later by Fildes and Whitaker (17), iUTclve. the seleotion 

ot mutants whioh are able to synthesile tbeir own tryptophan. Suoh 

training phenomena have been extremdy valuable in studies ot metabolic 

pathways in baoteria, but the difticulti8s and uncertainties involved 

in determin1ng to what exœnt the se phenomena involve reveraible, 

genetically stable ensymatic ohange are obvious. 

It iB to the adaptation ot micro-organisml ta · utilize "new" 

substrates that !DOat attention has been gi'Yen in the pa,st and in the 

stuQy of whioh th. DOst valuable kDowledge has bean gained. In thi. 

thasi., the term "anzymatio adaptation" will be use d, following the 

suggestion of Stanier (11), to describe substrate-activated biochemical 

variationSin micro-organiams not involving ohanges in genotype. A tell' 

examples abould illultrate this pbenoanon. 



Bakers' yeast (Saooharomyoes oerivisiae), grown on a medium 

not containing galactose or any substance (e.g. laotole) which will 

giTe rise to galactose, il unable to terment galaotose when suspended 

in itl presenoe. If yeast is grown in the presence of galactose, the 

oells aoquire the ability te terment galaotose. With lome atrains ot 

yeast, the ability te terment galactose may be aoquired througn 

suspension in a medium oontaining galactose, under oonditions suoh 

that no growth ocours - e.g., laok of a nitrogen louroe, high cell 

dens1ty or short time of inoubation. If tbese adapted oelll are tben 

grown in a .dium oontaining no galactose, or IU'p8nded in a mediua 

without galaotose under oonditions snoh as that an active metabolilM 

may take plaoe, the ability to terment galactose ia quickly lost (10). 

The tyrosine deoarboxylase system 18 normal1y present in 

small amounts in Strep. taecalis. Growth under the appropriate oondi­

tions of temperature and hydro~n ion ooncentration, and in the prelenoe 

ot tyrosine, brings about a thirty-fo1d inorease in tyrosine decarboxy'lase 

actiT1ty by the celll ot this organi •• (18). 

An int8resting e%ample ot enzyaatio adaptation i. that ob.erved 

in the soil organism iBolated bl" Dubos and Avery (19), wh1ch oould be 

trained to utilize the Type III oapsular polysaooharide ot PneUMOOOCOU8 

al a oarbon source tor growth through being oul tured in a _di ua 

oontaining thi. polysaocharide. Growth in media containing other 

oapsular polysaccharides, e.g., Type II, did Ilot giTe this organi .. 

the power te utllize the 1'ype III polysaccharide. This tinding is an 

example ot olle ot the most striking tact. about ellzymatio adaptation, 

it. narrew sp8cifioity of induction. 



other adaptive eDSyme systems will be mentioned in the 

oourse ot the historioal BUM'ey which tollo1l's and, where relevant, 

during the desoription ot the experimental work. One oase ot the 

development ot an apparently new enzymatio ability by a baoterial 

population through naturel seleotionwill he given bere to illuBtrate 

the distinotion betw8en the latter phenomenoD and enzymatio adapta-

tion. 

The organ1em, E. ooli JIlUtabile, 1s ord1narily UD&ble to 

terme nt lactose, but upon repeated suboul ture 1n _dia ;. oontaining 

lactose, it gain8 this ability (20). It bas been tound (21) that in 

the non-laotose-fermenting populations ot ~~ .utabile normally 

ODe cell in every 105 has the ability to terwent laotose. In a 

lactose-containing medium, tbese cells are enoouraged to groy, and 

atter severa.! 8uboul tures .. y dolldnate the oeU population. Thi. 

oulture, oonta1n1ng -.inly lactose-termenting oe118, .. y then he 

suboultured several timBS in a laotose-free medium without 1088 ot 

aotivity. 

In en~tio adaptation. aB opposed to natural seleotion, 

the organisa gaina its maximal adaptive enzymatio aotivity after ODe 

pa,ssage throughA.-mediUlll oonta1Ding the adaptive substrat., and revert • 

... te its pre-adaptive level of aotivity atter one passage through medium 

lacking the substrate. Such a test of reversibility i8 e8sent1&! in 

deoiding whether any phenomenon 1nvolving growth is adaptive. It bas 

been pointed out, however, (10) that it i8 dangerous to place tao 

7. 



sruch reliance on sueh criteria alone in distingui.hing betw8en 

adaptation and natural seleotion. The 8asy loss of an enzyaa.tio 

activit~ may be due to a baok mutation and seleotive growth of th. 

old type of organi.m. The instability of a histidineless strain of 

!!. ~ (22, 23) 18 ci ted as an eumple of suoh a baok-JIl\ltation. TAu., 

altbough it would oertainly be iapouible to explain a11 exaaples of 

enzymatio adaptation during growth as being due to natural seleotion, 

natural selection may not be completely excluded as a complicating 

factor wbenever adaptation talce. plaoe during growth. For thia realon, 

.an,. lIOrkerl have stud1ed tbose exam.ples of adaptation which talce place 

without cell proliferation and in whioh natural aelection may be ruled 

out. The development of the galaotozYJale system of yeast, whioh, as 

has alrea~ been mentioned, may talce place Yithout cell proliferation, 

bas been investigated more than Any other oas. of enzyme formation, and 

tro. thele studies muoh of our knowledge of the meehanis. ot adaptive 

enzyme tormation has been gained. 

Historieal Survey 

The bioohemical variations ot a baoterial speoiel upon 

oultivation on growth lIedia of ditferent oompositions JOUst have been 

observed ~ times during the early hiltory ot baoteriology. The 

oredit for firlt realiziDg that a sub.trate-induoed enzy.e formation 

'ftl involved il due ta Wort_m (24) who, in 1882, deJllOnstrated that 

oertain bacteri .. produeed amylase only .. ben grown in a _dia 

oontaining luroh. 

;. 



In 1899 Duclaux (25) obseM'ed the prOduction of extra­

oellular enzymes by the Aspergili. He no'ted that these organia. 

produo.d proteases and saocharase only when grown in the presence of 

~lk and suorose respeotive1y. 

Dieœrt. (26) in 1900. was tbe firat to show that the fora.­

tion of galactozyma8e in ysast was dependent upon the presenoe of 

galactose in the growth medium. He reùized the illpOrtance ot the 

question of whether or not adaptation was aooompanied by growthe 

Some of his experi_nts were oarried out in auspensions of yeast oel1s 

ot high enough denaity to prevent oell proliferation. Be ooncluMd 

tbat in th1a case adaptation oould talœ plaoe without proliferation ot 

the oells. His oonclusion, atter various oontradiotory findings has 

more recently been tully oonfir_d by Spiegelman and Lilldegren (27). 

In 1912. von Euler aDd JobaDnson (28) decided after a Itu~ 

ot the rates ot adaptation by ysast to galaotose fermentation that the 

prac.ss ot adaptation is dependent upon the building up of. nitrogen­

containiDg materials withiD the oell. 

In 1930. Kara'trom (29) publiahed the resulta of a sys'tellatio 

.tudy of enzy. formation in bao'teria. Ua1ng the pentose-fermenting 

lao'tio acid bac'teria. B.tacoccus arabinosus and Laotobaoillu8 

pentoaoetious. he devised experiments to de'termine 'the -.nner in whioh 

the forma-tion ot oarbohydrate-splitting enzymes by the bac'teria wa,s 

dependent upon the oar'bohydrate present in the mediua in whioh the 



baoteria were grewn. Following thele exper~ntl. Karstroa (5) 

oonoluded that eaoh strain ot bacteria oontained two t,ypes ot enzymes: 

1. ConstitutiTe eJlS~s: Those whioh the cel18 ot a mioro-organhJll 

alwals to~, independentll ot the composition of the oulture 

_di um in whioh the orgams. 18 g1"01ll1+ 

2. AdaptiTe enlymes. Tho .. produced bl a !lioro-organis. oruy ~ 

requiredJ that il. tho.e whose tormation in a mioro-organis. is 

de pen de nt upon adaptation ta a speoitic substrate. 

Although KarstrOll" def'initions serTed the purpose of' bringing 

a large nUilber ot obsened pbeno_na œder one system. i t is DOW real1zed 

that bis olassifioation ot oonst1tutiTe and adaptive enzy.s 18 not a 

TaUd one. Furtber studies baTe shown that the distinotion between the 

tOrBl8.tion of oonlti tuti Te and ot adaptiTe enzyme 8 h quanti tatiTe and bl 

ne means 80 rigid as Karstram lupposed. 

In ODe of the ear11est discussions ot this point. Quastel (30). 

in 1931. advanoed the opinion tbat - "oonstitutiTe and adaptiTe eD%ymes 

do net reprelent two entirely ditterent olasses of enzymes. They 

repre.ent rather the limits ot var1ability ot euymes in a oell - the 

consti tutiT. baTing the least range. and the adaptiTe the greatest range. 

ot variability uDder ditterent enTiroDmSntal and nutritional conditions". 

Gale (1). al well as Spiegelman (31). has poiDtèd out that 

oertain enzymes. tormerll thought absent under certain conditions and 

Jo. 



termed adaptive. have been found oonstitutively present through the 

use or lIlOre e:qot methods of measuring enzymic activity. Thl.s, the 

galaotozymase of !:. 22.!! is termed an adaptive enzyme but oolls of 

thia organisalJaaye normall;y a small galaotozymase activity (Q-o~ ot 

about 20). whioh is lncreased to a Q-C<>2 ot about 500 when thi. 

organisa is grown in the presence ot galaotose (32). The tyrosine 

deoarboxylaae of strep. t'aeoa11s has already been l1Itntioned. The 

aotiyi~ ot this enzyme undergoes a thirt.y-fold adaptive increase. 

It does not lncrease from a zero level. 

In addition. there may he wide variability in those 

enzymes whioh are oailed oonstitutive in the sense whioh Karatrom 

uaed. Gluoozymaso ot !!. coli. tenaed a oonstitutive enzyme Idees in 

fact illOrease 100% if the organiBlll ia grown in the presenoe of glucose 

(32). Thore are only a fe. known enzymes. for example. those of 

Paeudomonas pyooyanea. involved in the oxidation of putresoine. oada­

verine. and agmatine. which tit into Karltromt • definition ot oonstit­

utive enzymes (7). Quastel (30) studied the ohange. in levell ot enzyme 

aotiYity ot the urease. oatalase. and t'umarase in lysed suspensions of 

Miorococcua lysodeiktiou8 whioh took place tollowing ohan~. in composi­

tion ot the medium on whioh the intaot oells .ere gt'Own. He tound that 

the presenoe of glucose in the nutritional lI8dium stimulated the for .. -

tion of ureas8 and suppressed tbat of catalase. Urea in the nutritional 

lII8dium did not stimulate thB formation of urease. nor did tumarate 

stimulate fumarase formation. Beoause of their variability under dif-

Il 



terent growth oonditions, these enzymes oould not be olassad as 

oonstitutive under Kar8trOlIl's soheme, and as they did not vary with 

their speoitio sUbstrates, th.y oouid Dot beolassed as adaptive. 

Quastel suggested tbat enzymes shouid themselve. be oons1dered as 

matabolites. aubjeot to the SUIe laws as other oeIl metabolitesJ 

he .tated tbat one of the means of aotion of the speoific subBtrate 

and of other substanoes inducing enzyme formation might be through 

oombining w1th the enzyme and preventing its destruotion. 

The arbitrary nature of KarstrOJIl' s definition ia further 

illuitrated if one attempts ta apply it to tbose enzY.1n whose 

subltrat •• are alwaya pre8ent. even if in small &mOunta, in normal 

0011 _tabolisJR. Thua, it would be ditticult to olassity suooinio 

dehydrogena.e al oonstitutiTe or adaptive, ainoe traoes ot aucoinio 

aoid would be preBent under al.lllost a11 conditions and i t would not be 

possible ta test if suooinio dehydrogenaae would diaappear on growth 

in the ab.ence ot suooinio aoid. 

Gale (7) has proposed a na. olassifioation whioh brings the 

obaarved data into a IIOre 10gioa1 syBtam.. Aocording to his soheme, 

adaptive enzymes are those woaB aotivi ty undergoBa an inoreas8 

greater than tive-fold through growth of the organilm in the presenoe 

ot the speoifio lubstrateJ oonstitutive enzymes are these whose 

inorease in aotivity il laIS than 100%. He luggested the term "semi­

adaptive" tor thoS8 ensymes whose activity undergo •• a two-to-tive taid 

inorease. Suoh a olassifioation is in aooordwith the view that the 

J:J.. 



tormation ot adaptive and oonstitutive enzymes ditters oDly in degree. 

Galets olaseitioation will be e.ployed in the tollowing pages. 

Interaotions between enzyme-torBing systems 

The most oouvinoing .videnoe that the conoept ot lbarply 

ditterentiated constitutive and adaptive enzymes is not valid has OOBe 

through studies ot the interaotions ot enzyms-torming systems. An 

early observation ot th1. type ot interaotion lIa8 that reported by 

Katz (33) in 1898. though at the tille the tull implioations ot his 

observation oould not. ot oourse, be realized. In tollowing the 

produotion ot amylase by Penioillium. it was noted that a oertain amount 

of am;ylase _as produoed in the absenoe of &DY carbohydrate. but that the 

amount produced was inoreased in the presenoe ot staroh, greatly deoreased 

in the presence ot suorose, and slightly deoreased in the pre.ance ot . 

laotole and maltose. 

The phenomenon ot "diauxie". observed by Monod (8) ~ he due 

to interaotions betnen enzyme-torming systelU. Monod carried out 

experiments on bacterial gr.owth in media in whioh the only source ot 

carbon for growth liaS a mixture ot ~ oarbohydrates. one attaoked by 

oonstitutive. the other by adaptive enzymes. It W'&S observed that 

baoterial growth took place in WO oyoles, separated by a pronounoed 

lag periode In eaoh 01918 ot growth, only one oarbohydrate W8.8 be ing 

utilized. Thil _as explained as due to the inhibitory action ot one 

oompound, that attaoked by a oonstitutive enzyme, upon the tormation 
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of the adaptive enzyœ attacking the other compound. Only after the 

first oarbohydrate had been exhausted were the enzymes for attacking 

the seoond tor08d. with a consequent lag period after growth at the 

expense of the tirst carbohydrate. 

In the work of Spiegelman and Dunn (4) on adaptations in 

yeast are to be found the Most olear-out examples of interaction 

between enzyœ-forming systems. In short-term experiments. in whioh 

no cell proliferation took plaoe. the adaptation of yeast to maltose 

and galactose fermentation was followed. It was obserTed that if both 

oarbohydrates were present, galaotose inhibited the adaptation to 

maltose fermentation. though the presence of maltose had little affect 

on the adaptation to galactose fermentation. A yet more striking 

example ot suoh interaction was given by the affect of adaptation to 

galactose fermentation on the glucose fermenting system of yaast. The 

"glucozymase" system in many micro-organismB has long been considered 

as an established constitutive enzyme system • . In the presenoe of 

galaotose. however. while the galactozyma.se system w&s being formed, 

the ability of the yeast te ferment gluoose fell to approxlmately hall 

its normal value. 

Spiegelman and Dunn considered that these interactions were 

due to competition bet'Ween the various enzyme-f'orming systems for 

endogenou8 protein or enzyme preoursors whioh could be transformed 

into enzymes. In the strain of yaast they used. adaptation te maltose 
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and galactose fermentation could take place in washed cell suspensions 

without any added source of nitrogen. It was observ8d (34)~ however, 

that the addition of an exogenous nitrogen source, ammonium sulfate ~ 

greatly stimulated adaptation, shortened the lag before the appearanoe 

of enzymatio aotivi ty and increased the amoll1lt of enzyme formed. It was 

thought~ then, that if the interaotions observed in the absence of an 

added souroe of nitrogen were indeed due to oompetition for n1trogenou8 

enzyme precursore, the addition of a souroe of nitrogen, which could be 

used by the yeast to manufaoture it. proteins, might modity the results 

of suoh a oompeti tion. This wa8 found to be the oase. In the presence 

of ammonium sulfate ~ the inhibition of the formation of mal tozymase by 

galactozymase formation was muoh sm&ller than in the absenoe of 

ammonium sulfate. Also, in the presenoe of &nDIIOmum sulfate, no deorease 

of gluoolymase activity was seen to accompany the foration of galaet­

oZyDI8.se. 

Exeept for the experiJœnts of Monod (8) ~ mentioned above, 

li ttie or no work has been carr!ed out on interaotions between enzyme'" 

forming systems in bacteria. Spiegelman (2) bas pointed out that the 

interaotion of enz~-form1ng systems in baoteria amounte almost to a 

mutual exclusion effeet~ as in Monodts experiments) in these experi­

menta, even in the presence of an exogenous nitrogen supply, the forma­

tion 0 f the enzymes attaoking one oarbohydrate was oompletely prevented 

by the presenoe ot the other carbohydrate. Because of the severity of 

th!s exclusion, such interactions in baoteria are more difficult to 



study than in yeast. It my be expected. however. that in the future 

many of the known phenolœna of baoterial enzymatio variation will be 

explained on the basi8 of a competition for enzyme precursors. Suoh 

an explanation has been proposed for the inhibitory effeot of nitrate 

on formie hydrogenlyase formation by !:. ~ (35). and wUl be dis­

eussed in more detail later. The 11811 lmOWJl inhibition by glueose ot 

the formation of many enzymes concerned with baeterial amino acid 

metabo118m may be partly due to a competition by glucose and the 

produets of 1te metabolil!l1D. for enzyme preeur.ors (7) • 

. The experiments on interaotions between enzyms-forming 

syste .. support the view that in the oell eaoh enzyme i. it8elf a 

metabolite whose exi8tenoe depends upon the relative ease with which 

the systems forming various enzymes compete for the enzyme preour80rs. 

Further support is giTen this Tie .. by the experiments earried out by 

Spiegelman and his collaborator. on the 10ss of adaptive ensymatic 

aotivity by yeast oel18 in the absenoe of the adaptive substrate. 

Some ltabilizing aotion by the substrat. on the adaptiTe enzyme has 

been prop08ed (30. 36) to explain the mechanism of aotion of the sub­

strate. Spiegelman ar~d that if the loss of enzymatio aotivity was 

due to an 1nstab11ity of the enzyme under competitive interaction. the 

10ss ot activity might be prevented by conditions that would preTent 

interaction between enzyme-forming systeMS, i.e •• under those oonditions 

that would prevent adaptive enzyme foration. It was found (37). in 

agreeœnt with th1s idea. that the 108s ot galaotozymas8 actiTity by 
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adapted yeast oe11s did not ooour anaerobioal1y. There is no 

appreoiable utilisation of endogenous suhstrates anaerobioally by 

the yealt 0811 and no energy is liberated. It has been demonstrated 

(38) that a souroe of energy is required tor adaptation to ga1aotose or 

maltose fermentation. Aerobically, or anaerobically in the presence ot 

a fermentable substrate other than galaotose, galaotozym&se activity is 

quiokly lost. Sodium azide prevent. adaptation (37, 39) as weIl as 

assimilatory prooesses (40, 41), and the inoorporation of amino acids 

into baot8rial protein (42). This substanoe also has the ability to 

prevent the ~ of galactozymase activity in the absence ot galactose. 

Arsenate and 2-4 dinitrophenoll both inhibitors of adaptation (~9. 43, w...), 

are able to prevent the 10S8 of adaptive enzymatio activity in the absence 

of the substrate. The stabilizing action ot these inhibitors ot adapta-

tion may be attributed to their abllity to stop eœrgy transterl and 

thu8 to inhibi t the interactions between various enzyme-forming systems. 

In so_ oases, the 108s of activity _y be due to a simple 

dilution ot adapted cells during growth. This wa8 reported tor the 

nitratase system ot !!. ~ by Wainwright and Pollock (45). It il 

probable that in many instanoes both interaotions between enzyme-f'onaing 

systems and dilution of adapted cells operate siaultaneously. 

The relation ot enzymatio adaptation to the general phYliological state 
of tbê oeIl 

In general, enzymatio adaptation i8 closely dependent on the 

phys1ologioal state of the oeIl. Adaptation bas naver been observed 
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other than in the intaot celle There has been oœ report, by Abder­

ba1den (46) in 1926, ot adaptation by dried yeast oells, but thi. 

work has œver been oomfirmed, alld Abderhalden' s finding il probably 

due to the adaptation ot a tew viable oells whioh remained in his 

dr1ed oell preparation. 

Hegarly (47) observed the adaptation to several sugars by 

stre~oooous 1aotis, and was able to show that oells taken at the end. 

of the 1ag period, just betore the logarithmio period ot growth w&s 

reaohed. had the highest adaptability, as measured by both the shortness 

of the lag period for adaptation and the ab1lity to adapt to the sub-

strate without proliferation. 

adaptability deoreased rapidly. 

During the logarithmio period, the 

The period ot the greatest adaptability 

was a1so the period ot the greatest rate ot metabolism per oeIl. 

DeLay and Vanda.mme (48), however, tound that wi th the semi­

adaptive sacoharase system in yeast the "adaptability" (method of 

measurement not stated) was least in young ouI tures and reaohed it. 

highest value atter the logarithmic phase. during the stationary phase 

ot 1I"0wth. 

The aotion of' cell poisons on adaptive prooesses reveals the 

comparative eale with which these prooesses may be blocked. With man, 

inhibitors, adaptive en%ym& formation may be oompletely inhibited by 

concentrations which have no aotion on the adaptive enzyme system once 

it 18 tormed (Il, 10. 39). 
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Experimente with diff'arent inhibitors oarried out by 

Sussman (49) showed tbat enzymatio adaptation oould be b10cked 

seleotively without interfering greatly with carbon and nitro~n 

assimilation. Acoording to Stanier (11) ultraviolet irradiation of 

an intensity that had no affeot on assimilation inhibited adaptation; 

bowever, the organilm and adapti_ sy.tem used in this experiment were 

not stated. Knox (50) bas shown that in c01if'orm baoteria, the prod-

uction of tetrathioJ:l8.se was completely inhibi ted at a tempe rature of 

410 C., while viability of the cella was not af'feoted. 

The relation of' enzymatic adaptation to cell proliferation and oell 
viab1lity 

The sensitivity of theadaptive prooe86 i8 f'urther illustrated 

by the failure of those early experimenta in whioh attempts were made to 

differentiate between adaptation and cell proliferation by oarrying out 

adaptation while inhibiting growth. Thu8, attempts to inhibit growth by 

heat (51), or by phenols (52, 53) gave complete inhibition ot adaptation 

as 'Well as of growth. Yeast cells killed by alooOO1s or ohlorofora 

could not adapt to galaotose fermentation (54) and it is ta be expeoted 

that a great number of oeIl poisons that impair viability also inhibit 

adaptation. 

tatar studies bave shawn, however, that in some oases enzymatio 

adaptation cau take plaoe in the absenoe of' active cell diviaion. Thi. 

fact was established f'inally for the galaotozymase system of' yeast by 

Spiegelman and Lindegren (Zl), 'Who showed that various earlier coDf'lioting 
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reports had been due to the failure of the investigators concerned to 

use pure strains of yeast. Upon survey of a number of difterent pure 

strains, i t was found that the ability to adapt wi +.ho ut growth depended 

upon the genetio stability ot the yeast. Thus, stable diploid oultures 

oould adapt without growth, while unsta.b1e hap10id cultures oou1d "adapt" 

only through mutation foUowed by growth, i.e., through natural 8e1ec-

tion. 

Severa1 other oases of adaptive enzyme formation in the absenoe 

of growth are known. These ino1ude the maltozymase system ot yeast (31), 

the tetrathionase ot ~ Parathphosum B. (55), or ot the Colitorm organism 

#1433 (56)1 the tarmic hydrogenlyase of E. coli (57) and the system in 
. --

this organisM whioh oxidizea sorbitol (58), as well as others. 

Adaptation without ce11 proliferation oan best be demonstrated 

when no nitrogen source is required tor adaptation. This may ocour in 

yeasts, and , 1ees frequently, in baoteria. The adaptation ot Pseudomonas 

species to the oxidation of various aromatic substrates may ta.1œ place 

without sources of nitrogen (59). One or two cases of adaptation in the 

absence of a nitrogen source in !!. ~ have been reported (44. 60), 

though most stralns of th!s organisJIl require a source ot nitrogen for 

adaptation. In those instanoes in whioh a souroe of ni trogen is nece.-

saTy for adaptation, the adaptation may take plaoe in so short a time 

that no ceU proliferation can occur. It has been pointed out by Dubos 

((6), honver, that though enzymatio adaptation may ocour without an 

increase in 0811 numbers, this does not mean that it ooours without an 
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inorease in oell substanoe. Most oells, wben transferred to a new 

_diUll show IODle enlargement. eTen wi thout aotual divi.ion. Tbeir 

.,tabolism inoreases,. and MW protein ia baing lyntbea1zed. 

Up to a fe. yeus ago, it was justifiable to believe that 

only those oells whioh had the abl1ity to diTide oould adapt, whether 

or not division actually took plaoe during adaptation. Recently, 

however. evidence has appeared whioh indioates that a distinction 

may be drawn between the viab111ty of a oeIl and ita ability te 

adapte stephenson and Yudkin (54) DBasured the total number and the 

nUEDer of viable cella in a population of yeast oella adapting to 

galaotose fermentation, and the effecta of ultraviolet irradiation on 

adaptability and viability. They ooncluded tbat it was probably not 

the viable oells alone whioh were oapable of adaptation. Spiegelman 

~ al. (61) in 1951, observed the effeota of X-rays on yeast oells and 

found it possible to decrease the viability by 99.9% without deoreasing 

the adaptability te galactose or maltose. It W8.8 aIso found tbat 

treatment .ith ultraviolet irradiation and nitrogen MUstards oaus8d a 

greater 1088 of viability than of adaptability. BiHan and L1chawin 

(62) found that suspensions of !:. ~ treated with X-rays oould 

synthesize formic hydrogenlyase at a rate greater than was to be expected 

from the number ot viable oells present. Even oonsidering these result., 

the relationship betlreen the ability of the oeIl te reproduoe and ita 

ability to forro adaptive enzymes remains a olose one. The nature of 

thia relationship, indeed, il one of the most interesting problema in 

the study of enzymatio adaptation. 
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Direct evidenoe that enzymatio adaptation involves the synthesis ot 
enzymes 

Vore and more direot evidenoe has been aocuaulated to shoW' that 

the inorease in enzymic aotivity obseM'ed in adaptation iB due to the 

formation of enzymatio material. The point is not immediately obvious. 

In many oases of adaptation What i8 aotually ob.erved is a time lag 

before the appearance of enzyme. tio aoti vi ty or before the a ttailDll8nt 

of maximal aotivity. Thil lIIAy well be explainable otherwise than 

through postulating enzyme. synthes1s. Thus, the lag .... y be oauseda 

1. By limited permeability of the oell wall, 80 that a oertain time 

il required for building up large enougn ooncentratiens of the 

substrats for maximal enzymatio aotivity. 

2. By the time neoessar.y for the formation or the inor.ase of variou. 

intermediates and oo-fàctors within the oell. 

Fortunately, both tbese pos8ibilities have been oleared away 

in those adaptive enzyme systems to whioh the most study has been given, 

but they should &1.ay8 be kept in mind in studying any new adaptive 

enzyme system. 

In some oases, it oan easily be shawn that the adaptive 

8ubstrate entera the oell 1mmediately. Galactozymase formation 18 the 

formation of the enzymes neoessary for the fermentation of galaotose, 

but it has been demon.trated that yeast oell., not prev10usly in contaot 

with galaoto.e may possess the ability to oxidize thia substrat. 



without any t1me lag (63. 64). The fome hydrogenlyase system of 

!!~. whloh splita formic aoid lnto hydrogen and oarbon dioxide 1 

is striotly adaptive, but this organism oxidizes forme aoid at a 

steady rate without adaptation. 

Evidence against limited permeabillty being the oause ot 

adaptive phenomena has also been obtained through dewnstrations ot the 

aotivity of the adaptive enzyme in oell-iree extraots 01' adapted oells 

or in adapted oells whose membrllJles have . been ade freely permeable by 

drying or by treatment with suoh agents as toluene or acetone. Examples 

of 8uoh evldenoe will be considered shortly. If a toluene-treated pre­

paration of oel1s grolQl in the presenoe 01' an adaptive substrate may 

attaok this substrate without a lag, while a similar preparation 01' 

oells grown in the absence 01' the adaptive substrate do not attaok 

this substrate at aIl, it may be taken as olear evidence that the lag 

before utilization of the substrats by the unadapted intaot oeIl i8 not 

due to permeabi11ty faotors. 

The possibi1ity that the oeIl wall prevents the substrate 

from reaohing the enzyme May also be avoided when organisms are 

used in wh10h the enzyme is produoed extracellularly. The early 

studies on adaptation wi th variouB molds have already been mentioœd. 

Spiegelman (10) has pointed out the advantage of1'ered by such 

organism8 for the study of enzyme synthesis and suggelted tllat tbeir 

future use mght prove to be 01' val ua. The appearanee ot the 



ellZYDI8s outside of the oeIl involves. however. not only the aotive 

syDthesis but also the aotive seoretion of enzymes, and the ooour­

renoe ot the latter prooess might oomplioate the study of the former. 

Exolusion of the seoond possibility, that of the building 

up of oo-faotors and intermediates rather than the formation of new 

enzymes may be best done through experiments with cell-free extraots 

1nwhioh separation is made between the enzymatio and the non­

enzymat1c portions of the extract. The filt8t suoh attempt was Dade 

by von Euler and Jan8lon (53), working with the yeast galaotozym&se 

system, in 1927. They conoluded that the adaptation observed was apo­

enzymatio in nature, but the aotivities ob'\lalœd in their preparations 

were so low as to oast doUbtl upon their oonolusions. Spiegelman and 

his oollaborators (65). in 1947. with siDdlar experiments. coDfirmed 

the oonolusions of von Euler and Jansson. 11:1 was found that though 

co-factors were œoessary for the fermentation of galactose, thele 

were te be found in the bolled extraots of umdapted as well as 

adapted yeast oelll, whereas the apo-enzymatic portion of the system 

whioh fermeDted galactose was found only in adapted oells. 

Besides this example, there exist,· a number of other experi­

menta which show that adaptation doea involve the synthe si 1 ot an 

enzyme not present in unadapted cells. Few of the adaptive enzyues 

haTe been even partially purifted, but tew baoterial enzymes of any 



kind have been pur1fied ta more than a 81118.11 degree. It 1a of 

intere.t, therefore. ta list some of those cases wbere the activ1ty 

of the adapted enzyme has been demonstrated in $xtraots, dried oells. 

toluene-treated oells, eto., as well as those wbere the enzyme has 

been to soma extent isolated from other enzymes and from co-faotors. 

In Karstr~mt8 (5, 29) experiments with bacterial adaptation 

to the utilization of various carbohydrates, he was able to con:t'irm 

the enzymatio aotivity of the intaot oell by demonstration! of the 

same activities in toluene-treated organisms. Doudoroff et al. (66) 

demon.trated the enzyme, suorose phosphorylase, in dry oell prepara­

tion of Pseudomonas saooharophila grown on suorose. 

Spiegelmants york on the purification of the galaotozymase 

system bas already been Dll9ntioned. Reoently (67). he and his oollabor­

ators extracted. separated, and partly purified by ammonium sulfate 

fraotlonatlon, two enzymes trom yeast oel1s grown in the presenoe ot 

maltose. Eaoh of these enzymes attaoked the ci -gluooside linkage. 

though one would attaok maltose and CIl-phenyl-gluooaide, and the other 

only ~-methyl-glucosid.e. The enzymes. hexokinase and sucrose phos­

phorylase, bave been demonstrated in dry oell preparations of adapted 

Pseudomonas putrefaciens (68, 69), and amylomaltase in dry oell prepara­

tions of adapted !: ~ (70, 71, 72). 

stanier and bis oollaborators found a correlation betw'een the 

aotivity or oells ot Pseudo mana 1 tlourescens grown on variou! aromatio 



substrates and the aotivity toward the same substratss of thele oeIl 

dried (73, 74, 75). A soluble enzyme W8.S extraoted trom creatine-grown 

oells of' PS8udomonas eiaenbergii (76) whioh ox1dized creatine to 

saroosine. Cohn and Monod (77) have desor1bed the extraotion and partial 

puritioation of the enzyme, ra -galactosidase, tram oella 01' !!. ~ 

mutabile adapted to the hydrolysis 01' laotose. Quite reoently, the 

enzyme system, tormie hydrogenlyase, 1f8.S round in dried, adapted 

oells of E. ooli (78) and extraoted from rresh adapted cella (79). - -
Similarly, a toluene-water extraot of yeast oells grown on 0( -methyl 

gluooside was found oapable of splitting this glucoside (80). 

This evidenoe indioates that in enzymatio adaptation enzyme 

synthesis ia truly involved. Ideally, the amount 01' enzyme tormed 

should be measured in extraots 01' eells rather than in intact oella. 

In many oales, the amunt of enzyme aotually present cm be measured 

only in extraots, as destruotion of the oeIl wall may reveal a muoh 

greater enzymatic aotivity than is tound in the intact oeIl (81). 

Beoause of the experimental diftioulties involved, however, tew measure-

ments of adaptive enzyme roruation in extractJhave been made and JDOst of 

the information we possass on enzymatio adaptation has been darived trom 

experiJEnts on intaot oel18. 

The meohanism 01' enzyme synthe.i. in enzymatio adaptation: 

Genette aspects 

The genetie basis of enzymatie adaptation bas been worked out 

MOst oarefully tor yeasts b.r the Lindegrens, Spiegelman, and the1r 001-



laboratort (Reviewed in 1). In the life oyole of ysasts. asoi whioh 

oontaiN spores bearing the haploid nUllber of ohromosomes may be 

formed. By micro-disseotion of the asoi. separation and separate 

cultivation of the spores as haploid strain8. and reoombiœtion of 

the strains. the aboTe worlœrs ... ere able to eluoidate the relation 

of the ganes to enzyme formation. It.as found for several adaptive 

enzymes that not the enzyme itselt but the ability to produoe the 

enzyme in r8sponae to a speoifio substrats was inherited. Heredity 

'W8.S determned in so_ oases by a pair of factors. of whioh the 

ability to adapt was the dominant. Thus. these speoies of yea.t were 

oharaoteriled bio0?emioally. not by a specifio enzymatio oonstitution, 

but rather by the potentiality to form .. defiœd range of enzymes Wlder 

different growth oonditions. Owing te the limit$d state ofkno ... bdge of 

baoterial genetios. the hereditary basis of enzymatio adaptation in 

baoteria has not been made as ohar as in ysasts. It has been shown 

in a te ... oases. however, that bacterial mutations may involve the 

aoquisition of the ability to produee a ne ... adaptive enzyme. This has 

been demonstrated by Monod and Audureau (83) for the mutabile mutation 

in E.~. nein and Doudoroft (69) Ihowed that sueh a phenomenon W8.S 

involved in the mutation of Pseudomoœs putrefaoiena to utilize glucose. 

Lederberg (84, 85) bas investigated the genetio basil of adaptation to 

.tabolize sugarl by !:. ooli, through studies of genetie reoo.-biDation 

in this organisme He has sholm that, as in yeasts, the power to adapt 

ta the fermentation of a sugar is genetioally dominant. 
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The rob of the substrate 

Some experimeDtal work and more speoulation have been devoted 

to understanding the part played by the substrate in induoing adaptive 

enzyme fOl'l!8.tion. ),(ore than one tbeory ha. been put forward. The 

relationship on whioh malt of Hinshelwood'I (9) oonaiderations have 

be.n based ia the autosyntbetio equation, 

oatalyst + substrate ~ more oatalyst + produots , 

Thougn this equation holds for the building of orystals, for such 

reaotions as the dissooiation of oa.loiua oa.rbonate at a oalciUlll oxide 

interfaoe and for the growth of eutire oel1s in a culture, it il dit­

t'ioult te see ho .... it appliel to individual enzymu. It does not appear 

likely for example that the produots of the deoomposition of hydrogen 

peroxide or of formic acid oould be uled to build up either catalase 

or formio dehydrogenase (8). 

It was the opinion of Dubos (6), following experillents with 

the organis. which hydrolyses the oa.psular polysaccharide ot Type III 

Pneumocooou8, that the formation ot the enzyme depends on the utiliza­

tion of the adaptive substrats; SpeigelJU.D!!!!. (66) showed, however, 

that mal tozym&le oould be formed in yeast under oondi tions in which 

maltose was not utilized. The experi1D9nttof Monod.!!!!. (87) to be 

disouised, also showed that adaptation oould take plaoe without utiliza­

tion ot the adaptive substrate. 



As the metbods for d.teoting very small amounts ot enzymatio 

aotiTity improved, it beoame apparent that in many cases adaptation did 

DOt iU'lolve the appearanoe ot a new enzymatio aotiTity but the moreased 

aotivity of some enzyme already present in smal1 8lIIOUDtS. Yudkin (36), 

as weIl as Quaste1 (30) postu1ated tbat the substrate aoted through 

oombining wi th the enzyme and stabilizing i t. It the enzyme in the 

absenoe ot its substrate were oontinual1y being built up and broken 

down, the stabilizing influence of the subatrate would pel'Jll.it the aIIlOtmt 

ot enzyme to inorease. 

Spiegelman (31), exaDdning thil hypotbetioal msohanis., derived 

the type ot time-aotiTity ourve whioh would be expeoted trom it. He 

tound tbat this sohema lad to a tormula which was not experimentally 

veritied. Spiegelman then advanoed a hypothelis that the enzyme was 

Itabi1ized by the stibltrate and had, in addition, the ability te 

duplioate itselt. From this postulate, a tble-aotivity relationship 

was derived whioh was found to hold exper11118ntally tor several adaptive 

syltema, the galaotozym&le, maltozymase, and mellibiozymas. systems ot 

yeast and the tormio hydrogenlyale system ot E. ooli. In ail theS8 

systems, enzymatic adaptation takes plaoe without growth. 

An interesting pheuomenon, whioh ~ be oonsidered an example 

of adaptation, was observed by Ephrussi and Slonimisky (88). They noted 

tha.t it bakers' yeast were grown anaerobioally, i t lost the abHi ty to 

oxidize gluoose, and oertain oban~s took plaoe in its cytoohrome system. 

Synthesis of the normal aerobio cytoohrome oomponents, i1lO1uding oyto-



ohrome oxidaBe, oould he demnstrated in the pre 8enee ef oxygen. 

wi thout ce11 proliferation. In thi. oase, the respo:ase of an ensyme, 

cytoohroM oxidale, to i ts speoifio substrats, oxygen, was im'olTed. 

Of seTe ra! other hydrogen aeoeptors tried, nODe oould replaoe oxygen 

in induoing the formation ot the aerobie eytochrome system. A study' 

Qi the time-aotiTity ourve of thil phenoDlllnon reTealed a kinetio 

situation W'hioh tollowed the seheme of Yudkin and Quastel rather than 

that of Spiegelman. 

A type of analysi. other than the purely kinetic has been 

used by Monod and his oollaborators (87), in examining the role of the 

substrate in adaptation. A number of difterent sUbstanoes yere tested 

for: (1) their ability to induee the formation of ~ -galaotosidase of 

!:.~, (2) their abili ty to he hydrolysed by ~ -galaotosidase, and 

(3) their aftinity for ~ -galaotosidase as measured by tbeir power as 

oompetitive inhibitors of its aotion. It W'as tound that substanoe. 

having the inductive power yere not neoessarily substrates of the enzyme, 

(e.g., mslibiose), and the the induotiTity of a substance was in general 

independent ot 1ts atfinity tor the enzyme. In thil oase, tben, it w&S 

unlilœly that the inductor was aoting through the stabilisation ot an 

enzyme preoursor. 

The vie.". of Monod.!!~. was that the induotor of enzyme forma­

tion direots enzyme synthesis through oombination with lome enlyme pre­

oursor, or yi th the enzymt) i tself. The experiments on ~ -galaotosidase 

showed it to be very unlikely that the inductor ot adaptation oombined 



in thia oase with the enzyme itselt. but gave no indioation of the 

exaot site of aotion of the inductor. 

Finally. there are severai known exaroplea ot enzyme forma-

tion in the absenoe ot the enzyme t s substrate. A oontinual inorease 

in the total amount of galaotozymase in adapted yeast oulture growing 

rapidly in the absenoe of galactole was ob.erved by Spiegelman and 

Reiner (89). Pollock (90) found that if oe1ls of Bacillus oereUB were 

exposed to a low conoentration of penici11in. washed. and plaoed in a 

buf'fered gluoose medL um. penioillinase produotion would talce plaoe at 

a muoh greater rate than in oe111 unexposed to penicilline Wainwright 

(91) found that oells of E. ~ oould show oonsiderable ni tratase 

aotiTi ty if grown in a medium. rich in amino aoida. aven if nitra.te were 

absent. 

From these examples. it may be seen that the funotion of the 

substrates in inducing adaptiTe eD%yme formation is still far from 

being understood and remaina one of the most important unsolTed 

problems in this field. 

Witrogen sources for enzymatio adaptation - The nature of the protein 
precursor of the adapthe enzyme 

"Enzyme synthe sis If'. in the sense in whioh i t ba.s been 

discuued, bas not been taken to mean the building up ot the enzyme 

from indiTidual amino aoids. but rather the transformation of .. 

protein preoursor into an aotive enzyme. or. as experimenta on inter-
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aotion between enzyme-forming systems Qs,Te shawn, the transformation 

of one active enzyme into anotber. The ohemioal nature of these 

transformations is. of course, of the greatest interest, but at present 

may only be guessed at. 

Experimenta oarried out reoently have indioated that the 

ohanges taking place in protein preoursors in adaptive enzyme formation 

may not be draatio and may sometimes involve the rearrangement of 

oertain groups within the moleoule. The experilll8nts of Ephrussi and 

Slonimsky (88) on adaptive changes in the oytoohroma system of yeast 

are illustrations of this point. Here, the transformation of oyto-

chromes al and bl to cy'toohromes a. b, and 0 may oome about through the 

shifting of heme groups from one large moleoule to another, with a 

oonsequent ohange in sp8ctra and properties. It ia true that the 

oytoohromes are eleotron oarriers ratber than enzymes, but the 

prooess envisaged bere would bear a olose resemblanoe to enzyme trana-

formation. 

Extremely interesting observations on the prote in changes in 

adaptive enzyme formation have been made by Cohn and Monod (93) and 

Cohn and 'rorriani (94). An anti-galaotosidase serum W8.S prepared by 

injeoting rabbita w1th the pur1t1ed enzyme) ~ -galactoa1dase) taken 

trom laotose-grown E. coli .utabil.. Thi. anti-serum precipitated ------
cOIIlPletely the P -galaotosidase from ~ ~ mutablle as weIl as 

fro. several other mioro-organisms. The precipitated enzyme .till 
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retaiœd a11 its aotivity. Unadapted oelle oontained no (3 -galaot­

olidase aotivity. but extraots ot unadapted oel18 oontained an antigen 

whioh preoipitated with the ~-galaotosidase anti-serum. Studies were 

oarried out in whioh the adaptive (active) and the non-adaptive (inactive) 

antigens ere measured simul t8ll8ously. It was tound that only the 

inaotive anti~n was present in non-adapted cells. that both the aotive 

and inaotive antigens were present in the adapted oella. and that in 

the adapted oells the amount ot inaotive antigen ba.d deoreased. It ..... 

oonoluded that in this case adaptation involved the formation ot an aotive 

enzyme trom a ohemioally similar but inaotive precursor. Considering the 

diffioulty of purifying enzymes. however. the proof ot ohemioal similarity 

ot the precursor to the aotive enzyme leems lubjeot to considerable doubt. 

In reoent years. a good deal ot attention bas been paid to the 

sources of nitrogen utilized in adaptation and in other enzyme and prote in 

syntheses e It has long been known that in many oases a source of nitrogen 

il eSlential for adaptation. and that even when not absolutely neoessary. 

a8 in galactozymase formation in yeast. an exogenoui supply of nitrogen 

stll1lulates adaptation (34). Kar.trOm (5) tound that in the formation ot 

the enzymes termenting xylose by A. aerogenes an exogenous souroe of 

ni trogen. ei ther as ammonium sulfate or as yeast extraot. was neoessary. 

stephenson and Stickland (57) found that in non-prollferating suspensicns 

of !!~ formio hydrogenlyase formation took plaoe only if a tryptio 

broth were added to the suspension. The problem of the nitrogen supply 

necessary for formic hydrogenlyas8 produotionw111 be de aIt with later 

at greater length. 
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Rosenberg (58) found tbat oelh of !:. ~ adapted to the 

oxidation of sorbitol only in the presence of oertain amine aoids whioh 

could be metabolized_ such as alanine, aspartic, or glutamio &cids. 

Serine, which oould be metabo1ized, did not stimulate adaptation. 

Nitratase formation by a ooliform baoteria was stimulated bya casein 

qydrolysate or by an amino-aoid mixture. The formation of nitratase, 

even in the absenoe of the adaptive substrate, nitrate, oould take 

plaoe in this organism in the presence of a mixture of amino aoids or 

of a oa8ein hydrolyeate (91). 

DeLey and VandaJ111118 (48) observed the effeota of various 

sources of nitrog$n upon the semi-adaptive formation of saooharase 

in brewers' yeut. This enzyme was formed to a certain extent in the 

absenoe ot any erlernal souroe of nitrogen. It Wal found that if 

ammonium sulfate were lupplied as the source of nitrogen, i ts disap-

pearanoe oould be œJlK)nstrated during the formation of the enzyme. 

Aspartio aoid and alanine stiaulated adaptation only a8 muoh as did 

ammonium sulfate. Glut&mio acid had no stimulating action, and 

asparagine stimu1ated the adaption lIlUch œre strongly than did 

ammonium sulfate. It is of interest to note here that Melchior _ .!'!:.!!.. 
(42) found that asparagine atiJll\Ùated protein formation in E. ~, as 

measured by the incorporation of labeled amiDo aoids in the oell prot.in. 

Friedman (95) found tbat the Eri1'l8 organism_ Aohromobacter 

_f_i_so_he __ r_i,could adapt to the utilization of fruoto8e a8 a oarbon souroe 
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for growth, only if any one of a lar~e mmber of amino acid. were 

added to the medium. ESp8cially effective were histidine, glut&mic 

acid, and arginine, which oould initiate growth in concentrations a. 

low al 0.01 mg. per 10 ml. of _dium. 

DeLey and Vand&1llll8 (48) asswœd that the stiaulation of 

adaptation by the various souroes of nitrogen "'as due te the latter's 

incorporation iuto the naw enzyme. While etudies on the effect of 

nitrogen sources on enzymatic adaptation will ba of the greatest 

interest if this assumption 1s true, thia important poiut will only 

be decided after extensive experillBnts in which the aff'ect ot 

nitro~noui compounds on adaptation, the assimilation of these 

nitrogenous oompounds, and the degree of' their incorporation into the 

adaptiTe enzywe are all measured. 

The experi_nts of' Hokin (96) on the tormation of' amylase by 

pancreas s11ces should be noted here. He bas f'ound that the addition 

of' amino acide stimulate!tbe production ot thi. enzyme, but the amoUDts 

of' amino acid nitrogen disappearing 'Wer.. far too small to aocount tor tbe 

amount of' ~la8e tormed in terms of total synthesis trom aDdno acids. 

It would not appear justitied, tben, to asoribe the stim.ulatory action 

ot nitrogen sources on adaptation solely to an incorporation of these 

sources into the adaptiTe enlytœ without turther experimental evidenoe. 

Although detalled studied of the sources of nitrogen invol'nd 

in adaptation are just beginning, 1t is probable that such studies will 



yield muoh valuable information for the understanding of the adaptive 

prooess. The major part of the work to be reported bere was devoted to 

ltudying in detall the nitrogen souroel essential for the synthesis ot 

formio ~drogenlyase by resting oell suspensions of ~~. The se 

studies led to an investigation of the energy souroes required for 

formic hydrogenlyase synthesis. Earlier work dealt with the formation of 

the galaotozyml.se and mal to zytna se systems of yeast. The experiments 

oarried out on yea~t were almost purely desoriptive. Some of the 

nitrogen souroes involved in galaetozymase formation were explored. In 

addition, the actions of various inhibitors of maltozymase formation 

were studied. The work on yeast will be presented first, and following 

this, a IOOre detalled consideration given to the expert_nts earried out 

on forme hydrogenlyase formation. 
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CHA.PTER II 

THE GALACTOZYVASE SYSTEIl 



A. INTRODUCTION 

Tb:! adaptive forma. tion of the galaotozymase system by yeast 

bas already been oonsidered in detail in the General Introduotion. No 

further desoription of this prooess, tberefore, need be given here. 

In noent yeus" the mazmer in whioh galaotose is fermented by adapted 

yeast has been studied (97, 98). This fermentation apparently takes 

place in the following steps: 

1. Galaotose t ATP > galactose-l-phosphate 
galactokinase 
Kg+-+ + oysteine 

2. Galaotose-l-phosphate ) gluoose-l-phosphate 
galaotowaldenase 
uridine-disphosphate-glucose 

3. Glucose-l-phospba.te fermented by the glycolytic system. 

Galactozymase formation, tbenJinvolves the formation of at 

1east two apo-enzymes. As the experiments of Spiegelman !! al have shown 

(65), the oo-enzyme fraotion of the oomp1ex ia present in the unadapted 

as weIl as in the adapted yeast oeIl. 

Experimenta wi th a number of different strains of yeast 

have shown that the ability te adapt te galaotose fermentation may vary 
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wide1y trom strain to strain (27.31). No galactozymase actiTity was 

present original1y in the two brands of commeroial yeasts whioh were 

readily availab1e -- Lallemand's Yeast and F1ei8cbman'~l Yeast. A4apt­

ation to galactose fermentation took place slowlYJ maximum activit,y 

was reaohed only atter wo days. Means were devised for inoubating the 

yeast with the adaptive substrate during this period of ti.e. 



B. EXPERlMElTAL METHODS 

Preparation of a standard OurTe for the measuremeDt of yeast oonoentr­
ations 

It was neoessary for these and later experiments to measure 

the amount of yeast prelent in sU8pensions. A .t8l1dard C\l"e for 

turbidimetrio measurement8 was construoted in the following mann.rt 

A 2% (wet weight) lUS pension of Flei8ohlnanfl'. Yeast in 0.067 ! (u:/15) 

NaH:!04 wa8 diluted wi th 0.067 ! NaH:!04 to giTe a seriel ot IUlpenaioDS 

ranging iro. 0.04% to 1.0,%. The optieal densities ot these were read 

on a Fisher Photoeleotrometer at a wave-length of 525 mf'. Three 

5.0 ml. portions ot the 2% 8uspension were eentrituged, eaeh waahecl 

three ti.e. with di8tilled water, and dried ta oonstant weight at 

105-1l0oC.to determine the d17 weight ot yeast per ml. tor eaoh optieal 

densi ty. The standard CurT. thus obtained is sh01l1l in Figure 1. A 

.imiler ourve set up at a ditterent time tor Lalleaend'I yeast did DOt 

difter si~ficantly tram this one. 

Methedsot induoiB§ galaetoaymase tor.mation in yeast. 

1 

Fleisohman'lls bakers' yea8t wal used in all experueDt8 on 

galaetoayma8e fo~ation, after preliminary ltudies had shawn thi. brand 

to be to a small extent more readily adaptable than Lallemand" yeast. 
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Yeast oakes ware .tored in the refrigerator and used ri thin two days 

ct the date reoeived. 1.0 gm. (wet weight) ot the yeast oake waa 

washed two or three times with 40 ml. of .terile 0.067.! NaH2P~ and 

suspended in 100 ml. ot 0.067.! Na~~ oontaining 4.0 gm. ot oollllœroia1 

galaoto.e and other substanoe., to be desoribed. 

AU inoubations were oarried out in a room used tor .oil 

perfusion experimants and kopt oonstantly at a temperature ot 24oc. 

Two methods were used tor aerobio incubation ot yeast suspensions. 

At tirst, a nUDlber ot experi_nts _re pertormed in whioh the yeast 

suspension lI'as aerated by being oiroulat8d through the soil pertusion 

apparatui of Audu. (99), the s011, of course, being omitted trom its 

usual place in the apparatus. Unless the oiroulationwere suttioiently 

rapid, the yeast oe1ls .ettled in the bottom of the U-tube ot the 

apparatus, and in any case, some cells settled withln the 10Wer stopper 

of the oyl1nder. 

In the sucoeeding experiments of this serie. a simpler Dana 

ot inoubation was used. The ysast suspen.ion .... 8 plaoed wi thin a 

gas-washing bottle and kept st1rred and aerated by having bubblea of 

air drawu through i t. 

While inoubating the suspension in ODe of the.e waJs, .amples 

1I'ere taken at variou! intervals of tlme, the ysast oells oentrifuged 

and w&shed twioe with 0.067M N~P04. The size of the samplss taon 

varied trQm 2.0 to 5.0 ml., depend1ng upon the aotivity thought present 
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in the yeast oells. Atter washing, the oells were suspeDded in 

2.0 al. 0.067! NaH2P04' a part of this suspensionwas diluted suit­

ab1y for optical denBity readin~s and another part used for the measure-

ment of galaotolymase activity. 

Sterile precautions 

All solutions and apparatus ueed in these experiments were 

sterililed b.Y autocl«Ving; samples Were withdrmwn using sterilized 

pipettes. The packa~ed yeast wh! ch was ulled, however, was almost 

certainly contaminated to some extent b.Y bacteria or spores. During 

several of the experiments, samples of the yeast suspensionwere tixed 

and stained with Methylene blue for microscopie exa.ination. No bacteria 

were seen in &DY such preparations. No oior of bacterial putrefaction 

wall DOted in any of the experi.ents. 

)(easureaent of galaotolymase activity 

0 • .5 Ml. of the yealt suspension to be tested was pipetted into 
:t 

each of two vesse1s, one ot whioh contained 0.5 ml. ot 20.% purified 

galactose in the sida arme 0.067 ).qraH~4 was added te the main vessel 

to a final volume ot 3.0 ml. In the center well were plaoe a tew drops 

ot water and a small pieee ot yellaw phosphorus to remove all oxygen 

trom the gas in the velsel. The vessels were gassed with ~% w2-7% CO2 

for 15 llinutes and equilibrated until a constant JUllometric reading 

shawed that aIl contaminating o~gen had been absorbed. The gassing 

and subsequent operations were oarried out in a bath at 2~C. The 

:t 9~r cent concentrations indicate gms. ot solute per 100 ml. of solution. 



substrate ... aa tipped in, and the evolution ot carbon diorlde foUGlreci 

for lixty minutes. In the absence of a substrate, no sign1ficant 

eTolutlon of carbon dioxide waa ever observed. 'Ga1actosym&le aotiTit,y 

ia expre'8ed a. Q-C02, the ~1. 002 eTolved fram ~alactoae, per hour, 

per mg. dry weight of yeut. 

Reagenta: Purification of commercial galaotose 

The galactose used (Bri~'8) was, lite other commercial 

preparations of galactose, oontaminated Yith small amountl of glucose. 

Unadapted y.alt cella eTo1ved an amount of oarbon dioxide fram thia 

galaotose iDdicating a ~ oontent of a feraentable oarbohydrate, pre­

sumably glucose. The purifioation of galactose yas carried out by a 

modification of the method of Stephenson and Yudkin (54): 

100 gm. of b8kers' yeast were washed in 800 ml. of distilled 

yater and oentrifuged. Thi. prooess was pertorm8d four times. The 

waah.d yea.t Wal then susp8nded in 100 .t. of 20'f0 galactose, made up to 

230 ml., 1eft for 10 minute. and oentrifuged. Eaoh 100 ml. ot the auper­

natant tlu1d yas treated Yi th 50 ga. of treah yeast, 1I'ashed as belore, 

Uld the prooess exaotly repeated. The final supernatant fluid 1I'a. 

heated to boiling and filtered. The filtrat. was oonoentrated down 

~ Tacue, the final syrup taken up in hot 70.% ethanol and reoryatal1ized 

trioe trOll 7010 ethanol. 

No carbon dioxide 1I'al 8V'olTed from this purified galactose by 

unadapted yeast. Beoauae large quantities of galaotose yere required 
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as adaptive Iubltratel in the inoubation experimenta, and beoaule ~ 

,lucose present would be quiokly destroyed in such experiments, unpuritied 

galaoto.e was uled tor the inoubations, and puritied galactose only tor 

the measurement ot galaotolymAle aotiTity. 

Other reagenta 

Sodium-l-glutamate and 1(+) cylteine hydroch1oride were used in 

these experimenta. Theae, a. weIl as the other reagentl used, were 

dislolved in 0.067 ! N~4 and the pH of the resulting solution adjusted 

to 4.5, unless othenri.e stated. 



C. EXP!RIlŒNTAL RESULTS 

The effeots of UIDlOnium phosphate, 80diUlll glutalllate, and uridine on 
galaotolymase tormati~ 

The results of several preliainary and explorator,y experimenta 

are reoorded in Table l. These experiments were oarried out both in 

the soi1 perfusion apparatus and in gas-washing bottles. The efteot. 

of adding tlro different souroes of nitrogen, ammonium phosphate and 

sodium glutamate, are shawn. The aotion of uridine on galaotozymase 

for.mation was tested beoause of the importanoe of uridine-diphosphate-

glucose as a co-faotor in galactose fermentation. 

The following general oonolusions may be drawn from these 

experi.enta: 

1. AœnoniUJI ion exhibitf'. as shown earlier (34), a defini te stim-

ulating action on galaotolym&se formation in yeast. 

2. Sodium glutamate oauset a atronger stimulation of adaptation than 

ammonium ion, in the ooncentrations used. 

3. Uridine had no ettect on adaptation. 

4. Wo urked. difterence was noted when the bulfer used was ohanged trom 
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TABlE l 

The effects of ammonia. glutamate. anduridi~~~_g~owth ~~galactozyma •• forJll8.tionJ.n yea.t. 
G81actozymase activi ty: . n -- --Degree of-groW'tli: 

(Q-C~) :t. dry wt./ml. 

T1me 
Experi- in 

lDI8nt Jj)urs --
1. 1/2 0 

25 7.3 
49 3.0 
100 1.5 

2. 1 1)2 0 
44 4.0 
68 4.3 
90 3.6 
140 2.0 

3. 2/3 

4. 

17 1/2 
42 
93 

20 
65 

3.4 
4.9 

ini al mg. dry lit./ml. 
~noubation medium: Incubaticn medium: 

Galaotose + Galaotose + 
NH++ ~.,. 

glut- gltl-t- uri-
NHJ: amate amate dine -;.- Nl:Jj~ 

0 1.00 1.00 
13.7 1.62 1.41 
9.7 2.03 1.88 
7.4 2.50 2.34 

0 1.00 1.00 
11.9 0.99 1.50 
12.3 0.94 1.92 
2.7 0.85 1.99 
1.9 0.87 2.08 

0 
11.3 9.6 
25.6 12.7 
3.7 0.8 

5.5 1.27 
14.8 1.76 

glut­
aIœ.te 

1.00 
0.97 
1.47 
2.21 

1.03 
1.81 

~-t 
glut-
àmat. 

NH-t ... 

urï-
- dine 

1.00 
1.15 
1.27 -

Means of inoubation, Experi_nt, 1-3. loil-perfusion apparatus. Experiment 4. gal-washing bottle. 

Concent rat! onll 
Other oondi tions and methods of Jœasurement as giTen in the texte 
1% (wet weight) yeast, 4% galaotose, 0.1% lffi4H2POU. 0.01% uridin., 0.17% lodium 
glutamate. AU solution8 and suspensions in 0.061 M NaB2P04 in Experiœnts 1-3. 
Experiment 4 carried out in 0.067 Ji m2P04. -

Experiment 3 was oarried out with the same lot of yeast used in Experiœnt 2. af'ter two dayl' additional 
.torage. 
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Considering the errors iDherent in measuring growth in the 

soil-perfusion apparatua, it is ditficult to draw conclusions con­

cerning the grcnrth which took place during these experimenta. ot moat 

interest is the observation that in wo out ot three experimenta in 

this table, as well as in experiments to be reported latar, growth 

apparently took place in the absence ot any external source ot ni trogen. 

This see.s to indicate that some nitrogenoua reaerTea were possessed 

by the yeast cells. 

Experiaents with other adaptive systems have also shawn that 

glutamate is a readily available source of ni trcgen tor adaptive enzyme 

formation (95, 100). (See pages ,r and 99). 

The etfect of 5lsteine on galactozymase fo~ation 

The reluIts given in Figure II illuatrate the etfect of 

oyateine on adaptation. lnoluded in this figure are curTes showing the 

etteota of Ullll.onia and aodium glutamate combined. Sose stimulation 

ot galaotozymase tormation was given by cysteine. In the presenoe of 

cysteine, the adaptive enzyme systemwas stabilized; in the oourse ot 

this experi_nt the galaotozym&se aotiTi ty ot the yeast in the medium 

containing the cyateine did not taU off as i t did in the wo other 

media used. 

Follawing this experiment, the etreots of two concentrations 

of cysteine on growth and adaptation were determined. These reluIts are 
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Preparation as described in text e 
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FIGURE II 

The effects of glutamate, ammonia, and cysteine on galaotozymase for­
mation. 

1. Galactose 
II. Galaotose + glutamate t ammonia 

III. Galactose + oysteine 

Inoubation carried out in gas- washing bottles 

Concentrations: 1% (wet weight) yeast, 4% galactose, 1% sodium-glutamate, 
0.5% IDi,H2Fq., 0.12% cysteine hydrochloride. AlI solutions 
and suspensi~ns in 0.061 ! NaE2~. Initial pH: 4.5 in l, 
5.0 in II and III. 

Other conditions and methods of measurement as described in texte 
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reported in Table II. Cell proliteration was inhibi ted by cysteine j 

although both concentrations ot cysteine sttmulated adaptation, the 

stimulationwas 1e8s with the h1~er oonoentration. This suggested 

that cysteine had an inhibitory action on adaptation as well as a 

stiaulatory action, and that at the higher concentration of cysteine 

the inhibi tory aotion beoame dominant. 

ttwas thought possible that some ot the stabilizing action 

ot cystelne on galactozymase tormation might be oonneoted with an abllity 

to prevent the 1088 of galaotolymase aotiTi ty of adapted oells in the 

absenoe of galactose. This suppositionwas tested, using cysteine and 

another sulthydryl oompound, dithioglyoerol (British anti-Lewisite). 

A supply of adapted oells was obtained by inoubating 2 gm.. (wet lI'eight) 

ot yeast in 200 ml. of a 4% solution ot galaotose in 0.067 ! NaH2P04. 

0.17% sodium glutamate wa8 added as a Ditrogen source to stimulate 

adaptation. At the end of 50 hours' incubation, the yeut cells had a 

galaotozymase aotiTi ty (Q-C02) of 11.4. The washed oe11. were 

divlded into three equal portions and auapended in the tollowing 

lolutionst 

1. 50 ml. 0.067! NaH~4 

2. 50 ml. 0.1% cyateine Hel in 0.067 ! NaB~4 

3. 50 al. 0.1% dlthioglycerol in 0.067 !! NaH~04 



TABLE II 

The effeots of different concentrations ot cyateine on growth and galactozym&se formation in yeast. 

Galaotosymase aotivity: Degree ot growth. 
(Q-C°2) mg. dry -.t.Lml. 

initial mg. dry W'€./ml. 
Inoubation medium: Incubation medium. 

Time Galactose + Galaotose + Galactose + Galactose + 
in 0.1% oyat- O.~ cyst- 0.1% oyat- 0.5% oyst-

Houre Galactose eine HCl eine Hel Galaotose eine Hel aine HC1 

0 0 0 0 1.00 1.00 1.00 

47 1;2 2., ,.1 3.2 1.83 1.23 1.19 

73 2.6 10.3 7.8 1.87 1.18 1.22 

gr 1.3 Il.7 6.4 2.04 1.32 1.28 

167 1/2 1.2 10.7 ,.2 2.30 1.42 1.41 

239 3.4 8.6 2., 2.83 2.18 1.8, 

lIeans ot inoubation: Gas-W'ashing bottles - other oonditions and methods of lIl8asureaent aa @:iven in 
the texte 

Conoentrations. 1% (.et weight) yeast. W' @:alactose. oyateine HOl as ahown. AU solutions and 
suspensions in 0.067 ! N~4. Initial pH of aU solution •• 4.5 

"\ 
~ 



Theae luapensions were inoubated in ga.~a.hi~ bottles tor 

93 houri, and sUlples drawn trom eaoh at inter:vah tor measureaent ot 

the galaotozymase aotiTit.y. The re.ulta ot thi. e%periaent are giTen 

in Table III. From these re.ul t. i t ]l8.y be aeen that both Gylteine 

and dithioglyoerol had a 8light .tabililing aotion on the adaptiTe 

enzyme .yste. in the ablenoe ot it8 lubstrate. 

Under the oonditions ot incubation employed here, any 

inhibi tor ot respiration m1~ht be e%peoted to inhibi t both the tormation 

and the destruotion ot the galaotozyma.e syate... Quastel and Wheatley 

have ahawn (101) that oysteine Ihitta the aerobio utilization ot gluoose 

and tructeae by bakera' yeast trom an oxidative to a teraentative path. 

The o%idation of ~lyo.rol b,y bater.' yealt was little attected by 

cysteine. ThUit cysteine did not aot a. a general inhibitor ot 

relpiratory proceasel. It il not ret known if ita efteota on gal­

aotolyaaae toraation and de.truotion ~ be related to it. etteota on 

IUgar .. taboU ... 

Other workers have allo noted an inhibi tory etteot by C1steine 

on the grewth ot baker.' yeast (102). The re.uIts obtained here are 

too tragaentary te juatity any e%tended oonaiderationa on the relation 

between oysteine' s etteot on adaptation and on growth. 

Becaule ct the lon~ periode ot time neoeslary tor adaptatien 

and the lGW levels ot galaotolymale aotivit.y attained with the avail­

able preparation. ot bakerl' y.ast, other adaptive .y,teœa were sougbt 

S-I. 



TABLE III 

The err.ota of cylteine and dithioglyoerol on the 1088 of galactozymaee activity b.Y adapted oelle 
aU8pended in the ab.enoe of ~alaoto.e. 

TilDe out of 
Galaotos,..se aotivit.y (Q-C02) of oells suepended inr 

oontaot NaH~k + N~4 + 
(hours) NaH~4 cys i e dithio~lyoerol 

0 11.4 11.4 11.4 

201/2 4.8 7.1 7.8 

~ 1/2 2.' 3.7 5.2 

92 1/2 1.8 2.0 0.0 

Conditionsr As given in the texte 

~ 



in which adaptation would take place in a short time~ without con­

current cell proliferation. Such a 8,Ystem~ the ma1tozymase .y.ta. 

of bakers' yeast, will be next considered. 

Summary and conclusions 

Th. action of variou. source. ot nitrogen on galactosyaase 

formation in a sla.1y-adapting strainof bakers' yeast ha. been 

exaDdned. Seme galactozymase was tormed in the presence ot galactose, 

evenwhen DO exogenou. lource ot nitrogenwas present. The addition 

ot a Ditrogen source, however~ raised the 1ev81 ot enzyme synthesis. 

As ahown a1ready (34), the presenoe ot ammonia atimulated galactol)'lll8.se 

formation. A greater stimulationwal givan by the preSenoe ot sodium 

glutamate. 

Cysteiue inhibited oeIl gra.th, stimulated galaotozymase 

tormation, and stabililed the galactozym&se syata. once it was tor.œed. 

Inereasing the conoentration of cyateine lawered the stimulation ot 

adaptation given by this amino aoid. This suggeated that oyateine 

had an iDh1bi tory as well as a sti.ulatory eftect on adaptation. It 

was found that bath oysteine and dithioglycerol (British anti-Lewisite) 

p~evented in 8ame degree the 10S8 of galaetolymase actlvlt,y by adapted 

ceUs IUlpended in a medium laoking galactose. 

5'3. 



CHAPrER III 

TEE MALTOZIMASE SYSTEM 



A. INTRODUCTION 

The detaila of the mechaJli.m et terJ!l8.tation ot maltoae and 

other di.accharides are not so weIl detined as are tbose of the fermenta­

tion ot galaotoae. The eTidenoe for the adaptive tormation ot the 

mal tozym&se .yste. cau best be oons1der.d af'ter a. briet ditoussio. has 

bean giTen ot the present vie~ of the enzym&tic constitution ot thi. 

syste.. Thera b still some unoerta1nty regardiag the enzymes that 

terment maltose. and this unoertainty ia retleoted in the evideaoe 

showing that malto.e rermenta.tion is an ada.ptive process. 

Two possible meoha.ui8Jll1 ot _ltole termentation (a8 well a.s 

ot the fermentation ot other disaccharides) have been considered in 

the p&st. According to the first. the so-oalled Indireot Tbeory. 

proposed br Fischer (103), disaccharides are first split to their 

component sUg&rs. and these sugar8 are tben fermented. Acoording to 

the second .. the ao-caUed Direct 'Theory" tirs'\; put torward by W11l­

stfitter and hi8 co11abora.torl (1<>4, 105) and la.ter aupported by 

Leibowitz and Hestrin (106, 107). the diaaccha.ride il firat a.ttacked. 

not br a hydrolytic oleavage. but in Bome other 'O.y. 

Experimental Evidence for the Indireot and Direct Theorie. 

Fisoher (103) noted tbat yeast ce1ls able to ferment maltose. 



luoro.e. and lactose possessed maltases. suorases. and lacta.es. whioh 

could b. demonstrated in cell autolysates. It seems oertain, and ha. been 

aooepted by proponents ot' the Direot Tbeory (106) J that if yeast celll baTe 

the pow.r to hydroly.e a disaooharide to two t.rmentable lugars. lome ot 

the disaccharide will be ferDlnted in 'this way. eTen if so_ il attaoked by 

another _thod. 

Willst8.tter and his oellaborators noted that the activ1ty ot 

disaooharàses in yea.t e%traot •• prepared by sev.ral ditferent _thode. 

was a1ways too low to aooount for the rate ot disaooharide fermentatioa 

by Fischer t • propoled meohani.m. In addition. it was Seen that laoto.e­

termenting yeasts t'ermented lactose IlOre rapidly than ,the oompoœnt 

sugars. gluoose and galaotos ••• eparately or to~ther (104. 105). 

Leibowitz and aestrin (106) realiz.d that if it were polsible 

toinhibit the disaocharase aotiTity of an organisa witbout inhibitiag 

the fermentation ot the disaooharide. thi. would oonstitute preot 

against the Indirect The ory. '10 measure the maltase aoti vi ty o:t' an 

intaot yeast oell _as diffioult. howeTer. beoause any glucose t'ormed 

would he immediately termented. These workera uled the termantatiGn 

ot 0( -methyl-gluooside as a _ans of measuring ... ltase activity. It 

was unlikely tha.t 0( -_thyl-gluooside 'Would be t.rmented without being 

tirlt hydrolYled. It 118.8 known that thil 8ub.tanoe was t .... nted br 

ill.taot yeast oella whioh contained maltase J the 0( -gluoosida •• pre­

parations ot yealt available at the time of these experimantl hydrolys.d 

both _1 tose and 0( -m.ethyl-gluooside. Leibowitz and Hestrin tOUlld that 

• 



tbey were able to inhibit the fermentation of c( -DI8thyl-glucoside 

without inhibiting :aa.ltose fermentation. At low temperaturel and 

aoid pH values the fermelltation of CI{. -methyl-gluooside .... s complet.ly 

inhibited ... hile .. ltole ... s Itill .trengly 1'ermented. Maltose wa,s fel"lMnte4 

by the intaot o.U at pH value. at which Jl8.1us. ia cell-free extracta ..... 

found inactive. The .ubstrat. oonoentration-activity curves for maltose 

and ~ -methyl-glucosid. fermautation sbowed a Ech greater differeJ:I.C. 

than "'aS to be expected if both substanoe .... ere being 1'erment.d by tlw 

same _chanie .. 

Th. Direct Theory 1& lupported by the recent demonstratione of 

non-hydro~~o mechaniem. 01' disaccharide breakdown 1n baoteria. Thu.. 

the adaptive enzyme, .ucrose phosphorylas., found in PaeudollOD.&.s 

sacbarophlla Doudoroff and in Leuconostco DI8.enter01ds (66. 108). 

catalyses the reaotion, 

Sucrose + H3~ , Gluco.e-l-pholpbate + Fruotose. 

and the adaptive enzymt. amyloma1tase. found iD ~ ~ _tablle (71). 

catalyses the reaction. 

n malt08e~ II. gluoose t (glucos.)n, wbereby maltose 11 

transf'ormed into f'ree glncoe. and a polyeaccharide of four to six 

gluco.e UDitl. Similar polymerizat10n reactionl are known te oceur with 

sucrose in LeuoODO.tOO _Ienteroides and iD Bacil1uI lubti1is (109). 

Snoh Dchanisms have not yet been demonstrated, ÀO_ver, for altos. 

ferB8ntation in ysast. 



In addition, the evidence for the Direot Tbeory il open te 

serioui ori tio1s1l1. Gottsohalk ha. poiBted out the danger involved in 

draw1ng oonolusions trom .%tracts ooneeming mecbanillUl operating in 

the illtaot oe11, and ha. auggested that the differenti&! effeot. or 

temperature and pH OD. the fermentation ot maltole and «-_thyl-glucoside 

might be explained by the l1m1ted permeabllity of the yeast oell (110). 

ODe of the major premiae. of Leibowitz and He.trin w&s the 

identity of the enz11Ms spl1tting maltose and c(-_thyl-glucoside. 

Reoent experimental work ha. shawn that there _y be not ODe but 

several c( -glucosidaaes in yeast. The separa.tion by Spiegelan ~ !!. 

(67) of the two adaptive ~-glucosida.es. one of whioh splita malto.e 

and 0:. -phenyl-gluoose, the other only CI( -_thyl-glucoside haa already 

been .ntioned (See page .:J 51. Heltrin and Lindegrell found (80), in a 

SaooharoRIJc., .pecies, an <:1. -glucosidase which a.ttaoked c{ -athyl­

glucoside but no other ~ -gluoolides, including malto.e. It i. eleu 

tbat -.1 tase and 0; -methyl &luooaida.e are net in 1.11 oases identioal 

and that no theory may be ba.ed upon the asauaption that they are. At 

present, then, the manner by whieh yeast ferments _1 tOle il ItUl 

unoertaiD. 

Evidence that maltozym&se formation i. an adaptive prooess 

Several workers (Ill, 112, 113) bave obserTed a lag period 

betore the onset of maltose fermentation by yeast. Yealt oe11s inoubated 

in the presenoe of -.1 tose and subsequently washed _ra .een to moreaae 



in mal tozYJI8.se aetiTi ty; a plot of th1s aotiTi ty againat ti_ of 

inoubation yielded a ligmoid OurTe. (38). 

As already m8ntioned, adapti"ely for .. d ~-gluoosidasea 

were extraoted froll ;yeast oella grown in the presence of maltose (67). 

'l'hua, direct .videnee exists tbat yea8t oan fora adaptiTe e:a.sy.a iB 

the prelence of .. Itose, but the foregoing disoussion abows that it 

is not oertain that the lag peri.d bafore maltose fermentation Dy 

yeast i. taken up with the tor.ation of these speoifie adapti"e 

enzyme •• 

It bas been noted that the presence of oxygen or the addition 

of glueose reduoed the lag period bafora the fermentation of maltose and 

galaotose by yeast. Wben tir st obaerved, these tact .... re explained in 

teru ct the aotivation of a pra-exiating enzy. .y.tem (113, 114). 

Spiegel:u.n, Reiner, and Cobnberg (38) argued that oxygen and glucose 

aot, not ~ aotivating enzyme aylteu already present but by 8upply1:a.g 

energy for the Synthesi8 ot n81r enzymt systems. They pointed out that 

glucose or oxygea had little effect in sb.ortening the lag unle.s the 

adaptiTe substrate wera allo pre sent. 

A desoription of the oompetition between the formation of the 

galaotozym&s8 and the maltozym&8e systems has already been givon 

(p'age / L/ ). The addi tien ot ammonium. sulphate greatly increaled the 

le"el of enz~ activity and raduoed the t1ae œcessary for tbe for-.tioa 



ot both theae aystelU. In the pres.nce ot amJIIOni\Dl sulpbate. the 

addition ot galaotose (and the oonsequent tormation ot galactozymase) 

had littleetteot on altozyma. •• tor..tion. though in the ab.enoe ot 

an e%ternal source of nitrogen. galaotose Itrongly inh1bited maltozyma •• 

formation (:34). 

By its behavior, tben, it appear8 likely that the fermentatioa 

of malto.e is an adaptive prooesB. but the evidenoe for thi. ia not .0 

oonclusive as tor the galactozym&.e .y.tem. Considering the important 

tbeoret1oal derivationa whioh have been made troJll the aS8waption tbat the 

maltozyma.e sy.tes is adaptive. further experimentalwork to decid. thi. 

point •• ems warranted. 



B. EXPERIMENTAL METHOns 

Most of the exper1Jœnts reported below 1Iere oarried out in 

the Warburg manometrio apparatus. Exoept where otherwise stated, the 

suspension ct yeast oame into oontact w1.th the maltose solution after 

the Te ssel had been gassed wi th 93% B2 - 7% 002 and equilibrated. All 

experiments were oarried out at 21°0. at a pH ot 4.5 in 0.067» llaH2p04. 

The yeast used was normally _ashed twioe with oold 0.061! BaH2'~ hatore 

being made up to a 2% or 4% (wet weight) suspenlion. A te. ot the 

experiments were oarried out aerobioal11, in a manner te be desoribed J 

and the maltozymase aotiv1ty meaaured alter the oells bad been remOTed 

from the media in whioh adaptation had taken plaoe. 

The majority ot the experillent&! resulta obtained Ire 

expresMd in tabular torm. In _ost experb.ents there ..... , striotly 

speaking, no lag periode A amal1 gal evolution .... s obserYed immediately, 

or within the tirst tive or ten m1Jlutes ot oontact ot yeast oells with 

maltose. A maximum rate or gas evolution was only reaohed after 120 or 

BOre minutes ot oontaot (See Fig. III). other results are desoribed in 

terms ot the tiJD9 at whioh a steady (and maximal) rate of gaB evolution 

was reaohed, and the tinal aotivity, expressed aB Q-CÛ2, detined aa 

betore. The interval betw"een "zero ti.lDs ft 1 the time trem whioh mano_trio 

readings were taken, and the time a ateady rate was reacMd wi 11 he 

designated Lag 'f2. Lag Tl represents the time that an eTolution ot gaa 

IP () . 



-as tirst observed. In these experiments. Lag Tl • O. "Zero time" was 

usually the time ot tir.t contaot between yeast and maltose; in some 

experillentl. yea.t and maltose were in oontaot betore zero tilDe. In 

all oases. the meaning ot the term will be made olear. 

Reagant., 

Three commeroial brands ot maltose - B.D.R., Pfanstiehl, C.P., 

and Merok Puritied Malta •• - were uled in the.e exper1menta. .All tbese 

brands gave virtually the Sa.8 results in comparable experiwent.. To 

test tor tbepresence ot gluoose, one brand, Merok Puritied Maltose, 

_as incubated with yeast at pH 7.2. At this pH. glucose was terllanted 

strongly by thi. yeast, but no gas was eTolved tre. maltose. This 

showed that the maltose was irae ot oonta.minating glucose. 

Neutral solutions ot sugars were used. Many reagents were 

dissolved in 0.067 ! NaH2P~, and the pH ot the resulting solutions 

adjusted to 4.5. UDl.ess otherwise indicated, other solutions were 

adjusted to pH 4.5 batora use. Hexole.diphosphate wal supplied a. the 

dl-bariua salt. This W&s dilsolTed in »/6 HCl, the bar1um preoipitated 

by addition of a st~hiometrio amount ot N&:2SÛJ+, the BaS<\ reaoved by 

oentritugation, and the aupernatant neutralized. 

{,I. 



C. EXPERIMENTAL RESUr:rS 

, 
Properties of Lallemand's and FleisohmaDAs yea.t with regard to maltose 
fermentation 

Preliminary experiment. showed that fre8h Fleischman'~~ yeast 

possesaed the ability to t'erment maltose t'rom the start at a nearly 

maxillWJl rate. The oonditions under which this yeast bad been oul tivated 

were not known exaotly, but it was thought possible that the maltose-

ferMnting power 'iraS adaptive and would be lost upon incubating the 

yeast t'or a time in the absenoe of any substrate. To test thi8, air 

lfal bubb1ed through a 2%{wet weight) luspendon of Fleilohmann's yeas~ 

bsld at roOlll tempe rature • Sample. of thil aerated suspensioD .ere t aken 

at 17 and 67 hour., and the fermentation of gluoose and maltose by thes. 

oell. followed. The result., given in Figure III, show that aeration in 

the absenoe of any 8ubstrate produoed a profound chan~ in the fe~nta-

tion of maltose, but had a muoh sma11er effeot on the fermentation or 

gluoose. A Lag 1'2 of approxi_tely 120 minutes was seen in the _lto,. 

fermentation by the oells aerated for 67 hours. For gluoose, though tba 

rate of fermentation had been slightly lowered, there ftS no inorease in 

the lag periode lnoluded in Figure III is a ourve showing the fermenta-

tion of maltose by a fresh lot of Lallemand" yeast. Rere, thore was an 

evident lag period of 110 minutes before the maxi.al oarbo. dioxide output 

ftl reached. Beoause fresh Lallemand's yea.t wa.. unadapted. to maltoso 
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FIGUEE III 

Maltose and glucose ferment~tion by Lallemand's and F1eischmann's 
yeast: The effect c'" aeratif)':l in the absence of f' . substre'~,. 

F1eischman' T S yeast: 
:". M'1.l tose fennentatirr, 'îy frpr:'i. ~reast 

II. Maltoso ~ermentation after 17 hours' aeration. 
III. Maltose fermentation after 67 hours' aerationo 

IV .j.lucose fermentation by fresh yeast. 
V. CJ. ~H~ose fnrment'l.tion after 67 hours' a~rat,ion. 

LaI lcrc'\:ld , s ysast: 
VI. !.~al tose fermentation by fresh yeast. 

In main vessaIs: Yeast in 2.7-3.0 ml. 0.067 ! NaH2P04. 409 mg. 

(dry weight) yeast/ves33l in l, IV and VI; 18 0 2 mg. 
/vessel in II; 23 mg ./v~ssel in III and V. 

In side arms: 

o 
Temp.: 27 c. 

0.3 ml. 20% maltose or glucose, tipped in at zero 
time, after gassing and equilibration. 

Final Volur.l3: 3.0 m.!. in l and IV, 

3.3 mJ. ir. other~. 



termentation. it was used in the lucoe.ding experimentl. 

Aerobic adaptation to maltose termentation 

The iuorea •• in -.ltoZymaS8 aotivity upon aerobie inoUbation 

of yeast in the presenoe ot maltose is 111ustrated in Figure IV. For 

this inoubation. tour 25 J1Ù.. Erlemaeyer flaskl were set up. eaoh 

ooJItiaining 1 

5.0 ml. 4.0% (et weight) yeast 1n 0.067M llaH2P04 

3.0 Ill. 0.067lf BaB2P04 

2.0 ml. 500f0 lIaltole 

Gas aboTe liquid phas.: Air. 

The tlasks were sbak.n at a temperature ot 2:7·C • . A 3.0 1Il .... ple W&8 

talcen iJllll8diately atter addition of the maltose te the yeast. and other 

3.0 al. samples wera taken at inw~. t,hroughout the experiEnt. up w 

2:75 1I1nutel af'ter the tirst oontact beween yeast and maltose. The 

samplel talcen were oentrituged, the yeast washed twioe by oentrifugation 

in c01d 0.067M N&H2P04 and the volume of the suspension made up t111&11y 

to 3.0 ml. 1n 0.067Jl l'~P04. 1.0 lIÙ.. samples were taken tor a8lay, and 

0.5 111. diluted tor turbidity measurementl. lIeasure_nts ot aotivity 

were oarried out iB Warburg vessell in whieh were plaoed the washed 

yeast sUlpensionJo.067! Ball2P04 to giv. a final total Tolu. ot 3.0 ml., 

and in the aide ara, 0.8 ml. of 50% _ltose. After ga8lmg and equilibra­

tion, the oonwntl ot the aide ara were tipped in, and the oarbon diorlde 

output tol1owed for 20 minutes, for a determinat10n ot tbe .altozymale 

act1Tit,y. The amount ot yeast present at diftereDt ti.el. expre.sad a. 

1Ig. dry weight/lal. il gi ven under Figure IV. 
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FIGURE IV 

Aerobic adaptation to maltose te~entation. 

Time (minutes) 

o 
35 
95 

155 
215 
275 

Conditions as described in texte 

Yeast Concentration 
(mg./ml. ) 

5.7 
5.9 
6.0 
5.6 
6.2 
6.2 



The time-aotivity ourve in Figure IV ha. the sipoid shape 

oharacteriltio or several other adaptive ourves and found previou.ly 

for maltozymase as welle From the measurements of the amount ot yeast 

present at different t1mes, it is seen that no growth took plaoe up to 

155 minutes, by whioh ti_ the -.xillal aotivity bad been reaohed; and 

little it &ny growth took place in the nen 120 minutel. 

The ooncentration-activity relationship for maltole fermentation 

Alter fixing on Lallemand's yeast, the relation of substrat. 

conoentration to the fermentative aotivity of this yeast was inV8stigated, 

to establish the proper ooncentration ot malto.e to be u.ed in future 

experiments. The variation of the fiDal rate of carbon dioxide prodaotion 

with ohanges in substrate ooncentration is shown .in Figare V. The period, 
If ·· ., 

Lag '1'2. tor aach conoentration of lIfll ~ . i. gi~ beln the figure. The 

lag varied littl. i. this experi_nt fro. the sman.st to the greatest 

maltose oonoentration us.d. The ax1-.1 aotivity was reaohed at the 

.urprisingly high JIlÜ. tole ooncentration ot 13 1/3%. It is not poslibl. 

to say tro. this experiment aloœ if the variation in aotivity w&s du. 

to a variation in the amount ot adaptive enzyme tormed, a variation in 

aotivitl of the adaptiTely formed enz1JIIB, or a oombination ot both. FlU"tber 

experiments were not oarried out to deoide this point. The oonoentration 

ot 13 1/3% of _ltole was u8ed in JIOst subsequent experiJlll!lnts. 



. . ~ 

~O_--'O 

100 

o 

ON 

~ 
~ 0 

~ 50 / i 
!J 0 
~ 

/ a .. 

FIGURE V 

The effeot of maltose oonoentration on maltose fermentation by una­
dapted yeast. 

Peroent Maltose. 

2/3 
2 
3-1/.3 
6-2/3 

13-1/3 
16-2/3 

Final maltozymase aotivity as shawn. 

Lag T2, Minutes 

140 
160 
140 
140 
140 
130 

Conditionsr Main Vessels - Maltose in 0.067 M 
NaH~04 to give rinal ooncentration shown, 
0.067 ! NaH~04 to a final volume of 
3.0 ml. 

Side Arma - o.s ml. 4% (wet wight) yeast in 0.067 )l 

Na~P04' tipped in at zero tima after -
gassing a~ equilibration. 

other oonditions as in Figure III. 



The effeot of various oo-faotors on the formation and aotivity of th. 
maltozymase aystem 

It -.as of oonsiderable interast to know to wbat extent, it at 

a11, the lag period obserTed betore the ma.x1mwa rate of maltose fermenta-

tion by unad&pted yea.t oould he aooounted for as the time Decessary tor 

building up ot oo-faotors essential for termentation. It is a common 

experienoe, for e.xa.mple, that in the fermentation of gluoo.e by yeast, 

there is a short lag period Tnioh disappears if hexose-di-phosphate is 

added to the medium.. The experiments of SpiegelJDB.ll !! al. (65) on the 

importance ot oo-factors in galaotozymase formation and aotivity have 

dready been mentioned (See page ~ I{). Such studies. however, have not 

yet been made on the maltozymase system. In the work to be reported, 

the effeot. ct ponible oo-faotors, both known and unknown. on mal to.e 

fermentation by intaot yeast oells. were obserTed. 

In Table IV are pre sented the re sul ts ot wo experi_nt. in 

whioh maltose fermentation was oarried out in the presence of ditfer.nt 

conoentrations of hexose diphosphate and lodiua pyrUV'ate. In thes. 

experiments, the yeast was in contaot with the maltose prior te the 

addition of the sodium pyruYate or hexose diphosphate, and some 

adaptation must have tabn plaoe by the ti_ of this addition. It i8 

leen fram the re.ul t. in Table IV that -mile both hexose diphosphate 

and sodium pyruvate had a stimulating effeot on oarbon dioxide eTolution, 

neitlwr short8ned the lag periode The lag period, then, did not 

reprelent, even partially, the time neoessary for the yeast cell to build 



Expert-
ment 

1. 

2. 

TABLE IV 

The effeot ot sodium pyruTate and hexose diphosphate 
(EDP) on maltose termentation by yeast 

Lag T2 
System MiDut.~ 

Maltose 120 
0.002 11 IIDP 
Maltosë + 0.002 M: EDP 120 

Maltose 140 
0.013 M EDP 
Kal to së i 0.002 )( HDP 140 
Maltose ~ 0.013 V HOP 140 
0.013 )l Pyruvate:t 

140 Maltosë + 0.002 M Pyruvate 
Maltose + 0.013 ! Pyruvate 140 

Final Q-C~ 

105 
0 

127 

43 
0 

lJ6 
52 

44 
61 

:&: A total of 64 l' 1. C~ was evolTed from the pyruvate present. 

In main vessels 1 0.5 ml. 4% (wet weight) yeast in 0.067 ! NaHeP04. 0.061! 
NaH2P04 to malee 3.0 ml. total vo1wœ. hltosel Experiment 
1. 1.5 ml. 2<>% maltose 1n NaH2~J Experi:ment 2. 0.8 ml. 
50% mal to se. 

In side arma: Experi_nt l, 0.02 M HOP to giTe final ooncentrations a8 
shown; Experiment 'Z; 0.04 lit EDP and Sodium. Pyruvate to 
give final conoentrations as shown. 

Yeast and maltose were in oontact 10 minutes before gassing and equilibra­
tion. The oontents of the side arm were tipped in at zero time. after 
ga8sing and equilibration. 



up tb3S9 substanoes. It 1s not possible to de termine from this experiment 

alone whether these substanoes stimulated maltozymase formation or the 

activity of the maltozymase formed. 

It was thought that if' the inorease in activity with time, 

observed in maltose fermentation, were due to the formtion of some 

non-enzymatic oo-faotor(s), it should he possible to extraot this 

faotor(s) from yeast oells whioh had beoome adapted to maltose fermenta­

tion, and by adding it to ce Ils not pr~vioualy in contaot with mItose, 

to reduoe or eliminate the time lag for maltose fermentation. .An experi­

ment was aooordingly d.evised to test this possibility. 20 mg. (wet weight) 

of yeast cells were adapted to maltose fermentation by 315 minutes 

anaerobio contaot with a buffered maltose solution. These oells were 

washed once with cold 0.067! NaH2P04, centrifuged, suspended in 2., ml. 

H20 and heated in a boiling water bath for 10 minutes. The oells were 

again oentrifuged and the supernatant taken. A similar extraot was made 

from 20 mg. of unadapted yeast cella. The results in Table V shaw the 

effects on maltose fermentation of these extracts. It 1s seen that, 

while the extract of adapted yeast did strongly stimulate carbon dioxide 

production, it had little greater stimulatory effect than the extract 

f'rom unadapted yeast. Ne! ther extraot caused a shortening of' the lag 

periode This experiment indicates that mal tozymase formation does not 

involve the formation of' a non-enzymatic co-faotor. The results, however, 

are not conclusive. the experiment was carried out with intaot cella. If 

adaptation in this case did involve the formation of an essential oo-factor, 

suoh a co-factor might have been unable to penetrate the cell wall. 



TABlE V 

The effeot of hot water extraot. of yeast oell., 
adapted and wadapted to _1 tose fermentation} on 
the fermentation of maltose by unadapted yeast 

Experi- !Ag, T2 
JU.nutes l ment System Final Q-C02 

1. Maltose 140 53 
Maltose + 1.5 ml. extraot from 

fresh yea.t 160 169 
Mal tose .,. 1.5 ml. extraot froll 

adapted yeast 160 182 

extraot froJD fresh yea.st 0 
extraot from adapted yeast 0 

(wft ",t.) 
In .ain vessel., 0.5 ml. 4%4yeast in 0.06711 NaH2P04" 1.0 ml. ~ malto.e 

in O.067M NaB2P04. Extraots and supernatant. as giTen 
above J sëe text for preparation. 0.(67)( NaH.:,POJ, to a 
total volume of 3.0 ml. Yeast and mal t6'1e wEf!oe in contact 

20 minutes befora zero time. 
Gall a 12 - C02 

It is impolaible to say whether the .timulation of final rate 

.as due to an aotion on the mal tozyma.e sylltem i tselt or on i ta fora tion. 

Probably, however, both aotiona .ere involTed. A stiJDUl.ation of gluoolle 

fermentation by yeast extraots has alrea~ been reported (1l5). In 

addi tion, the ni trogenous _terial oontained in the yeast extraot would 

be expeoted to .t~late maitozymase formation (34). 

The evidenee obtaiœd in these experi.mta indioate. tbat tM 

lag period in maltose fermentation by uœ.dapted oell. ia not the time -• 
neoessary for the building up of essential oo-faotors for .. ltose 

fermentation. Thi. point may be finally settIed, however. only by 

experiments utilizing oell-free preparationa of the .~yme sy.te .. 

7/. 



Inhibitors ot mal tozymase fOrlllationa Sulthydryl oODlpO\Ulds 

In view ot the influenoe ot .ulthydryl compound. on galaotozyww.se 

formation and disappearance, it was of interest to learn wbetber 8uoh 

co.pounds lIOuld have any effect on maltozyaase formation. Result. of 

experiments showing the effects of oy.teine on aerobio and anaerobio 

maltozyma.e formation are presented in Figure VI and Table VI. As the 

resu! ts h Table VI show, O.0067! oy.teine deoreased the final rate of 

maltose fermentation by unadapted yeast ,oeIl., but had no efteot on 

the fermentation of maltose by adapted oell.. The effeots obserTed 

when oonoentrations of oysteine higher tban 0.0(67)( were added to 

uaadapted cel1s were probably also effeots on maltozymase formation. 

This il not oertain, however, as sxperiments were not oarried out te 

determine the aotion of these higher oysteine ooncentrations on maltose 

fermentation by adapted yeast oells. 

Sodium thioglyoollate oaused a slight inhibition of,aerobio 

and anaerobio maltozyma.se for_tion. The result. of experi_nts sbowing 

these effects are givan in Table VII. Even in the pre.ence of 0.1 ! 

thioglyoollate, the inhibition of final rate of maltose fermentation by 

unadapted yeast oe11a was only 29,%. That this representsd an inhibition 

of adaptation .... s shown by the faot that thiB ooncentration of 8Odi\1ll 

thioglyoollats had DO effeot on _ltose fermentation by adapted yeast 

cella (Experiment 3). 
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FIGURE VI 

!he inhibition by cyateine ot aerobic maltozy.mase formation. 

I. Maltose 
II. Maltose + 0.0067 ! cysteine 

Condition8 a. iD expertmeDt illu8trated iD Figure IV.l-oysteiDe-BCl 
4i •• olved iD 0.067 ! Ba~ added to give tiDal conoentration .hown. 

,., 3. 



Experi-

TABLE VI 

The etteot ot difterent ooncentrations ot oysteine 
on maltozymase tormation 

ment System Final Q-C02 

2. 

Maltose 
Maltose + 0.00067 M oy.teine 
Maltose t 0.0067 U-oylteine 
Maltose + 0.0134 V cysteina 
Maltose + 0.027 Y-oy.tetne 
Valtose + 0.038 Il cy.teille 

)(alto se 
Maltose. 0.0067 M oy.teine 

320 
320 
320 
320 
320 
320 

22 
25 
16 
17 
11 
10 

,)"1 C~ eTolved ia 
100 lI1nute s 

880 
980 

In main vesaels: Exper1ment l, U1l&dapted yeast. 20 mg. (lI'et nigbt) per 
vessel. Experiaent 2, yeast adapted by 250 minutes 
aerobio exposure to maltose (oonditions as in .xperi .. nt 
r~re8ented in CurTe I. Figure VI). 20 mg. (wet weight) 
par vess.l. 

Side aru 1 

Cysteiœ HCl in 0.06711. NaH2P04 to give tinal oonoentra­
tion shown. 0.067M NâÏf2P04 to a final Tolu. ot 3.0 ml. 

0.8 ml. 50% maltose. tipped in alter gas.ing and equili­
bration. at zero time. Yellow phosphorous in o.nt.r 
11'811 in Experiment 1. 

The .ft.cts of glutatbione and sodium diethylditbiocarbamate on 

aerobio maltozymase torJll8.tion .... r. also t.sted. From th. relults pre.ent.d 

in fable VIII. it is .een tbat neither of tbese substances had any etfeot. 

In oomparing the results pre •• nted in Figure VI and fable VI, it 

18 seen tbat 0.0067 ! cysteine Md, a l"ather greater inb1bitory etteot OD 

•• robio tban on anaerobio maltozywa •• formation. The data available on 



TABLE VII 

The ettect of sodium th1oglyoolla~ on maltozyma8e formation 

Experi-
ment Slltem. 

Q-002 â1'ter 3 br •• 
aerocio iDOubation 

at ~ c. 

1. Maltose 
Malto •• + 0.01 !Iodium tbioglycol1ate 

Maltose 
Maltose t 0.02 M sodium thiog1yc011ate 
Mal tos. + 0.1 lCsodium thioglycollate 

Maltose 
Maltose + 0.1 K thioglycollate 

l&g '1'2, 

50 
40 

minutes Final Q-CQe 

120 
120 
140 

119 
104 
85 

~.CÛ2 eTolYed in 
60 millut •• 

196 
200 

ExperiMnt 1: In 125 ml. ErleDJllllyer tlask. 8.0 ml. 4% (wet weight) y.ast 
in 0.06711 NaH2PO!u 4.0 ml. 50% maltose. 2.0 IÙ. 0.1 li 
thioglycOllate. o.061J( NaH2P04 to 20 ml. Method. of-lI8uure­
DIIInt as desoribed in t'he texte 

Experi_nt 2. Main vassela, 0.8 ml. 50% JU.ltose, 0.2 li sodium thioglyool­
lat. in 0.061M NaH2P04 to giva conoentration. ah01l1l aboy •• 
0.06711 NaHeP04 to a tillAl volUlle ot 3.0 ml. 
Side anu. 0.5 ml. ~ yeut in 0.067! N~P04. tipped in 
a/ter gas8ing and equi1ibration at sero time. 

ExperiJll8nt 3. Conditions as in Exper1ment 2. except that 0.5 ml. 1.3% w&shed, 
adapted yeast in 0.067MNaH~P04 was tipped in at sero tiBe. 
Adapted yeast .... 8 from.-the maltose" veuel ot Experi_nt 2. 



this phenomenon# hawever, are insufficient to warrant a prolonged dil-

cussion. The faot that oyateine and thioglyoollate inhibited both 

aerobio and anaerobio malto~se formation shows that their action 

oannot be attributed to an effeot on a respiratory procass alone. 

System 

TABLE VIn 

The etfects of diethyldithiooarbamate (DDC) and 
glutathione (asH) on maltozymase formation (incuba­

tion experiment) 

Malto~se activity (Q-CQ2) after minute. 
o 30 130 210 

1Ialtose 
Jlaltose - DDC 
Maltose - GSH 

37 
28 
35 

" 61 
58 

61 
59 
f$ 

Conditions: Aerobic incubation in Erlenm~er flasks. 
10.0 ml. 4% yeut in 0.067! N~P04 
4.0 ml. 50% maltose 
4.0 ml. 0.05 M glutathione or diethyl­

dithiocarbamate in 0.067! NaE2P04 
0.067! N~P04 to 20.0 ml. 

Methods of measurement as described in texte 

The action of atabrine and riboflavine on malto;ymase formation 

It is knawn that agents, such as sodium azide and 2-4 dinitro-

phenol, whieh unoouple phosphorylation from the geueral metabol1sm of the 

oeIl, a1so inhib1t adaptation (39, 44). Beoause atabrine ia known te 

unoouple phosphorylation from oxidation in kidney particles (116), experi-

ments were oarried out to de termine whether this substanoe had any effeot 

on ma1tozymase formation. 

76. 



The experiments reported in Table IX show that an inhibition 

of adaptation by atabrine did in fact take place. In the experiment in 

which aerobio inoubation in the presenoe of atabrine was carried out for 

three hours, the yeast oells were found to be staiœd yellow; this color 

oould not be removed from the cells by washing. It was possible that the 

adlorbed atabrine was still inhibiting the fermentation of maltose in the 

washed oells, rather than that an inhibition of adaptation bad taken 

plaoe. As Expert_nt 3 of this table showed, however, atabrine did not 

inhibit maltose fermentation by adapted yeast oelll. 

It was also found that the effeot cf atabrine could be partially 

reversed by the structurally sbdlar oompound, riboflavine. The reluIt. 

ot an experiment showing thil reversaI are pre sented in Table X. Because 

of the low lolubility of riboflavine, solutioD8 of much greater ooncentra­

tion than those given in Table X oould not be used, and it was only 

possible te obtain a slight reveraal of the atabrine inhibition. Attempts 

wer. not made, therefore, to obtain a complete reversal of the aotion of 

atabrine. 

The action of ol -methyl gluooaide on maltozymase formation 

Leibowitz and He.trin (106) observed that c( -methyl gluoosicJ. 

iDh1bited the fermentation of maltose by yeast if it .sr. added during the 

lag period, but not if it were added att8r the naximal rate bad been 

reaohed. Although these workers were not ooncerned with adaptation ia 

their experilMnts, this finding indioated tbat what they had observed wa8 

in reality an inhibition of maltozymase formation. One experiment was 

77. 



TABLE IX 

The affect of atabrine on maltozymase formation 

Experi-
ment System 

1. Malto •• 
Maltose + 0.0116 M atabrin. 

Maltose 
Maltose i 0.0001 M atabrine 
Maltose t 0.001 ~atabrine 
Maltose + 0.01 ~atabriDe 

Maltose: 
Fermentation of adapted yea8t 
B.fore adding 0.01 li atab ri ne , 
Af'ter adding 0.01 lratabrine 

Maltozymase aot1v1ty (Q-c62J 
atter ~ houri' aerobic incuba­
tion at 2C)0C. 

La, 'ta lfinute 8 

110 
110 
110 
90 

ri c02t1u-· 

524 
517 

50 
25 

Final Q-CÛ2 

112 
101 
95 
61.6 

CondItions. Experiment 1: As in Table VII, nib châiïges as SbOWll. 

ExperiDent 2, Main v.ssels: 

Side arma: 

ExperiButnt ~ 1 Main ve ssels • 

Side arme: 

ExperiJMnts 2 and ~ ,- 'temp •• 'i!T°C. 

0.8 Ill. 50% Baltose 
Atabrine dihydrochlorid. in 
0.061;! NaH?P04 to give final 
concentratIon a. shawn. 
NaB2PQ4 to a final volums of 
~.O IÙ.. 
0.5 ml. 4% yeast (_t .eight) 
in 0.067Jf N .. ~POt" tipp.d in 
after gasling ana equilibration, 
at zero t1_. 

0.5 ml. 4% y.ast in 0.067l1 
NaHoP04, 0.8 ml. 50J' Jl8.ltol •• 
0.o07M llaH2P04 to a final 
volums of ~.O Ill. 
0.6 ml. of 0.0511 atabrine di-
Rel in 0.06711 lIi1l2P04. V .... la 
gassed and equilibra'ted.. Contenta 
of sida ara tipped ia &t'ter 95 
minutel of contaot between yeaat 
and Jll8.1tos ... hen a steady rate of 
C~ evolution had beau reaohed. 



TABlE X 

The reversa! of the atabrin. inhibition of maltozymale 
. for.mation by riboflaTine . 

System Final Q-C~ 

Maltose 140 56 
Maltos. + 0.0001 K riboflavine 140 57 
Maltose + 0.01 M atabrine 160 4~ 
Maltose + 0.01 Il atabrin.+O.OOOl K riboflavine 160 49 

Conditions: Main vessels: 0.8 ml. 50% maltose. atabriDe and riboflavine 
in 0.067M NaH2POh to give final oonoentra­
tions Ih'Own. 0.Oo7! NaH2P04 to a total volume 
ot ~.O ml. 

Side arma: 0.5 ml. 4% (wet weight) yeast in 0.067M 
NaH2PD4. tipped in at zero ti_ &t'ter gasslng 
and equilibration. 

Gas 1 ~ - CÛ2 

carried out te oonfirm this observation. uslng a different method of fol-

lowing maltozya&se formation. A oomparison was made betw8en the malto-

zymase aotivity of yeast incubated with malte •• and yeast incubated with 

_ltose plus 0\ -methyl gluooside. 'l'he oonditions of inoubations were 

thos. giTen in Table VII. Solid 0( -methyl glucoside, te give a final 

ooncentration of 0.05 .!. wa. di •• olved in a buftered maltos" D8diu. b.fore 

the addition of the yeast. At the end of three heurs' aerobio incubation. 

the yealt inoubated with altose alone had a maltozymase aetivity 

(Q-C~) of 50, while tbat incubated with maltose t o(-:methyl glucoside had. 

. 79. 1 



The effeot of steroids OD maltozym&se formation 

In view of the growing interest in the aotion of hormones on 

enzyme systema, the aotion of suoh substanoes on maltozym&se formation 

was investigated. The syntbetio hormone, diethyl stilbestrol, bas beea 

round to aot as a hydrogen oarrier tor dehydrogena.e sy.tems (111). The 

natural hormne, d -4-androstenedioDe, strongly inhibits the p.aerabie 

oxidation of c;( -glyceropho.pbate by yeast powder (118). la Figure VII, 

A and B,are shown the effects of alcoholio solutions of these steroids 

on maltose ferJl8ntation by unadap"ted and adapted yeast oella re.peotiftly. 

Altbough tbese steroids inhibited almo.t oOJII.pletely the fermentation of 

maltose by unadapted yeast, they bad no, or oonsiderably les8, effeet aD 

maltosetermentation of adapted yeast. Thus, oomparing the final rat~ot 

oarbon dioxide evolution, it ia seen that atilbestrol cau.ad a 91% 

inhibition ot fermentation by unadapted but only a 6g{o inhibition of 

fermentation by adapted yeast. The oomparative figures tor ~ -4-

androst8ne-dione were 89% and 4% resp8otively. The break: in oarbon 

dioxide evolution in FigUre VII B, was due to the ohan~ in vapor 

pressure whan the alooholio solution of the steroid was tipped into tM 

aqueou. solution iD the .. in velsel. The great stimulation of maltose 

fermentation oaused by ethanol should be noted. A separate experi .. nt 

on the fermentation of â 2% gluoose solution by yeast at pH 4.5 showed 

that ther. was no sti~lation by the concentration of etbanol (6 1/3%) 

used in these experiœnts. The rates of oarbon dioxide evolution from 

glucos. were 191,ft-l./hr. in the absence and 115 ~l./hr. in the 

pre.enoe of ethanol. When the aloohol was tipped into the yea.t-maltos8 
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FIGURE VII 

A B 

A. The etfect ot diethyl stilbestrol and J ~ androstenedione on mal­
tose fermentation by unadapted yeast. 

1. Maltose 
II. Maltose t ethanol 

III. Maltose r ethanol r diethyl stilbestrol 
IV. Maltose ~ ethanol ~ ~ ~ androstenedione. 

Conditions: Main vessals: 0.8 ml. 50% maltose, 0.2 ml. 95% ethanol or 
0.2 ml. 1% solutions ot steroids as shown, 
in 95% ethanol, 0.067 ! NaH2~ to a tinal 
volume o~ 3.0 ml. 

Side &l'nus: 0.5 ml. 4% (wet weight) yeast in 0.067 
! NaH2F<t. tipped in at zero time, after 
gassing and equilibration. 

JI / . 



FIGURE VII (Cont'd) 

B. rhe ettect ot di.th;rl stilbestrol and .d..q. andronenediene oa .1-
tose ter.aentation b;r adapted ye&st. 

l. .altose ~ ethano1 
II. Maltole + ethano1 + diethTl Itilbeltro~ 

III. Maltose + ethallel ~ 4 -4 androltenedione. 

Conditions 1 Main Teslells 0.8 al. 50%aaltol., 0.5 al. 4% (wet wight) 
J8&lt in 0.067 )1 :I&~, 0.067 ! .~~ te 
a tiDal Tolua8 ot '.0 al. . 

8ide arma & 0.2 al. 95% ethaDol or 0.2 al. 1% lolutioDl 
ot steroids al shawn, tipped in alter g"li~ 
and. equilibration, when a final rate ot CO2 
eTOlution had been reached (Arro",.) 

Yeast and maltole _re in coutaot 50 minutes batore zero t1Dle indioated. 

o 
In both expermeut.s remp.s f!1 C. Gals -2-002 



solution alter fermentation had taken plaoe for some tima. there _as 

1itt1e effaot on the fermentation. This wou1d normal1y indioate that 

the aotion ot ethano1 was one . on mal tozymale formation ratber tha.n on 

maltose terDlfSntation. It might be argued, however, that the aotion of 

ethano1 wal one on maltose ferm.ntation and that soma ethano1 had 

distilled into the main velsel tro. the side arm and had already pro-

duoed a JU.Xaal aJDOUDt of stimulation bafore the bulk of the ethano1 

was tipped in. Comparison of the oarbon dioxide evolutionjlve.se1 l, 

Figure VII B wi th that of another vessel, prepared in the S&l8!l way bu' 

wi th ethano1 omi tted froll the side ara, indioated tbat a sal1 stiaula-

tion of term!lntation had oom about in this way, but tbat i t was in.ut-

fioient to aooount for the stimulation observed in unadapted yeast. Thua, 

before tipping in the ethano1. the rate of oarbon dioxide evo1ution _as 

603 r 1./hr. for vessel l, and 545 )"-1.,/hr. for a oomparab1e period for 

the Tessel without ethanol in the side arm. A further indioation that 

tbe observed stimulation was one of adaptation rather than fermentatiOD 

oomes from a oomparisoJl of Curve. l and II of Figure VII A. If the 

stimulation .. re merelyone of fermentation. it _ou1d be expeoted that 

the ratio, t- L C~ evolved by 1I01.C~ evo1ved by l 1rould be oonatal:l.t 

throughout the experi.nt, whlle if the stilllUlation were one ot adapta.-

tion, the ratio should inorease ri th time. The latter ... s fOUlld to b. 

the oase. The ratio inorea.ed from a value of 1.39 at 20 lI1nute. to 

2.02 at 160 m1BUtes. It 18 possible that 80_ atiJRUlation of fel"lMntation 

was involved bere, but the main effeot appears to bave been ODe ot 

adaptation. 



The affeot of staroid8 in aqueous solution on adaptation was 

a1so observed. 

rwo methods wore used in preparing saturated aqueous solu­

tions of these steroids. In the tiret (Experiment 1 and ~, Table 

XI), 0.1 ml. of 1% stilbastrol and 0.2 ml. ot 1% d -4-androstenedione 

in 95% ethanol were added to 5 ml. ~O and the solution heated in a 

boiling ... ater bath ~O minutes to drive oft the ethanol. The solutions 

were oooled and tiltered. In the seoond method (Exper1ment 2, Table XI). 

5 mg. ot eaoh steroid was heated in 10 ml. ~O. the hot solutions 

filtered, oooled, and retiltered. As on oooling ot the hot filtered 

solutions, a preoipitate was seen ta fOrll, the tiltrates were talcell te 

he saturated solutions ot the steroids. 

The ra sul ts pre sentod in Table XI show that in the much lower 

oOlloentrations ot st8roids involved bero, no inhibition ot adaptation 

took plaoe. Rather, a slight stimulation of adaptation .as observed. 

The magnitude ot this etteot, espeoially in the oase of A-4-androstenedione, 

was muoh less than the inbibitory effect of alooholio steroid solutions. 

The manner by whioh thes. st.roids influenoed adaptation is still unknown. 

Summary and oonclusions 

The fermentation of maltose by two oommeroial brande ot bakers' 

yeast, Flei8ohman~l and Lallemand's, haB been studied. Lallemand's yeast 

fermented maltase at a maximal rate only after an induotion period ot wo 

hours or longer. Fleisohman~s yeast fermented maltose at a maximal rate 



TABLE XI 

The aotion ot aqueous solutions ot diethylstilbestro1 and 
A -4-androstenedioDe on maltozym&se formation 

Experi- Lag T2. 
Jœnt System Minute • Final Q-CÜ2 

. 1. Maltose 120 85 
Mal toee t diethy1stilbestrol 120 104 
Maltose + .1 -4-androstenedione 120 106 

2. Maltose 100 71 
Mal toee t diethylstilbestrol 120 100 
Maltose + ~ -4-androstenedione 100 75 

3. Rate of Fermentation of Adapted 
Yeast (Q-C02~ Befora Addinrt After Adding 

Diet~lstilbestro1 127 137 
~ - -androstenedione 140 142 

Conditions: ExperiBents 1 and 2: Main vessel: 0.8 ml. 50% maltose, 0.6 ml. 
saturated aqueous steroid solutions, 0.067! NaH2P04 to a final 
volume of 3.0 ml. (1AI~t' wt.) 
Side ana: o., ml. l#oAyeast in 0.06714 Na.H2P04, tipped in &t'ter 
gassing and equilibration at lero tTme. 

Experiment 3& Yeast and maltose in oontact 170 mi.utes bafore 
tipping in steroid solutions fram side arme Concentrations as 
in Experiments l and 2. 

Yellow phosphorus in all oenter wells. 

Gas: H2 - CÛ2 

9.4/. 



wi th l1ttle or no induotion periode .At'ter a period ot aerobie il'lCuba­

tioa in the absence of any substrate, however, Fleisohmants yeast 

exhibited a prclon~d induotion period in the fermentation ot maltose. 

Lallemand' 1 yeast 'QS u8ed tor the remainder ot the experimenta 

reported in this ohapter. 

Sodium pyruvate and hexose di-phosphate both increased the 

final rate ot malto.e fermentation without deoreasing the lag period 

befon a final rate was reaohed. Hot water extraots of adapted and 

unadapted yeast cel18 both .timulated the final rate of fermentation 

to approximately the same extent. Neither shortened the lag per1od. 

The lag period, then, problbly did not involv. the formation of either 

hexose-diphosphate, sodium pyruvate or substances extractable by hot 

W'ater frcm adapted yeast. 

It was found that both cysteine and sodium thioglycollate 

inh1bited mal tozymase formation. The other thiol ooapoWld. tested, 

glutathione and sodium diethyldithiocarbamate, were without effect. 

The inhibitory effects W'ere noted in aerobio a8 well as anaerobio 

adaptation. The action of theS8 inhibitors, tben, could not have 

been solely on a respirator,y proeess. 

The previously reported (106) inhibition of maltozymase forma­

tion by O\,-_thyl-gluooside was oont'inœd by another method. 

Atabrine, whioh is known to unoouple phosphorylation rro. 

oxidation in kidney partioles W&S found to inhibit both aerobio and 



ana.erobio mal tozymase formation. This inhibition was to SOllle extent 

rever81ble by the structurally similar compound, riboflavine. 

Ethanolio 8olutions of diethyl stilbe8trol and ~ -4-

andro stenedione strongly inhibi ted mal tozymaS8 formation. The former 

compound abo inhibited maltele fermentation by adapted c811s, though 

te a lesser extent than it inhibited maltOZymaS8 formation. Ethyl 

alcohol itself strongly stimulated maltozymase formation. In aqu80ui 

solutions, diethylstilbestrol and Ll -4-androstenedione gave a Ilight 

stimulation to maltozymas8 formation. 

B~· 



CHAPl'ER IV 

THE FORMIC HYDROGENLYASE SYSTEM 



A. INTRODUCTION 

SiDee a detai1ed historiea1 reviey of the ear1iest work on 

formo hydrogen1ya.s8 -y b8 tO\Dld iD the review br Stephenson (119), 

this york will be disoussed on1y brief1y bere. The tiret demonstra­

tion ot baoterial produotion ot moleoular hydrogen from torBdo aoi. 

yaa that ot Roppe-Se11er (120) in 1876. He tound tbat :mi.xed oul tures 

of baoteria obta.1ned tro~ IlUd deoompaseà oa1oium for-.te with the 

produotion ot oarbon diaxide and hydrogen. In 19()1, Palees and Jollyman 

(121) sJ10wed tbat all organislIS whioh produoed hydrogen in the fer.nta­

tion of sugars also produced hydrogen and carbon dioxide from tormio 

aoid. The oonversion ot glueose to formo aoid in !:. ~ w&s dea>n­

strated in the same year br Harden (122). In 19~2, Stephenlon and 

Stiokland (123) took up the study ct the baoterial enzymes whioh 

liberated .oleou1ar hydrogen from formio aoid and other substanoes. 

They proposed the Dame "hydrogenlyase" for enzyms 1iberating 

.oleoular hydrogen, to distinguish the. fro. dehydrogenas8l, whioh 

transfer hydrogen from a substrat. ta an aooeptor. These yorkers .... re 

the tirst to deBODstrate the adaptive foraatioD ot tormio hydro~nlyase 

(12~). It was produoed by growing culturel of !:. ~ only when tormio 



aoid or substanoes ~iTing rise to fondo aoid were present in the 

growth _di um. 

In studies on the deooaposition of sugus by Tarioua 

baoteria, aerobioal1y in 1iquid oultures, it .as noted that the 

produotion of hfdrogen byw~ of forBdo aoid.as inh1bited by inoreased 

atmospherio pressure (122, 124-126). The breakd01lll of fonde aoid was 

also inhibited by moleoular hydrogen (123). These facts suggested that 

the reaotion 1iberating hydrogen yaa reTersib1e. rua was veri1'ied Dy 

WOods {127~who in 1936 showed that the reaotionl 

HCOOH~B2 + C~ 
J 

oould. be used by baoteria either for the breakdown or for the synthesis 

of formic aoid. If the eTo1Ted oarbon dioxide is absorbed in alka1i, 

the above reaotion may preoeed te oompletion. This _thod ia used fer 

the a&Dometrio maasur.ment of forBdo hfdrogenlyase aotiTity. 

The enl,.. sywtem ia produoed by otber baoteria of the Co10n-

Aerogenes ~roup as well as by E. ooli, and is the most important if DOt --
the only .ohanism whereby mo1eoulu hydrogen .. y be liberated by these 

bacteria. Under oertain growth candi tions a te .. strains ot !! !!!!. and 

one ot !! aerogenes haTe been found ta produoe sma11 amounts ot hydrogen 

fro. glucose but nODe tram tormate (119, 128, 129). Glucose, honTer, 

is degraded to tormate in these organis... It has been demnstrated 

reoent1y (130) that gluoose J1A8.y aotiTate formo hydrogenlyase. It 

appears 1ike1y that when hydrogen eTo1ution troll glucose but IlOt fn)'sa 

formate alone W'aS obaened, the &m.Ount of forllio hydrogen1yase present 



W'aS too a-.1l 100 produoe a _asurable amount ot hydrogen trom tor-.te 

unless the enzy.ej)were stiJmlated by the prelenoe ot gluoose. Thua, 

there se~ to he no grounds tor postulatiag a gluoose hydrogenlyase 

diltiact trom torB!o hydrogenlyase. 

In the Clostridia, hydrogeB ... y he t'ormed t'rom pyruvate 

without passage through to~te . as an inter_diate. (ReTieW8d in 131). 

So .. ct the proper1oi.s of the hydrogen-produoing s18te. in Clostridia 

will be disouSled later. 

Using resting oell suspensions of !:. ~ grown in the 

presenoe ot t'orata, Stephenson aad Stiokland (123) :mealured the efteots 

of ohanges of hydrogen-ion conoentration, of variou. salt., and of 

inhibitors on the tormc hydrogenlyase Iystem. It W'aa tound tbat in 

intaot oella th1s ~ste. possesaed a sbarp pH-aotivity OurTe with a 

aaxiawa aotivi101 appro:n_tely at pH 7. The enz~ system 1I8.S 

exoeedingly sensitive 100 a uumber ot poiaon., iDoluding tolueue, 

t'luoride, urethaM, oarbon mnoxide, and oyanide. The findinga f4 

Waring and lferkman (132), 100 be disousaed 1ater, auggest atrongly that 

IIOD iron-containing oOllPOnent is ellentia1 to this syste.. This a180 

is lIuggested by the Dature of so. of the inhibitors of the system. 

Reoently, Liohatein and Boyd (78) delJl)n.trated fondo 

hydrogeDlJILse aotiTity in adapted oells of Aerobaoter aerogene. dried 

~ vaouo. Geat and Gibbs (79) bave prepared a oell-free .%tract trom 

adapted. oella ct !!. ~ by grinding these organi.as with "Alumina A 301-. 



This .%traot produoed by'drogen and oarbon dio:dde trom formio acid. 

A similar extraot bas been reported br Hughes (133). The maxt..l 

toraio by'drogenlyase aotivity ot the extraot prepared b,y Gest and 

Gibbs oooured at pH 6.1. whereas at pH 7.1. approximately the value 

tor aximal aotivity by the intaot oe11l. the extraot.as virtually 

inactive (79). 

tl' , 
It wa.a tound tbat divalent metal-oomplexing agent. c( - 1( -

dipyridyl. inh1bited the tondo hydrogenlyase aotivity ot this pre-

paration. !he inhibition was partially reversed by the addition ct 

Yn++. and oompletely reversed by the addition Ot Fe++. This reversal 

wa. oonsidered by Gast and Gibbs to indioate the importanoe ot iron 100 

tondo by'drogenlya.se aotivity. Interpretation is dittioult in thil 

oase, however. beoause ot the possibility tbat Fe+i relieved the 
, 

0( -CO(-dipyridyl inhibition siç1y by oombining with it in solution 

and re.,ving it trom its site ot aotion on the eu,. .yate .. 

'l'lae que stion ot the separate existenoe ot the tondo hydrogenlyase syltell 

Sime the disoov.ry ot the torllio hydregenlyas8 syStell, the tol-

10nns question bas bad to be taoedl ls this reaotion due to a single 

enzyme or to the oollb1Ded aotion ot two enz,..s? Hydrogen oould be 

liberated troll tormio aoid b,y a single splitting reaotion, oatalysed 

by oueeuYlM J 

HCOOH ;::, ==~, H2 + C~) 
or it oould be liberated br the oombined aotion ot the enzymes. 



hydro~nase and tor..io debydrogenase. both present in .ast, 1t not 

al1 bact8rial oel18 1I'hioh liberate hydrogen trom torllic aoid. Thu.sl 

HeOOH + A ~ C~ t ~ 
tormio dehydrogenase 

~, "'A t ~ 
hldrogenase 

HeOOH ~B2 .,. 
J 

when A represents an intraoellular bJdrogen aooeptor or syste. or 

hydrogen carriers. 

The importanoe ot thil problem w&s early realised and 

invest1gated by stephenson and Stiok1and (123. IJ4). They pointed 

out tbat the hypotheais that 00 euy.s ratber tban one are involved 

would be disproved it an organilm were tound possesaing torno hydrogen-

1yale aotiv1ty but laoking eitber hydrogenase or tormic dehydrogenase. 

It w&s their turtber postulat.. though obYiou8ly a le8s Talid one, that 

the existenoe ot an organisa possesaing the t1l'0 latter ens,... but 

laokiDg torllio hydrogenlya8e 1I'0uld also oonstitute proof against the 

two-.nsyme theor,y. 

A lurYey ns made in whioh several baoterial speoies were 

telted for the preselloe ot the three enzymes ooncerned (123). Four 

strains ot Baot. laotis aerog.nes (Aerobaoter aerogenes) laok1llg 

hydrogenase but poss.sling torllio hydrogenlyase 1I'8re tound. Oue .train 

ot Bact. àiapar (Shi~lla diapar) 1I'al tound whioh posseased both 

hydrogenase and tormio dehydrogenase but laoked tormic hJdro~n1yale. 



In addition, it wa8 noted .that ~~ grown on plain broth po8sessed 

both hydrogena.e and torldo dehydrogena8e but laoked torllie hydrogenlya.e. 

On the baa18 ot these results, Stephen.olll and Stiokland oonoluded that 

toraio hydrogenlya .. aot1Tity .... 8, in taot, due te a single enzyme alld 

not to a 00~inat10n ot two enzymes. 

Thi8 oonolusion has siDee been repeatedly questioD8d. Ordal · 

and Halvor80n (1'5), in a 8urTey dmlar to that oonduot8d by Stephenson 

and Stiokland, establiBhed the pre.enee ot ~drogeDAse in three .trains 

ot Aerobao'ter aeropus and two Btraiu of Aerobaoter oloao&8 J they 

tound, as wall, that a11 strains of !!. ~ whioh produced hydrogen 

tro. forate poSlessed both hydrogeD&Be and torme dehydrogenase. 

Beeau8e both hydrogenase and fondo dehydrogena.e oould be present in 

unadapted oeU., lI'hioh would DOt liberate hydrogen troJR tormate, th.y 

.uggest.d that a third faotor, essential tor eleotron oonduction between 

hydrogcase and formio dehydrogenas8, was neoessary for forme hydrogen­

lyase aotivity. In the equations given above, this faotor would be 

represented by A., the aoceptor or aeoeptor systeme 

Waring and Werkman (1'2) studied the etteots of iron defioienoy 

in the growth medium. on various enzyme 8ystems of Aerobacter indologenes. 

'fhey found tbat iron-deficient oeU8 had markedly lowar forme dehydrog­

enas .. and torDde ~drogenlyase aotivities tban normal oelle. The se 

workers al80 believed that an interJll8diate oarrier between the hydro­

genase and tormic dehydrogenase systems was essential for forme 

hydrogenlyase aotiTity. They proposed that this eleotron oarrier 



eontained tunetional irone In support of this view. it ... as noted 

that the toraie hydrogenlyase system was rather more sensitive to the 

etteots ot iron depletion than either hydrogenase or tormio de~drog­

enase. Cella grown under moderate oonditions ot iron defioiency were 

tound te have small amounts ot bydrogenase and torme dehydrogenase 

aotivities but te be completely laoking in forme hydrogenlyase 

aotivity. 

In studies on the enzyme systems ot nitrogen-defieient cell. 

ot !!~. DaLey (136) tound a parallelism between the aetivity-oellular 

nitrogen content curves ot tormio hydrogen1yase and hydrogenase. tor 

ditterent degrees of nitrogen dep1etion. 

The striking sbd1arities between the nitrogen souroes 

required tor the produotion of hydrogenase and tormc hydrogen1yase 

tound by Billen and Lichstein (lOG. 131){described on page 91) for on. 

strain ot !!.!!!! allo indioatea that one ey.tem _y be dependent upon 

the other. 

Detailed studies of the role of iron in the tormio hydreg.n­

lyase system have IlOt yet been -.cie. Iron is apparently of importance 

in the system in Clostridia by whioh hydrogen i8 liberated tro. pyruvate 

without passage through tora.te (131). This .yatem i8 inhibited by 

carbon monoxide (138) and the oarbon IIOnoxide-inhibition 18 reversed 

by light (139). A study ot the etteotiVeD88S ot reversal by various 

wave-lengths of light 8howed a steady inorease ot light adsorption by 

the carbon lIIOnoxide oomplex trom 650 te 360 mp.. In this syste •• 



hemoprotein is apparently not involved. but oomparable studies bave 

not yet been ade on the fondo hydrogenlyase system. 

Hobermann and Rittenberg (l4O) have pointed out that the 

conolusions or stephenson and Stiokland ware based larply on the 

absence ot hydrogena.se in ..&e~obaoter aerog.Des strains, &. measured 

by the tailure ot _thylene blue and nitrate to aot as aooeptora tor 

moleoular h1dro~n. This test for hydrogenase aotivity, however, i. 

by no .ans inta1l1ble. HobermaDIl and Rittenberg studied the excbange 

reaction, 

whioh .. y be used as a _asure of hydrogenase aotivity. 'l'bey tOUBd 

tbat one strain of .Aerobaoter aerogenes .... s unable to reduce methyleœ 

blue with molecular hydrogen UDles8 a traoe o~ fumerate were added as 

a oarrier, but still oontained the hydrogellAse system aa _asured by 

the exohange reaction. 'f'hus, the evidence based on the distribution 

ot enzymes, oonsidered oonolu.ive by Stephenson and Stiokland, .oul. 

seem at present to be highly questionable. 

It the adaptive tondo hydrogenlyase system 1a. in faet. the 

result of oombination of the two non-adap1:;ive enzymes, hydrogenase and 

tondo dehydrogenase, tb.en adaptation ben _y wall involve the forma­

tion of an illtermediate eleotron oarrier or of a .ystem tor trans­

porting eleotroll8 beween hydreg.nase and form1o dehydrogenase. 'f'he 

whole problem of the constitution of the formio ~rogenlya .. ..,stea 

may be expected to be solved only through the use of aotive oell-free 

ennota and the isolation of the ooçoœnt parts of the system. 



CoenzYJll8s of the fondo hfdrogenlya.se systea 

Recent1y} JIIOre and more evidenoe has been aocusu1ated to 

indioate the importanoe or oo-faotors in the formio hydrogen1yas. 

system. Considering the possibllity tbat an electron oarrier .y 

be inTolved as part of thiB syltem~ the nature of the8e oo-factors 

takes on added interest. 

Lasoelle. (130) discovered that the fondo hydrogenlyase 

aotivity of adapted suspensions of!!~ fell off markedly on 

storage~ and that thi. loss 1r&.S inoreased by dilution ot the celli. 

Instead ot evolTing hydrogen at a maximal rate troll the start~ the 

stored oells exhibited a lag period ot twenty JliD.utes or more bafere 

a steady rate RS reaobed. The aotivity oould be restored by the 

addition of s.all quantities (0.001!) of glucose or other fermentable 

8ugars to the oells at the same time tha.t the tonœte 1r&.S added, or by 

pre incubation of the oe1ls with glucose before the addition of formate. 

Witb such additions, the lag period wa,s eliminated. Other substanoes 

were not found as efteotive as the fermentable sugers. or the 

oompounds tested, adenylio a01d, in the relatively high conoentration 

ot 0.0025 ! gave the strongest stiaulation. 

Liohstein a.Dd Boyd (l41) bave reoently reported experi_nt. 

with a biotil'l81els .roant strain cf !!.~. This organisa oould not 

,row unless eitber biotin or oleio a01d were added to the growtb _di\Ule 

Cells grown in the presence ot biotin~ in a mediumwhioh ordinarily 



stirmlated tormc hydrogenlyase production. were praotioa1ly lac king 

in tonde hydrogenlyase activity. Cells grown in the SUIe _diu.. 

with oleio acid replacing biotiDl had a strong tormo hydrogenlyase 

aotivity. and the addition ot 01el0 acid to biotin-grown oells rai.ed 

their level of formic hydro~nlyase activity alDOst to that of the 

oleio acid-grown oe1l8. A similar. though not so marked etteot w&.s 

noted on the tonde dehydro~nase aotivity ot these ae11s. other fatty 

acide (78) were tOWld capable or stimulating the torme h7drogenlyase 

aetlvity. though nODe .are as aotive as oleic acid. Aqueous extracts 

of yeast and liver had an even stronger stimulatlng action than oleio 

acid. fhis obserYation oollfirDUI that made earlier by Sevag. Henry and 

Riohardson (l42) ot the .tiJllÙ.ation ot tonda hydrogenlyase acti vi ty 

by yeast extraot. 001 preliminary experiments have been oarried out to 

determ1ne the obemo&! nature ot the responsible tactors in yeast and 

liver extracte (78). Wi'th the growth ot interast iD thil .ystea. it may 

be expected that in the near tuture the exaot nature ot the oo-taotors 

involved in tormio hydrogenlyase aotivity will be made olear. 

The adaptive formation ot 1'0%'1110 hz,drogenlya,se 

F011GW1ng the discovery by stephenson and Stiokland (123) ot 

the adaptive nature of the tonde hydrogenlyase .ystea. Yudkin (129) 

inve.tigated in detail the faotors underlying the formation ot enzymes 

liberating moleoular hydrogen froa formate. glyoerol. and gluoose i~ 

several baoterial spaoies (!!.~. !:. aerogeœ s. A. oloacae. 

!:. treundii). Cul ture s were grown under various oondi tions. and the 



enzymatio aotivities of the washed oells determ1ned. Some variation 

W8.S f'ound in the degree to whioh dif'terent faotors operated on enzyme 

formation in thase species. but the following general oonclusions were 

reached: 

1. Aeration bad an inhibitory effect on the formation ot hydrogenlyase 

though it did not destroy the enzyme system onoe it was to~d. 

2. The presenoe ot formate or some substanoe giving rise to formate was 
'i: 

essential to the formation of hydrogenlyase. 

3. Exoept in one species, A. aerogenes, little or no hydrogenlyase Y/as 

produoed by baoteria grown in a gluoose-ammonia-minaral salts 

medium. Some oonstituent(s) of the broth used (in this oase, 

tryptio digest of oaseinogin) was assential to hydrogenlyase 

formation. 

Yudkin also considered the question of whether adaptation or 

natural seleotion were involved in hydrogenlyase formation. He found 

that oells of h freundii, suboul tured several tilDi9S in the presenoe of 

formate and possessing formio hydrogenlyase aotivity, lost this aotivity 

tollowing one subcul ture in plain broth. Ha oonsidered this evidenoe 

that the hydrogenlyase aotivity had not been aoquired by natural 

seleotioJl. 

Stephenson and Stiokland (51) investigated the question of 

natural seleotion in more detail. In experiments oarriedout in the 

Barorott manometrio apparatus, as weIl as in oulture flasks, it WRS 

found that oells ot E. ooli oould attain a maximal amount ot formio 

• - In broth, a small amount of hydrogenlyase was formed in the absenoe 
of any added formate or formate-preoursor, beoause formio aoid was 
produoed during amino-acid metabolism. (See page ,1" 1 ) 

97. 



hydrogenlyase aotivity in the relative1y 8bort time ot ODe to two 

houra. Caretul _asunI_nta sllowed tbat during thi. ti_ DO inorea •• 

in oe11 nUliberl ooourred. Thil t'inding, together wi th the obseM'ation 

tbat lodiua tormate bad no influenoe upon the growth ot yOWlg oul ture. 

ot !!..!!!!" was taken a8 oonoluaiTe evideoe that natura! seleotion waB 

not involved in tbis adaptation. 

Although hydrogenlyase for_tion oould talce place without 

oell proliteration. it did DOt talce place in the.e experiment. unle.s 

tryptio br.th as well as sodiua torJIAte were added to the oells. Thua, 

the ensyœ 1f&S not ay:a.thesized UJÙe8s the oells were in a _diua in 

whieh they oould grow. even tbough growth did not neoes.arily talce 

place whi1e the enzy. was baing formed. 

A plot of tormio bJdrogen1yaBe aotivity againlt t1me .howed 

the sigmoid .hape obaraoteriatios ot the formation ot other adaptive 

enzymel (31. 57). 

A detailed Stllq of the nitrogen lources involved in the pro-

duotion of baot&rial enlyas oonoerned with formate and hydrogeD 

metabolia. ftl reoently ... de by Billen and. IJ.chatein (100, 137) using 

the "TexasD stratn of E. coli. This organism. 1ike BOst strains of 

!!.~, oould be grown on a simple gluoo8e-ammonia-mineral salts _diUlll 

(basio Jl8diUll), but organ1s1ll8 10 grown. possel8ed neither hydrogenase nor 

tormo b1drogenl1ase activity. If tryptone or oasein bydrolysate 'llere 

added to the basio _diUJI. both enz~s were produoed during growth. 



Casein ~drolysate oould be replaoed by a synthetio Bixture of the 

seT8nteen amino acids in the hydrolysate. Detailed inTestigations 

were made of theam1no aoids uled. A mixture of seven (glutamate, 

8!thionine, tryos1ne, oystine, serine, arginine, and alanine) wra 

found able virtually to replaoe the seventoen amino acid. tor 

hydrogenase production, and a Bixture of lix (gluta-.te, methionine, 

tyras1ne-, oystine, lysine, and valine) oould do the s ... for formio 

hydrogenlyase production. Individ\J8.11y, both glutamate and _thionine 

were almost equally eftioient in stimulating hydrogeDale produotion, 

and the other amiDO acids lels so. With tome hydrogenlya.e produc­

tion, only glutaate ,ave anyappreciable stimulus ..men used aloue. 

In the presenoe ot gluoose and glutamate this organiam oould Iynthesize 

formio hydrogenlyase and hydrogenase without oell division taking place. 

Although oell. grown on the baslc medium possesaed tomo dehydrogenase 

activl~, some stimulation of tor.m1c dehydrogenase produotion was given 

by the addition ot a oasein hydrolysate. Individually, glut .... te, 

methionine, and tyrosine stimulated formio dehydrogenase formation. The 

stimulation by glutamate oould take plaoe in non-proliferating oell 

luspenaions. 

The papers ot Billen and Lioh.te1n appeared at the time the 

writer was oarrying out prellminary experiments uaing dif'ferent amino 

aoids as nitrogen souroes for formio hydro~nlyase synthes1s. The main 

portion of the work to be reported bere deals with the etfeot ot Tarioua 

souroes of nitrogen on the ~ required for the appearanoe of foraio 



h1drogenlyase aotivity as wall as OD the amount of aotivity final11 

attained. Previoua stud1es of the nitrogenous faotors essent1al for 

formio hydrogenlyase formation bave been oarried out with growing oells 

and bave beeu aimed at d1soovering the effeot of these faotors on the 

fiBAl UIOunt of enzyme synthesized. lu growing oells, however, sa ma~ 

synthetio reaotions are taking plaoe that it beoo.as i~.sible to 

det8rmine the extent to which substanoes added at the beginning of 

growth go te ake up produots found at the end ot growth. la the 

experiEnts reported here, adapta.tion W8.S aooolBpanied by little or no 

oell proliferation. Under luoh conditions it seemed that .uch valuable 

intorJl8.tion oonoerning the funotion ot nitrogenous oolllpOunds in adapta­

tion oould be gaine d through a Iyltematio study of faotors inf'luencing 

the length of time elapsing before the appearance ot enzymatic activity. 

Observations .. de during the courIe of these studies led to a 

serie. ot experu.ents OD the energy sources neoessary tor formio bydrogen­

lyase toration, a lubjeot Dot examined up to this ti_. Work on the 

nature of the energy Bouroes wa.s carried out uling both synthetio and 

non-aynthet10 sources ot ni trogen tor toraie bydrogenlyase synthelis. 

A full aooount ot thes. experi.ents will be giTen only &t'ter a desorip­

tion of the deTelop1ll8nt of a si:aplitied ni trogen souroe tor the 

sti~ation ot this adaptive process. 



B. EXPERIMENTAL lŒTHODS 

The strain of ~ ~ used in the experiments on tonde 

hydrogenlyase formation was one isolated from human faee8s. For BOst 

experiments thele baeteria ware grown on agar plates of the following 

compositiont O.~ yeast extract, 0.5% peptone, 0.5% NaCl, 1.5,% agar, 

in tap water (Nutrient agar). The fol1awing precautions were taken to 

insure the use of pure cul 'bures of baoteria in eaoh experiment: One 

agar plate was inooulated with a single oolony of baoteria. Alter 

growth had oecurred, two or more plates were thiCkly Inoculated fram 

this plate, using a bent glass rod to spread the baoteria. 

For same experiments, it was neces8ary to use baoteria posless­

ing fondo hydrogenlyase activity. For this, the baoteria were grown 

in gluoose or formate broth. The broth used was of the same composition 

as the medium described above, except that the agar wal omitted and 1% 

glucose or sodium formate ineluded as substrates for adaptation. Growth 

took plaoe at 37°C.in aIl oases. The time of growth i8 givan with the 

description of indlTidual experlment •• 

The bacteria were taken up from the agar plates in distilled 

water, centrlfuged, and washed twiee with distilled watar. Bacteria 

grown in broth ware centrifuged down and washed twice with distil1ed 

ID 1. 



water. The washed baoteriawere suspended in distilled water and, with 

the &id of a standard ourve for the turbidimetric determination of 

bacterial conoentration, the suspensionwal diluted to oontain 3.0 m~. 

dry weight of baoteria per ml. This concentration of baoteriawas 

u8ed in DOst of the experimenta reported here. 

The 8tandard ourve tor these experiment. was made up in a 

manner 8iailar to that used for preparing a yeast ltandard curTe. The 

optical densitiel ot dilutions ot a thiok suspension ot baoteria in 

dlsti11ed water were read in the ooleri.eter at 525 a,", ' and sa.ples 

et the thiok luspension dried at 105-l100 e. The ter.m, Rmilligram ot 

baoteriaR will be vsed to reter to dry weight. 

In the majority ot experi.ents, adaptation was tol101l'ed 

throughout in the Warburt; apparatus. .111 vessels oontained 0.033! sodium 

phosphate butter, usually ot pH 1.4. Sodium for.mate, 80dium pyruYate, 

".* or gluoose were added as adaptive substrates. The tinal Tolu.e in 

the Tessels waB 3.0 ml. In the lide arma were plaoed 0.5 ml. ot the 

baoterial suspension. A roll of filter paper and 0.2 al. ot 20% KOH 

were plaoed in the oenter weIl to absorb evolved oarbon dioxide. 

Sxperi.ents were oarried out at 37.5°e t 0.50 e. Alter gas8in~ with 

nitro~en and equilibrating for tive to ten ainutes, the baoteria were 

tipped into the main Tessel. ID experiaents with unadapted oe11., no 

hydregen evolutionwas observed tor at least thirt,y minutes alter 

tipping in the baoteria. 

:t - Formic aoid 18 formed trom pyruvate as weIl as l b E li 
(92, 131) g uoose y _. ~, 

/O~. 



Measurements of the formic hydrogenlyase aotivity of adapted 

oells were done b.Y a simdlar procedures After gas.ing and equilibration, 

the bacteria were tipped into a butfered tormate solution. In a tew 

cases, whioh will be noted, adaptationwa. oarried out in the Warburg 

Tessel, and substances wbose etfect on tor.mio hydrogenlyase actiTit,y 

were to be tested tipped in atter a steady rate of hydrogen evolution 

had been reached. 

Most of the experiaental results obtained are expressed 
. 
numerically, in terms ot two lag periods and a tinal constant hydrogenlyase 

actiTity (Q~2). In the experi.ents carried out here, no hydro~en 

evolutionwas noted tor at least thirty minutes. Followlng the tirst 

appearance of hydrogen, a period ot trom thirty to titty minutes elapsed 

before a steady rate of hydrogen evolutionwas reached by the bacteria. 

The period ot the tirst evolution ot hydrogen is designated Lag Tl­

The period atwhioh a steady rate ot hydrogen evolution was reaohed 

is designated Lag T2• Veasurements of both Lag Tl and Lag T2 are 

usually given ta the nearest ten minutes. Because of the experi.ental 

errora iDVolved in determining these quantities a more precise expression 

ot them il not jUltitied. Final rates are expre8sed as Q-H2 =~l. H2 

evolved/mg. drywt.)hr. In those experiments where the rate tell ott 

through pH ohanges, the time ot the beginning ot the steepest portion 

ot the curve i. giTen al Lag T
2

• In those cases where no hydrogen 

evolution was obserTed in the time ot the experiment, the Lag Tl period 

i. given simply as greater than the time ot observation, e.g. >180 minutel, 



and the final Q-H2 i. given as zero. Where some hydrogen was eTOITed. 

but the eYolution was not f'ollowed until a constant rate was reached. 

Lag T
2 

i. given as the time at whioh the 1I8.rlma1 rate of' hydrogen 

evolution begaD. and delignated (M). In lU ch a oase. the maximal 

Q-H2 observed is giTen al the final activity. 

Lag Tl Ihows the time ot the first appearance of enzymatic 

aotiTi ty. Lag T2 the time at which a IlUimal aaount of aotiTi ty wal 

reached, and the final Q-H2 indicatel the actual amount of enzyme 

synthe.ized. The final Q-R2 i. not. of oour.e. a .easur .. ent of the 

amount of enzyme s1Uthes1zed, but a figure whieh may be uaed in 

comparing the 1II0unts synthesized in the same experi_nt under 

ditf'erent coDditioD8, providing that adequate controls are made of 

the factor. whioh cau influence the activity of' the enzyme once it 

is f'ormed. 

In swdies on bacterial growth. and in some studies 01' 

adaptiTe enzyme formation. a dif'ferent method has been employed tor the 

JIleasurement of' the la« period than that giTen here. When the logaritha 

1 tJ4. 

of the number of' bacteria present at ~ ttme diTided b,y the nuaber origiual­

Il" present ifS,; plotted against ti.a. the lag il deteJ'Jlined by extrapolatiDg 

the steepest (the "logari thmic·) portion of the curve to the ab_oilsa 

(9. 143). When adaptive enzyme formation is tol1owed ianoaetrioal17 

and the output or uptake of: gas il plotted agailllt tiae. the lag i_ 

estimatod. by extrapolating the steepest portion of the ourve to the 

tae axil (l~). What 18 .ealured by lUeh a .ethod 1. a perlod between the 



time of the first appearance of oeIl growth or enzymatic activity 

and the t1me when a maximal rate of growth or activity is reaohed. 

!bis value of the lag period is dependant upon the final rate 

attained. A tew measurements of the lag period were made iB thi. 

waYJ these measureaents "ere convenient and in many oases oould be 

used in comparing the timel necessary tor enzyme formation_ In Tables XII, 

XXI, and XXIV. the lag as just defined i8 given (denoted "Lag lt ), together 

with the periods Lag Tl and Lag T2. In Figure X these three values 

of the lag are illustrated as weIl, so that a oomparison may be made 

betw8en the WO lII8thod. ot m.asureDl8nt. Exoept in thes., and a fn 

other oases "here only the "I.ag" was .... sur.d. the tille neoessary 

tor enzyme formation will be expressed in terms of Lag Tl and Lag T2-

Usually, When baoteria were grown ~n gluoose or for.mate 

broth, the washed oe11s evolved hydrogen trom formate at a steady 

rate from the start. In a fe. cas.s there was a small lag period 

betor. the maximal rate of hydrogen produotion was reaohed. In suah 

oases. the oonstant rate of hydrogen evolution was used in deterBdning 

Q-H2 values. In all experime.ts with adapted cells. the interval of 

t1me during which the constant rate was measured will be given_ 

Other methods used for inoubating oe11. of !!. ~ wi th 

adaptive substrates need only brief desoription, Which will be given 

when the results obtained by these methods are presented. 



Preparation of a s.ynthetio aBdno-aoid medium 

Follawing the obserTation of the effeot ot a oa.ein 

hydro1ysate on adaptation, (.ee p.J~~), synthetio amino-aoid media 

were made up 10 that eaoh Warburg Telsel would oontain the amounts 

of eadno aoids present in 1 ml. ot a 9% .01ution of oasein hJdro1y.ate. 

Foll0lf1ng the ex.p1e of Bil1en and Liohatein (100, 137), the data 

ofWi1liamson (145) for the amino-aoid oontent ot oasein from oowts 

ailk were used as a guide to the oomposition of 8uch a àediUll.. The 

oomposition of a calein hydro1ysate, the oonoentration of 1-amino aoid. 

in a 5% hydro1ysate, and the Jlli111grams ot eaoh amino aoid oontained 

in 1.0 aü. ot suoh a h1dro1ysate are giTeD be1ow. 

% in oasein 
% in a 9% age in 1.0 .1. 

Aldno aoid hydro1ysate of 5% hydro1ysate 

tyrosine 5.5 0.275 2.75 
alanine 2.3 0.115 1.15 
~lyoine 0.4 0.02 0.2 
proline 8.1 0.405 4.05 
glutaaio aoid 21.9 1.095 10.95 
.. parti 0 aoid 4.2 0.21 2.1 
urine 5.0 0.25 2.5 
oystine 0.4 0.02 0.2 
argiDine 3.9 0.195 1.95 
pheay1a1an1ne 5.5 0.275 2.75 
leuoine 14.4 0.72 7.2 
iao1euoine 5.2 0.26 2.6 
histidine 2.0 0.1 1.0 
11sill8 6.0 0.3 3.0 
threoniu 4.6 0.23 2.' 
aethionine 3.1 0.155 1.55 
tryptGphan 1.3 0.065 0.65 
Taline 5.3 0.265 2.65 



In addition, norleucine and h7droxyprolin8, as d8scribed 
th' 

below, were added to"'lynthetic llixture. 

For convement use ot this mediUII., tour udno-aoid solutioD8, 

ot the tollawing oomposition, were prepareQt 

Wo. 1. 4 .g. glycine, 46 .g. dl-alanine, 81 .~. l-proline, 

100 ag. dl-serine, 92 mg. dl-threoDiDe, 4~. l-h7dro~ proline, 

in 2.0 ml. H20. 

1l0. 2. 230 mg. sodiUII.t~lutaate, 62 mg. dl-aethioDine, in 2.0 al. H20. 

Bo. 3. 41.2 mg. l-argin1ne Bel, 15.2 mg. l-lysine HCl, 13 mg. 

l-tryptephan, 24.8 mg. l-histidine HCl, in 2.0 ml. ~O. 

No. 4. 10 mg. I-tyrosine, 84 mg. dl-aspartie aeid, l ag. l-eystine, 

144 mg. l-leuoine, 104~. dl-iloleucine, 15 age dl-norleucine, 

110 mg. dl-phenylalanine, 106 lIg. dl-valine, in 10.0 ml. B20. 

O.l~. ot 101utioDs 1,2, and 3, and 0.5 al. of solution 4were 

nonu.l1y added to eaoh Warburg vehel. l t should be noted that where 

onll the dl~a.miDO aoid was available, an amount was added which gave 

the same quanti ty of the l-1'ora al round in 1.0 lIl.. 01' the ~ 

hydrolysate. 

Exoept where otherwise stated, these amino-aeid solutions, 

al weIl al ail other acid or alkaline solutions, were neutralized with 

JI lfaDH or ma, uliDg phenol red indicator. 
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Preparation of hydro1ysates of gelatin and tryptene 

0.9 gm. of gelatin or bacto-tryptone were ref'luxed in 20 ml. 

of 1:1 Hel overnight. The biuret reaotion was used as a test for the 

oompletion of hydrolysis. The hydro1ysed solution was evaporated 

~ VaOuo at 80oe.and the solid materia1 remaining dissolved in water, 

filtered and neutralized with M NaOH. The final concentration of NaCl 

in the Warburg vessel, resulting from addition of the hydrolysates will 

be given with each experiment described. 

Determination of Jiitrate and nitrite 

Nitrate was estimated by the phenol disulphonic aoid reagent, 

nitrite by the Gri8ss - nosvay reagent (see referenoe 145a). The writer 

ia indebted to Mr. W. Brown of this institute for carrying out thes8 

estimations. 

T.chniques of paper ohromatography 

In the one ohromatographic experiD!lnt reported bere, the amine aoid 

mixtures were spotted on paper. The chromatograph was developed 1n a solvent 

of the fo11owing composition, 

60 ml. ethanol 
20 ml. butanol 
7 ml. OCDe. NH40H 

13 ml. H26 

After the solvent had asoended overnight, the paper was dried, 

sprayed with 0.1% ninhydrin in water-saturated butanel, re-dried and 

heated at 105-1100 C for a few minutes to enable the reaction bet1reen 

ninhydrin and the amino acids to talce plaoe. 

1/)1 



C. EXPERIMENTAL RESULTS 

PART l 

Introductory Experimentsl The Use ot Synthetio 
and Non-synthetio Media as Nitrogen Souroes tor 
Forado Hydrogenlyase Formation. 

Washed suspensions ot !!. ~ grown on nutrient agar had no 

abili ty te produoe hydrogen gal from sodium formate. If baoto-tryptona 

or baoto-peptone* were added to the tormte medium, the bacteria oould 

produoe hydrogen from formate af'ter a lag of 60-70 minutes. These agar-

grown oells, however, were able to oxidize formate fram the start at a 

max1mal rate. These taots are illustrated in Figure VIII whioh rep-

resentl e:xperiments oarried out with two separate baoterial suspensions. 

No endogenous produotion of hydrogen wa8 ever obserTed in unadapted or 

adapted baoteria, nor were unadapted baot8ria ever tound to liberate 

hydrogen from formate. tryptone, or peptone, alone. It _y he seen trom 

Figure VIII that the lag period elapsing before the produotion ot 

hydrogen trom formate oould not have 'been due to a low per_ability of 

the oeIl, as formate was immediat81y oxidizad by these organi.ms. Both 

baoto-tryptone and baoto-peptone served almst equally wall to stimulate 

adaptation (Table XII). As baoto-peptone was more readlly available, it 

* DUoo Baoto-tryptone and Baoto-peptone were used throughout these 

exper1mnts. 
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OXygen consumption and hydrogen evolution by unàdapted bacteria in the 
presence of formate. 

A camparison of the ability of unadapted bacteria to oxidize and to lib­
erate hydrogen fram formate. 

OXygen consumption: 
1. EndogenouB 

II. Formate 

Hydrogen evolutiont 
III. Formate 

IV. Formate + tryptone 

Bacteriaz Grown overnight on nutrient agar; 1.3 mg. bacteriajvessel for 
1 and II, 1.5 mg./Vessel for III and IV. 

Concentrationsz 0.033 M phosphate butter. pH 7.4, 0.067 M formate, 1% tryp-
tone. - -

In 1 and II. bacteria were in main vessels. ~O or formate were tipped in 
at zero time. d'ter equi1ibrat10n. In III and IV, bacteria (0.5 ml.) were 
tipped in fram the Bide arm at zero time after gassing and equ1libration. 

T~p.: %70 C. Gas: Al·r, l a-d II N III d IV ....... .,/ """ J 2, an • Filter paper and KOH 
in aIl center wells. 



TABLE III 

Compan.on ot the tonnate-tryptone and tormate-peptone 
systems: The etteots ot Tarying concentrations ot 

tryptone and peptone 

Experi- Lag. mnutes 
aent System Tl T2 ~~. 

1. Formate + 1% tryptone 50 120 76 
Formate + 1% peptone 30 80 64 

2. Formate + 0.5% tryptone 80 120 104 
Formate + 1% tryptone 80 140 102 

3. Formate + 0.1% peptone 100 120 120 
Formate + 1.~ peptone 80 52 
Formate + 2% peptone 70 42 

Final Q-H2 

84 
50 

50 
116 

13 
129 
390 

Bacteria~ Grown OTerni~t on nutrient a~ar; 1.5 ~. bacteria/Tessel 
in experiment. 1 and 2, 1.4 m~./Tes8el in Experiment 3. 
Bacteria tipped in trom side arm atter ~assin~ and 
equilibration. at lero time. 

ln main Tessel.~ 0.033 M phosphate bufter. pH 7.4. 0.067 M foraate. 
other 7inal conoentration8 a8 shawn. -

Final '9011.11181 3.0 al. 

Filter paper and 0.2 al. 20,( KOH in center wells • 

. ," 
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was usad in most of the experimants rsported bere. The effects ot 

changes of tryptone and peptone concentration. on the stimulation 

of hydrogen produotion from formate by un~dapted bactaria are allo 

given in Table XII. A sma11 affeot on the lag periods and a muoh 

greater one on the final rate were found with inoreasing concentrations 

of tryptoue and peptone. 

Interpretation or the effects of different oonoentrations ot 

these oomplex materials is made d1tt1cult by the taot that such natural 

materials may have a stimulatory etfeot on hydrogen produotion by 

adapted cel1s. This was found true for yeast and liver extraots by 

Liohstein and Boyd (78). Peptone ns also found to stimulate hydrogen 

production by adapted cells (Table nI!) and though tryptone was not 

tested for this property, it almost certain1y had it as welle 

In Table XIV are shawn the effeots of changes in the initial 

formate concentration on adaptation in the formate-peptone system. The 

initial concentration of formate was lowered in this experiment to test 

tbe possib11ity that high concentrations of formate inhibitèd adaptation. 

As may be seen, when the formate concentration was lowered to 1/10 that 

normally used, no adaptation occurred. 

Following the demonstration that bacto-tryptona was able to 

stimulate formic hydro~nlya8e production, experiments were performed to 

determiDe whether the action of bacto-tryptone oould be asoribed te thè 

III. 



TABLE nI! 

The etfeot of peptone on tor.Bio hydrogenlyase activity: 

Experi-
ment 

1. 

2. 

Bacterie.: 

Per cent. stimulation 
System Q-H2 by peptone 

FOl'IIAte, pH 7.4 88 
Formate + peptone, pH 7.4 356 105 
Forma.te, pH 7.4 336 
Formate + peptone, pH 7.4 510 52 

Formate, pH 6.8 369 
Fo~te + peptone, pH 6.8 650 76 

E:z:perimeJrl; l, grown overnight in tOl'Jlla.te broth, 1 mg. 
bacteria)Yesse1. 
Experiaent 2, grown 22 hours in glucose broth, 1.5 mg. 
baoteria)Vesse1. 

In main Teseelu 0.033 Il phCDsphate butter, pH as shawn. 0.067! formate, 
1% peptone. 

H~ evolution measured trom 0 to 30 minutes in Experiaent l, trom 20 to 50 
~nute. iB Experiaent 2. 

Other conditions as in Table nI. 
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TABrE XIV 

HYdrogen1yase formation in the formate-peptone system 
at ditferent initial formate oonoentrations 

System Final Q,-~ 

0.067 M Formate ~ peptone 
0.0067~ Formate ~ peptone 

45 
>180 

90 51 
o 

Baoterial Grown 12 1/2 hours on nutrient agar; 1.5 mg. baoteriaj 
vessel. 

In main vessell 0.033 M phosphate butter, pH 7.4, 1% peptone, formate 
as shoWn. 

Other conditions as in Table XII. 

amino aoids it oontained. It was tound that after aoid hydrolysis, 

tryptone still retained soma ability to stimulate adaptation. ThougA 

the stimu1ating power of the hydrolysate waa less than that of the 

unhydrolysed tryptone, the 108s of this power could be partially asoribed 

to the NaCl present in the neutralized hydrolysate. These faots are 

summarized in Table XV. 

It was round in a separate experiment that NaCl had no effect 

on formio hydrogenlyase aotivity. Whan adaptation was oarried out in a 

formate-tryptone medium in a Warburg vessel and NaCl ta a final conoentra-

tion of 0.2 ! tipped into the adapted baoteria, the Q-H2 values before and 

alter adding the NaCI were 88 and 94 respeotively. 

Next, seventeen ditferent amino aoide were tested separately 

for the1r ability to st1mulate formic hydrogenlyase formation. In no 
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TABLE XV 

The use of aoid hydrolyeatee of tryptone. gelatin. and oasein as nitrogen 
.ources for formic hydrogen1yase formation. 

Expert- Lag. minutes 
ment System Tl T2 "Lag" Final Q-H2 

1. Formate + 1% tryptone 
Formate + 1.5% tryptone hydrol-

50 120 84 

ysate. 0.15 M in NeCl 60 140 (M) 46 
Formate + 1% tryptone + 0.15 ! 

40 140 (M) NeC 1 22 
Formate ~ 1% tryptone + 1.5% 

tryptone hydr01ysate 70 140 (11) 286 

2. Formate + 1% tryptcne 74 89 
Formate + 1.7% casein hydr01+ 

ysate. 0.17! in NeCl 320 16 

3. Formate + 1% tryptone - 66 96 
Foraate + 1.5% gelatin 

hydro1ysate. 0.11 M in NeCl >255 0 
Formate t 1% tryptonë t 0.11 li 

NaCl - 90 49 
Formate + 1% tryptone + 1.5% 

ge1atin hydrolYlate - 84 214 

Formate + 1% peptone - 52 129 
Formate + 1% peptone + 1.5% 

gelatin hydro1Y8ate 68 314 

Bacteria: Grown overnight on nutrient agarJ 1.5 mg. baoteria/Tessel 
in Experill8nts 1-3. 1.4 mg./vease1 in Experi.ent 4-

In main vessel! 0.033 M phosphate butter. pH 7.4. 0.067» formate. other 
final oonoentrations as shawn. -

The seme lot of ge1atin hydro1ysate .as used in Experimente 3 and 4 

Other oonditions as in Table XII 

/11/. 



oase d1d adaptation take place (Table XVI). In addition~ aoid hydro­

lysates of casein and gelatin~ oontaining little besides amino aoids. 

had praotioally no power to stimulate formio hydrogenlyas. formation 

in the presenoe of formate alone (Table XV). An interesting observa­

tion made at this time il also reoorded in Table XV. A hydrolysate of 

gelatin. Which oould not stimulate adaptation in the presenoe of 

formate Ilone, increased the rate ot hydrogen production in the 

tormate-tryptone system. Further experimental work was oarried out 

on th!s phenomenon, but a disoussion of ita significance will be 

deferred till later. Control experimsnts showed that no hydrogen was 

evolved by baoteria grown on nutrient agar trom gelatin or tryptone 

hydrolysates alone. From the above results, it was seen that soma 

faotor was essential, or very important, for adaptation in the presence 

of formate alone, whioh was contained in peptone. tryptone, and tryptoœ 

hydrolysate but which was not an ami no acid. 

While this work YaS going on, the attention of the writer 1'I'as 

drawn to the experiments of Billen and t1chstein (100, 137). Experi­

_nt. to be reported, oonf'irming and extending some of their work, 

revealed tbat a muoh higher level of formio hydrogenlyase activ!ty could 

be reaohed by us!ng glucose or pyruvate as a souroe of formate than by 

using formate alone. Preliminary experiœnts also showed that fewer 

faotors were needed for formic hydrogenlyase formation in the presence 

of glucose or pyruvate than in the presence of formate. For th1a 

reason. gluoose was used as a source of the adaptive substrate in most 
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TABLE XVI 

The inabilit,y of individual amine aoids to bring about formio 
hydro~enlyase formation in the pre8enoe of formate 

Amino aoid 

glycine 
dl-serine 
I-proline 
l-cysteine 
dl-meth10niœ 
dl-alanine 
l-leuciu 
dl-nor1eucine 
l-ly81ne 
dl-threonine 
l-tyro8ine 
dl-phenylalanine 
dl-valine 
dl-aspartate 
l-hydroxyproline 
l-tryptophan 
l-glutamate 

Bacteria: 

Final oonoentration 
(llolar) 

0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0.1 
0·05 
0.1 
0.1 
0.00125 
0.04 
0.1 
0.1 
0.1 
0.1 
0.1 

L~ T l ~reater than 

240 minutes 
240 minutes 
240 minutes 
240 minutes 
455 minutes 
~55 minutes 
~55 minutes 
~55 lI1nutes 
~55 minutes 
~55 minutes 
~55 minutes 
~55 minute. 
180 minutes 
240 minutes 
240 minutel 
140 minutes 
290 minutes 

Grown overnight on nutrient aguJ 1.5 mg. baoteriajT.lsel. 

In main vessels: o.o~~ M phosphate buffer_ pH 7.4_ 0.067! formate_ amino 
acide as shown. 

Other conditions as in Table XII. 
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of the ,experiments direoted toward finding a oompletely synthetio 

medium whioh would stimulate formio hydrogenlyase formation to the 

sam extent as more oomplex materials of unknown oomposition. Some 

experiments were sUbsequently carried out in whioh formio hydrogenlyas8 

was synthesized by !:. ooli using a synthetio medium in the presenoe of 

formate alone. This was made possible by the findings on (1) The 

sources of nitrogen needed f'or formic hydrogenlya,se syntbesis in the 

presence of' glucose or pyruvate, and (2) The sources of energy used in . 

fo~o hydrogenlyase synthes!s. This work will be reported af'ter 

Part III, in whioh the sources of' energy required in f'ormio hydrogen-

lyase formation are discussed. 

se formation in the glucose-glutamate s temwithout 

Several experiments were oarried out to de termine whether or 

not formic hydrogenlyase oould be f'ormed without oell proliferation in 

the presence of' gluoose and glutamate, by the strain of' ~ ooli used, 

under the oonditions employed by Billen and Liohstein w1th their "Texas" 

strain of ~~. Incubation uedifb of' the same oomposition as that 

used by thaS8 worlœrsWAl:e IIl!lde up; the exaot oonditions of' their 

incubations, however, .. ere not stated in their report. A six-hour 

aerobio incubation with~glucose-glutamate med~(8ee Table XVII) in 

Erlenmeyer f'lasks oontinuously shaken at 380 C., induoed no formio 

hydrogenlyase activity in the exposed cells. Considering the known 

inhibitory effect ofaxygen on f'orm1c hydro~nlyase formation (129), 
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this result ia not surprising. Subsequent incubations were oarried out 

in test tubea at 310 C. The tubes were not agitated during the inouba­

tion) but there was no appreoiable settling of baoteria in the time ot 

the experiment. At the end of the inoubation pa ri. od, samples ot the 

contents of eaoh tube were diluted for turbidity measurements. the 

reainder of the tubes t ,oontents centrifuged, suspended ODee in water, 

reoentrifuged, suspended in 1.5 ml. of water, and 0.5 ml. pipetted 

into the side arm of a Warburg vessel for œasurement of formio 

hydrogenlyase aotivity. A sample ot the remaining suspension of 

washed baoteria was diluted for turbidity measurements to de termine 

the amount of baoteria in the vessels. 

The results of the experimants pertorœd are presented in 

Table XVII. The appearance of tormio hydrogenlyase aotivity took 

plaoe only in the gluoose-glutamate system. In this system, as in 

the formate-tryptone system. NaCl inhibited formio hydrogenlyase 

formation. Aooording to the figures on 01911 density, no signifioant 

oell proliferation, as measured turbidimetrieally, took place in those 

01911 suspensions developing formic hydrogenlyase aotivity. 

The reaults of Experimenta 2 and 3 of this table are given 

in more detai! in Figure IX. It oan be seen from these resulta tbat 

oells grown five hours on nutrient agar produoed more formio hydrogen­

lyase aetivity upon inoubationwith glutamate than oells grown eighteen 

hours. In addition, the older 019118, after adaptation. showed a lag 
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TABLE XVII 

The use of glutamate as a nitrogen source for formic hydrogenlyase formation 

Cell density (mg./ml.) Q-H2 
Ex- Age of beginning at 
peri - culture Time of of end ot end of 
ment used incubation System incubation incubation inoubation 

1. 14 hours 6 hours glucose t NaCl 0.36 0 
glucose t glut-

amate .. NaCl 0.36 0.36 13 
formate ... NaCl 0.36 -- 0 
formate .. glut-

amate + NaCl 0.36 0.36 0 

gluoose 0 
gluoose -+ glut-

amate 0.36 0.36 41 
formate -- 0 
formate + glut-
amate 0.36 0.37 0 

2. 18 hours 13 houre glucose 1.03 1.30 0 
glucose f glut-

amate 1.01 0.95 20 

3. 5 hours 13 hours glucose 0.32 0.54 0 
gluoose + glut-

amate 0.32 0.34 35 
formate 0.32 0.30 0 
formate + glut-

amate 0.32 0.25 0 
glutamate 0.32 0.27 0 

Conditions. 1.0 ml. 2% glucose or sodium formate; 2.0 ml. 3% sodiua 
l-glutamate; 0.1 ml. 0.01 M MgSO~n all tubes; baoteria as 
showu; ~O te 10.1 ml. r.U Dîl. ~ NaCi'. 

Incubations as desoribed in texte 

Measurement ot formic hydrogenlyasea 

In aide arms: 0.5 ml. bacteria. 

In main vessels: 0.033M phosphate butter, pH 7.4, 0.067! tormate. 
H2 evolution measured for 30-60 minute intervals. 

Other oonditions as in Table XII~· 
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The effeot of age ot oulture on adaptability in a gluoose-glutamate 
medium. . 

Hydrogen produotion trom formate after 13 hours' incubation in a glu­
oose-glutamate medium. 

1. 18 hour oulture of baoteria. 
II. 5 hour oulture of baoteria. 

Conditions a See Table XVII, Experimenta :2 and 3, and texte 

/~ t>. 



period of about thirty minutes before the proàuotion of hydro~n. 

whilo the fi ve hour oolls exhibi ted no such lag. In further expe ri-

mants in whioh the amino aoid requireme:ats for formo hydrogenlyaso 

formation were determined, oells grown five to seven hours in nutrient 

agar were used. 

Formio hydrogenlyase formation in the gluoose-glutamate system, the 
pyruvate-glutamate system, and in non-synthetic systems 

When it had been found that glutamate alone cou1d st1m.ulate 

formio hydro~nlyase produotion in the presenoe of glucose , the tiue 

neoessa~ for the formation of this enzyme system was examined. In 

Figure X are shawn the results of an experimant in whioh the effeotive-

œss of glutamate and of peptone as nitrogen souroes for formo 

hydrogenlyase production were oompared. It 18 apparent that thera is 

a marked differenoe between tÀa effeots of peptone~' ~ glutamate. , 

The final Q-H2 obta1ned in the presence of pep--t0218 'was l478;tbat 

obtained in the presence of glutanate, 156. This differenoe 18 far too 

great to be aooountedfor oomp1etely by the knowu stimulating effeot of 

peptone on formio hydrogenlyase aotiTity. In addition, the lag periods 

in the presenoe of peptone were 40 and 80 minutes, while in the 

presenoe of glutamate, they were 90 and 120 minutes. It was be1ieved 

likely that time was required tor the bacteria to synthesize substance. 

fro. glutamate essential for the formation of the adaptive enzyme and 

that these substances were all"8ady present in peptone. When pyruvate 

/tll. 
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FIGURE X 

Bydrogen produotion in gluoose-peptone and gluoose-glutamate syatems. 

I. Gluoo.e + peptone 
II. Gluoose + glutaRate 

~l. f2. and L • Lag'fl. Lag'f2 and ftI,agft for the glucose-peptone system. 

Tl'. f2 t • and L' : fhe •• e n.1ues tor the glucGse-glut .. ate syat_. 

:eaoteriat Grown 5 hours on nutrient agar. 1.5 lIg. baoteria/Teasel. 

In main Tel.ell' 0.0;; K phosphate bufter, pH 7.4. 0.0;; K gluoole. 
O.~ !-l-glutamate, 1% peptene. -

other oonditiou &8 in fable XII. 



was used as the souroe of adaptive sUbstrate, the oomparison of 

glutamate and peptone revea1ed a situation simi1ar to that found 

when glucose was used (Table XVIII). It has a1ready been mentioned 

(page "~) that with formate a1one. glutamate gave no stimulation of 

hydrogen produotion by unadapted baoteria. in an experiment lasting 

290 minutes. 

TABlE XVIII 

The comparative effects of glutamate and peptone on 
formic bydrogenlyase formation in the presence of 

pyruvate 

Pyruvate + 1% peptone 
Pyruvata + 0.04! glutamate 

60 
160 

120 
110 (M) 

2305 
62 

Baoteria: Grown 5 hours onDUtrient agarJ 0.1 mg. baoteria/vessel. 

In main vessels& 0.033 M phosphate butfer. pH 1.4. 0.061 ! pyruvate. 
peptonë and l-glutamate as shown. 

Other oonditions as in Table XII. 

formic se formation 
uvatea pep one. oasein • and 

The effect of proteinhydrolysates on formio hydrogelÙyase 

production in the presence of pyruvate W8.S examined to de termine 1;0 

what extent the stimUlation of adaptation by peptone W8.S due to the 

amino aoids it contained. It bas been found (100) that a casein 

hydrolysate can replaoe tryptone as a nitrogen source for formic 



hydrogenlyase synthe sis during growth in a medium containing glucose, 

but the periods of time required for thh synthesis, using each source 

of nitrogen, have not been previously measured. 

The results of experiments carried out in the Warburg 

apparatu~ revealed that in the presenoe of pyruvate, the action of 

.ple 'ptone oould be virtually dupl1cated, both in respect to lag periods 

and final activity. by either casein hydrolysate or gelatin hydrolysate. 

These results are given in Table XIX. 

The hydrolysate of gelatin used in earlier experiIœnts 

contained humin formed in the process of acid digestion, which was 

removed when the hydrolysate was boiled with adsorbent oharcoal and 

filtered. As may be seen from the results of Experimant 1 of Table XIX, 

this oharcoal treatmant removed some inh1bitor e1ther of adaptation or 

of formic hydrogenlyase aotivity. The nature of the inhibitor, however, 

was not investigated further. 

Tryptophan was absent from both hydrolysates, s1nce th1e 

~mino aoid i8 not present in gelat1n, and 1s destroyed by acid hydro­

lysis. As the results of Experiments 2 and 3 of this table show, the 

addition of tryptophan to the pyruvate-casein hydrolysate system 

brought about a s11ght shortening of the lag periodsand increase in 

the final rate of hydrogen production. The resul ta of later experiments 

(see Table XXVI) have shown that a Jliixture of amino aoids oontain1ng 

tryptophan has no effect on the formio hydrogenlyaae aotivity of adapted 



TABLE XIX 

The ettects ot oas~ and ge1atin hydro1ysates on tormio hydrogen1yas. 
tormation in the presence of pyruvate. 

Experi- Lag. minutes 
ment System Tl T

2 
Final Q-H

2 

1. Pyruvate + 1% peptone 60 80 (M) 755 
P,yruvate + 0.7% ge1atln 

hydro1Ylate 60 80 (M) 243 
Pyruvate + 0.7% oharcoa1-

treated ge1atin hydro1ysate 40 80 (M) 589 

2. Pyruvate + 1% peptone 50 110 1230 
Pyruvate r 1.67% oalein 

hydro1ysate 
Pyruvate f 1.67% oasein hydro1-

70 110 970 

ysate + 0.001 ! tryptophan 50 100 1082 

3. Pyruvate + 1% peptone 80 109 (M) 764 
Pyruvate + 1.67% oasein hydro1-

ylate 70 99 846 
Pyruvate + 1.67% oasein ~dro1-

ysate+ 0.001 K tryptophan 60 99 1160 
Pyruvate + 1.6~calein hydro1-

ysate ~ 0.001 Il tryptophan + 
0.067! NaCl - 60 99 732 

Baoteria: Gram overnight on nutrient agar; 1.68 ~. baoteria/velse1 
in Experiment 1. 1.2 mg.lveuel in Exper~nt 2. 1.4 -.g.1 
vessel in Experi.ent 3. 

In main Tessellt 0.033 )( phosphate butter. PH 7.4. 0.067 )( pyruvate. 0.043 Il 
NaCl trom casein hydrolysate. other tinal-conoentrations as-­
ShOWll. 

Other ooDditions as in Table XII. 



oel18. 80 that the action of tryptophan on the final rate was probably 

due to an eftect on adaptation. It is al80 se en that NaCl in thil 

system had but little effeot on adaptation. Only a small d.crease in 

final rate and ne ohange in the lag period$ were neted .ben the 8Ilount 

of l'aC1 present 'Wal more than doub1ed. 

ro-

Onoe it had been tound that acid hydrolysates ot oasein or 

gelatin Tare as .ttiei.nt a. pep~.. in promoting to~ ~$,.nlyase 

produotion in the presenoe ot pyruTate. attempte were made to replaoe 

these hydrolysatel with a mixture ot amine aoids. At tiret those six 

aaino acids to~nd most effeotive by Billen and Liohstein (100) tor 

stimulating formio hydrogenlyase produotion were used. The resu1ts ot 

an experiment in which the effects of these amino aoids were tested 

are giTen in Table lX. rollowing the example of the aboTe authors. 

the amino aoids .er. te.ted in pairs, as weIl as aIl together. Thou~h 

aIl but one of the pairs ot amino aoids tested served as a souroe ot 

n1trogen tor formio hydrogenlyase produotion. none brought about the 

produotion of this enzyme in as Short a time as did peptone. 

Next. to de termine if the efteot of oasein hydrolysate were 

due sole1y to the amino aoids contained therein, a mixture ot aIl the 

amine acids round in oasein hydrolysate, with the addition of tryptophan, 

nor-leuoine and hydroxyproline was used. The exaot composition ot such 



TABIE xx 

The effects of oystine, tyrosine, lysine, valine, glutamate, and 
methionine on formic hydrogenlyase formation in the presenoe of 
pyruvate 

!.ag, minutes 
System Tl T2 Final Q.-H2 

Pyruvate t peptone 70 120 (M) 1258 
Pyruvate + cystine i tyrosine >120 0 
Pyruvate + lysine + valine 140 160 23 
Pyruvate + glutamate + methionine 120 180 (M) 76 
Pyruvate t six ami no acide above 160 180 35 

Baoterial Grown 5 1/2 heurs on nutrient agarJ 1.1 mg. baoteria/ 
vessel. 

In main vessels: 0.033 li phosphate butfer, pH 7.4. 0.067 ! pyruvate, 
1% pep'tODe. 

Final ooncentration of andno acids in pairsa 0.00033 M l-oystine, 
0.002 Ml-tyrosine, 0.02 K l-lysine, 0.02 M dl-valine,-0.04 M sodium 
I-g1ut'iinate, 0.04 li dl-mel'hioniœ. Final ëoncentration of &mino acids 
in a mixture of six, One ha1t that used in pairs. 

other oondi tians as in Table XII. 



an amino-aoid mixture has already been desoribed ( .page'~7). For thil 

e~peri_nt, and for DlOat subsequent experi_nts on the nitrogen souroes 

necessary for formio hydrogeDlyase formation, gluoose iBstead of pyruvate 

Yal used as a source ot the adaptive substrate. The lag periods in the 

preBenee of gluoose were gell8rally shorter tban thon in the pre .. noe of 

pyruvate. With gluoose, experiEnt. coula DlOre oOnTeniently be tollowed 

W1til a st8ady rate of gas evolution was attained. Previous expert.nt. 

bad indioated. that in the presence ot gluoose or pyruvate, the nitrogen 

source. Deeded tor tondo hydrogeniya..e forstion were the sama. 'l'bi. 

was full)" conti~d in later experi_nt. (see Table XXJi). 

'l'he results presented in Figure XI show the oomparativ. 

ettecta ot peptoœ and a syntbetie mixture ot amino aoids a. nitrogen 

souroes tor tormio hydrogenlyase produotion in the presence ot glucose. 

In thb experi_nt the lag periods wer8 approximately equal, though the 

tinal rate in the gluoose-peptone system w&s l1ightl)" higher than tbat 

in the gluoose-amino acid system. In addition to the control. sbo1m. 

in this expert.-nt, it should be noted agam that the .. bacteria Rre 

uver totmd able to produoe hydrogen trom. peptone alone. 

The oomparative etfeots of inoreasing the oomcentratton or th. 

ni trog.n louroe. uaing peptoœ, a complete amillO acid m.xture. and 

glut ....... al .. , are presenteà. ill. Table XXI. IncreasiDg the concentra­

tion ot eaoh nitragen source increased the tinal rate ot hydrogen 

evol\ottionJ the lag p.riods changed li ttle in the range ot conoentrations 



600 

400 

200 

04---' 

o 50 

FIGURE XI 

II 
III 

• ==0 =.s l 
IV . 

100 

B)drogen production in glucose-peptone and gluoose-amino aeid Iystem. 

1. Glucose 
II. Glucose + 20 amino acids 

III. Glucose + peptone 
IV. 20 .AIl1no acids 

Bacteriaa Grown 5 hours on nutrient agar. 1.5 mg. bacteria/ves.el. 

In main Telsellt 0.0;; K phosphate butter. pH 7.4. 0.0;; K glucose. 
1% peptone. aino acids as on page /" 7 • 

other conditions as in Table III. 

/~1. 



TABLE XXI 

The efteot of varying oonoentrations ot aBdno aoids and peptone on toraio 
hydrogenlyale tormation in the presence ot gluoose: 

Experi- Lag, minutel 
ment System Tl T2 "tag" Final Q-I:I2 

1. Glucose >70 >70 0 
Gluoose + 0.5% peptone 50 60 (JI) 50 (M) 470 
Glucose + 1% peptone 30 60 (M) 48 (M) 857 
Gluoose ~ 2% peptone 30 60 ~ 1351 
Glucose + 5% peptone 30 60 41 2120 
Glucose + 10% peptone 30 60 42 2305 

~o 
2. Gluoose + 1/2 normalAandno 

aoich'oonoentra~}on 1 40 80 52 4B6 
Glucose + normal~amino aoid' 

concentration ~a 40 80 53 694 
Glucose + 1.8 x normalAem1Do , . 

50 80 65 876 aoidtconcentration 

3. Gluoose + 0.001 JI glutamate 140 164 
Glucose + 0.01 M:glutamate 137 208 
Glucose ~ 0.05 V glutamate 115 272 
Glucose of- 0.1 !.- glutamate 117 2~ 

Bacteria: GrClln1 overnight for Experiaent l, for 6 hours for Experi­
mente 2 and 3. on nutrlent agar; 1.33 mg. baoterialTelsel 
in Experiment 1, 1.5 mg.)Velsel in Experiment 2, 1.43 mg./ 
vessel in Experiment 3. 

In main vessels: 0.033 JI phosphate butfer, pH 7.4, 0.033 JI gluoose, 
peptone &nd l-glutamate as shown. Normal oonoentratione 
ot all 20 amino aoide as given on pagelD7 • 

Other conditions as in Table XII. 
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used. Because of the known stimulating effect of peptone on formic 

hydrogenlyase activity, it cannot be concluded whether the increased 

final rate of hydrogen evolution found in Experiment 1 was due to 

inoreased enzyme formation or to a stimulatory effect on enzyme 

activity. Latar experiments have shawn, however, that the amino acide 

mixture as well as glutamate aloM had no effect on the fondc 

hydrogenlyase activity of adapted cells (Table XXVI). It may be 

conoluded that the increased rate obeerved with increasing concentra-

tions of pure amino acids and of glutamate ls due to increased formio 

hydrogenlyase synthesis. 

Summary and Conclusi~ns: 

In the presence of formate, washed oells of E. ooli --
synthesized the e~yme system, formic hydrogenlyase, if peptone or 

tryptone were added to the medium in whioh the oells were suspended. 

If instead of peptone or tryptone, a casein hydrolysate, a gelatin 

hydrolysate, or any one amino aoid were added, the baoteria oould 

synthesize little or no formie hydrogenlyase. 

In the presence of glucose or pyruvate, each of whioh ls 

broken dawn to yield formate, formio hydrogenlyase was for.med almost 

as rapidly in the presence of a case in or gelatin hydrolysate as in 

the presence of peptone. Casein hydrolys~te could be replaced by a 

synthetio mixture of amino aoids. 



In the presence of gluoose or pyruvate. formic hydrogen­

lyase formation took place it only sodium glutamate were added to the 

medium in which the cells were suspended. The time tor the production 

of formio hydrogenlyase, however, w&s approximately twice as long it 

only glutamate were added as if peptone were added. 

In the presenoe of gluoose, with peptone, glutamat~ and with 

a complete amino &cid mixture, raising the ooncentration of the source 

of nitrogen increased the final rate of hydrogen evolution. Little 

change in1ag periods was noted over the range of ooncentrations ot eaoh 

nitrogen souroe tested. For glutamate, and for the oomplete amino aoid 

mixture. the increased rate could be asoribed to an increased enzyme 

synthesis. Sinee peptone stimulates tor.œ1o hydrogenlyase activity 

as weIl as tormio hydrogenlyase formation, the interpretation of the 

affects of increased peptone concentration was 1es8 olear. 

IJ~ . 



PART II 

The Determination of a Simplified Nitrogen Source for Formic 

Hydrogenlyase Formation 

The determination of the amino acids whose presence is Most important 

for formic hydrogenlyase formation. 

Onoe it was established that a synthetio amino-acid mixture 

oould serve as a nitrogen source for ~ormic hydrogenlYBse formation 

to approximately the same extent as peptone or as a protein hydrolysate, 

experimenta were devised to determine which of the twenty amine aoids 

were Most important to formio hydrogenlyase formation. 

Before the start of these experimente, it was found 

separately that the preseenoe of histidine was extremely important 

to this adaptive prooess. Omission of th1s amino acid fram the 

oomplete mixture increased both lag periods by 60 minutes or len~er, 

and greatly lowered the final rate of hydrogen production. 

A preliminary experiment (Table XXII) showad that of the groups 

into which the amino acids had been arbitrarily divided, only the second, 

that oontaining glutamate and Methionine, oould be omitted without 

markedly increasing the lag periods. The following plan was deTised 

/33. 



for investigating the importance of the individual amino acida: In 

a series of experi.ents, the effects on the lag periodfand the final 

rate of omitting each of the twent,y amino aoids were observed. 

TABLE XXII 

The effect ot omission of groups ot amino aoids on formio hydrogenlyase 
formation. 

Lag, minutes 
System Tl T2 Final Q-H2 

Glucose + a11 amino acids 40 80 686 
Gluoose + a11 amino acids but Group l 60 110 351 
Gluoose + a11 amino aoids but Group II 40 80 775 
Gluoose + aIl amino acida but lysine, 

arginine, and tryptophan 60 100 656 
Gluoose + all amino acids but Group IV 60 123 (M) 359 

Baoteriat Grown 7 hours on nutrient Agar, 1.5 mg. baoteriajTeasel. 
ln main vessels: 0.033 M phosphate butter. PH 7.4, 0.033 K glucose, 

concentrations of amine acide and composition of !roupe 
as given on page / b7 • 

Other oonditions al in Table XII. 

In these experiments, groups of amino aoida were a180 left out. 80 that 

the effect .f omi tting each amine acid in the group could be oompared 

with that of omitting the group as a whole. The results of this series 

of experiments are presented in Table mIl J the amino aoids found most 

iaportant are underlined. Experiment 6 of this table i. illultrated 

in Figure XlI. From the result. given in thi. fi!ure. it i. leen that 

the increased lags and decreased final rate observed when the four 

amino acid8, .,spartate, oystine, tyrosine, and phenylalanine, were 

/Jf. 



TABLE XXIII 

Formio hydrogenlyase formation in a oomplete amino aoid medium: The effect of omitting separately eaoh amino 
aoid and of omitting groups of amino aoide. 

Experiment l 2 3 4 5 6 1 
A:mi.tloaoTâ 
omitted 

IAg ----z;ag- -- - --x;ag ~ ... - ag-- . ----------ag --- - LAg - -- Lag 

Tl T2 Q-B2 Tl T2 Q-B2 Tl T2 Q-H2 Tl T2 Q-H2 Tl T2 Q-H2 Tl T2 Q-H2 Tl T2 Q-H2 

None 40 80 694 40 80 188 50 90 828 40 80 810 40 15 810 40 15 875 
glyoine 50110 662 50 90 872 
alanine 40 80 114 50 90 854 
prol ine 40 80 106 40 90 653 
hydroxy proline 40 80 138 50 90 85'.+ 
serine 50 loo(M)1l5 50110 608 
threonine 40 80 129 40 80 696 
lysine 50 90 186 40 80 862 
arginine >120 - 0 >120 - 0 60 110 808 60 115(M)658 
histidine 
tryptophan 50 80 127 50 80 905 
gl utama te 50 90 800 
rnethionine 50 90 800 
leuoine 50 105 405 50 90 331 
isoleuoine 40 80 698 
norleuoine 40 90 808 
aspartate 
tyrosine 
phenylalanine 
valine 
oystine 

Group omitted 
No. 1 
No. 2 
arginine. ly-
sine.trypto-
phan 10 100 540 - - lc«M) 490 

leuoine, isoleu­
cine. norl.noine, 
valine 

aspartate, oystine, 
tyrosine, phenylalanine 

50 90 196 

60 no 424 50 90 162 

50 105 312 

10 no 440 100 115(M) 16 
50 80 165 
40 15 169 

40 15 840 

60 110 492 

...... 
~ 

~\ 



TABLE XXIII (Conttd) 

Bacteria: Grawn 5-1 hours on nutr1ent agarJ 1.5 mg. bacteria/vessel in aIl experiments 
but 4, 1.0 mg./ve.sel in Experiment 4. 

In main vee.les: 0.033 K phosphate butfer, pH 7.4, 0.033 M glucose. Amino acid conoentrations 
and oo~po8ition ot groups a. given on page/D7. 

Lag periode expre.sed in minutes. Q-H2 represents final value. 

Other conditions as in Table XII. 

-~ 
~ 
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FIGURE XI! 

The affects of omission of aspartats s cystine , tyrosine ~ and phenylal­
anine on formic 'lydrogenlyase formation in a glucose- twenty amino acid 
system. 

Glucose -+ 
10 All tw .. mty amine acids o 

II p AlI twent amine acids but aspartates cystine, 
tyrosine , and phenylalanine o 

1110 Il twenty amino acids but aspartate 
IVo All twenty amine acids b:ut cystine 
Vo AIl enty amino acids but tyrosine 

V 0 AlI twent amine acids but phenylalanine o 

Conditions : See Exp~riment 6, ~able XXIII . 

7. 



omitted could be attributed aimast completely to the omission ot 

aspartate. In using thie method. there was the danger that one amino 

acid could replace another; thus, the importance ot each might not be 

realised when each was ~tted separately. The reluIt ot some experi­

ment. carried out to check thi. polsibilit,y are given in Table XXIV. 

From these i t wu seen that the amino acids tound important by the 

ettect of their omission could replace the entire group inwhich they 

occurred. For example. those amino acids tound important in the 

tirst three groups oould virtually replaoe thele groupl. Proline 

had DOt been found important. but it waa tried in thia simplitied 

system to deterBdne whether in its absenoe trom the complete amino 

aoid medium it had been replaced by hydroxyproline. Experiment 2 

of Table XXIV shows the reaults on formio hydrogenlyase formation 

ot a oombination of those five 8Ddno acidl found most important, 

serine, histidine. arginine, leucine, and aspartate. It .. y be lean 

that with these five only Ilightly longer lag periods and lower tinal 

rates were observed than with aIl twenty amino acida. From the results 

of this experiment, as weIl as from the data in Tables XXII and XXIII, 

it i5 leen that the omission ot glutamate had little ettect on 

adaptation, even thougb glutamate alone had been round a better 

stimulator of adaptation than any individual amine &cid tried. 

An experiment showing the afteots of omi tting in turn each 

amino acid trom a limplified mdxture of the riTe amine acids givan 

above plus glutamate il reported in Table 1:13. If the relultl in thi. 

/3 f· 



TABLE XXIV 

lormic hydrogenlya8e formation with simplified amino aoid mixtures 

Experi ... Lag, minutes 
ment System Tl T2 ItLaglt FiD8.1 Q-H2 

1. Glucose + aIl amine aoide 40 80 56 810 
Glucose + glutamate. histidine, 

ar ginine, proline, ad 
serine 80 120 103 228 

Gluoose t glutamate, histidine, 
arginine, proline, serine, 
and Group IV 50 90 60 676 

Glucose + glutamate, hiltidin~ 
arginine, serine, and 
Group IV 50 90 60 736 

2. Glucose ~ aIl amine acide 40 75 53 875 
Gluoose + serine, arginine, 

leuoine, aspartate, a"d 
histidine 50 80 63 558 

G1ueose .... serine, arginine. 
leucine, aspartate. 
histidine, and glutamate 50 80 62 60/1 

3. Pyruvate + serine. arginine, 
leucine, aspartate, and 
histidine 70 100 78 598 

Baoteria: Grown 5-' hourI on nutrient agarJ 1.5 mg.)Tesse1 in 
Experiment l and 2. 1.45 mg./Vessel in Experi.ent 3. 

Tn -.in Tessels: 0.033 M phosphate bufter, pH 7.4. 0.033 M gluoose, 
0.067 ~ pyruYate, composition of Group IV as giTen on 
page '" 7. IndiTidual udno acids in same oonoentrations 
u in oomplete lÜxture. See page /~7and Table XXVII 
(normal conoentrations). 

Othercondi tions ae in Table nI. 

/3'1. 



t&ble are oompared with those in Table XIIII. it ia seen that the 

omission of leucine and serine from this simplif1ed medium brought 

about more marked increa.es in the lag periods and deoreases in the 

final rates than the omission of the same amino acids from the mixture 

of twenty amino aoids. This suggest that 80me replacement of leucine 

and serine by other amino acids in the complete mixture did take place. 

TABLE XXV 

The effect on formic hydrogenlyase formation of omitting eaah of a 
simplifled mixture of amine acids. 

Lag. minutes 
System Tl T2 Final Q-~ 

Glucose + a11 .1x amino aoids below 50 95 682 
Glucose + -aIl six amino acids below but 

arginine 60 110 758 
Glucose t a11 six amino acids belO\y but 

aspartate 10 120 406 
Glucose + aU six amino acids below but 

.' -leucine 80 120 92 
Gluoose t a11 six amino acids below but 

.erine 10 120 398 
Glucose + aIl six amino acids bela. but 

histidine 80 120 108 
Glucose -+ a11 six amino aoids below but 

glutamate 50 90 624 

Baoterla. 
In main vessels: 

Grown 6 hours on nutrient aguI 1.5 mg. bacteria/vessel. 
0.033 ! phosphate buffer. pH 7.4. 0.033 V glucose. 
Amino acids: arginine. aspartate. leuoine, serine, 
histidine. and glutamate in oonoentrations as given in 
Table XXVII (normal ooncentrations). 

Other conditions as in Table XII. 

/.1/4 . 



The action of amine 
apted bacter a. 

To interpret the results of these experiments, it was 

eS8ential to kna. if the amine aoide had any affect on the formio 

hydrogenlyase activity of E. coli once it wu formed. It was --
possible, for example, that the la- final rate obeerved whan 

histidine was omitted was due to a stimulating action of this amine 

acid upon formic hydrogenlyase aotivity rather than on for;œio 

hydrogenlyue formation. In Table XXVI are shawn the reluIts of 

experiments in whioh the effects of various single amino aoids and 

of amino aoid mixtures on the for.mio hydrogenlyase activity of 

adapted oells were measured. These experiments were carried out 

at pH 6.8. Although the foregoing experiments were oarried out at 

an initial pH of 1.4, the formation of organio aoids from gluoose 

oaused the PH tofall te approximately 6.4 at the end of 120 minutes, 

(see Table LI ). Most of the hydrogen evolution took plaoe at 

an intermediate pH value, and for this reason, a pH of 6.8 rather 

than of 1.4wa8 ohosen for these measurement •• As the result. shaw, 
\ 

neither glutamate alone, the five amino acids found mast effective 

individually, a mixture of these five, nor a mixture of a11 tlfenty 

amino aoide had any sign1fioant effect on the aotivity of the 

adaptive enzyme once foraed. It ",as conc1uded that the final rates 

observed in the presenoe of the amino acids could be considered 

as indioative of the amount of adaptive enzyme formed. 

Ilfl . 



TABLE XXVI 

The affect of ~ino aoids on formic hydrogenlyase aotivitya 

Ex-
per- System 
ment 

----------------------------------------------------------------
1. Formate 526 

563 
545 
541 
517 
488 
532 
538 

Formate + serine 
Formate + arginine 
Formate + leucine 
Formate + histidine 
Formate + aspartate 
Formate + 5 amine acids aboTe 
Formate + 20 amino acids 

2. Formate 
Formate + 0.2 ! glutamate 

428 
432 

Baoteriaa Grown 20-22 hours on glucose broth; 1.5 mg. baoteriaj 
vessel. 

In main vessels: 0.033! phosphate butfer, pH 6.8, 0~7 ! t~~te, 
amino aoid conoentrations as given in page~and 

Table XXVII (normal ooncentrations), sodium 
l-glutamate as shawn. 

H2 evolution measure trom. 0 to 33 minute! in Experimnt l, trom 10 to 40 
minutes in Experiment 2. 

ether oonditions as in Table XII. 

The minimal effective oODC8Dtration ot eaOh ot the tive moRt important 
wno aoids. 

Following the d~monstration that formio hydrogenlyase 

formation could be stimulated to virtually the same extent br a mixture 

of tive amino aoids as by a mixture cL twenty, a series of experiments 

was oarried out to detenaine the smallest ooncentration ot eaoh of 



these five amino aoids whiOh would bring about a maxiaal stimul-

ation of adaptation. Glucose was used as a lource of the adaptive 

substrate inthese experiaents, and the oonoentration of eaoh of 

the aiDO acids was vuied in turn, while the ooncentrations of the 

other four were held constant. The results of this series of 

experbents are presented in Table XXVII. In this table, the 

Bdnimal effeotive ooncentrations found are underlined. 

Histidine brought about a .triking stimulation of adapt­

ation in concentrations as low as 2 x 10-5 !, and the degree of 

stimulationwas 1ncreased only Iligbtly b.1 raising the histidine 

conoentratioB above this leTe1. Argil\ine was al80 effective in a 

1011' concentration, 3.7 x 10-4,!, but this BlIiDO acid Wal not as 

important to adaptation al &Dy' of the other four. The ooncentrations 

of serine, aspartate and leucine oould not be lowered beyond 10-2 ! 

without brin~ing about considerable increases in the 1ag periods and 

deoreases in the final rates. It should also be noted that very 

litt1. effect was obtained by increasing the ooncentratiolls of the 

amino acids over those norma11y used, i.e., those given on pa~e 107 

and in Table XXVII. 

Alter the mini .. l effeotiTe c011oentratio$ of' eaoh udno 

acid had beeu d.ter.mined separately, it was f'ound that a Bdxture in 

which eaoh udno aoid was preseDt in minimal eftective concentration 

serTed at.olt as weIl as a nitrogen lource for adaptation al a ~xture 

inwhich eaoh amino aoid was prelent in the nor-.1 ooncentratio~ pre­

viou.ly used, (Table XXVIII). 
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TABLE XXVII 

The effectof varying the concentration oreach of the five eSlential 
aminD acids on formic hydrogen1yase formation. 

System: Glucose. five amino acide 

Experi- Amino acid Concentration Lag. mnutes 
.. nt Taried ag./vesae1 1I01ar 'rl 'r2 Final Q-H2 

1. Serine 0 0 70 110 333 
0.5 0.0016 60 120 415 
5.0 0.016 50 80 663 

2. Serine 0 0 70 130 458 
2.5 0.0079 50 90 622 
;:0 0.016 50 90 616 

10.0 0.032 40 90 612 

3· Histidine 0 0 70 100 149 
0.00236 0.0000041 70 120 160 
0.0118 O.OOO02~ 50 100 598 
0.059 0.00010 50 80 600 
0.118 0.000205 50 80 637 
1.18 0.00205 50 80 672 
3.54 0.00615 50 80 634 

Histidine 0.0 0 95 100 51 
0.0047 0.0000062 60 115 309 

00.0083 0.000014 50 80 382 
0.0118 0.0000205 50 80 545 
1.18 O.oœ65 50 80 621 

5. Ar@;1Dine 0.0 0.0 60 100 583 
0.0236 0.0000373 70 100 510 
g.2g6 0.000373 50 90 649 
.3 6.00373 50 90 640 

6. Arpmne 0.0 0.0 60 110 568 
0.0236 0.0000373 70 105 476 
0.118 0.000187 50 80 576 
2.36 0.00373 50 80 631 
7.08 0.0112 50 90 64B 



TABLE XXVII (Contfd) 

Experi- Amino acid Oonoentration Lag. minutes 
JIleDt Taried mg.,lveue1 mo1ar Tl T2 FiD8.1 Q-H2 

T. Leuoine 0.0 0.0 80 100 126 
0.072 0.000183 60 100 (X) 168 
0.72 0.00183 50 100 479 
7.2 0.0163 50 90 640 

11r.4 0.0366 50 90 663 

8. Leuoine 0.0 0.0 80 110 115 
0.72 0.00183 60 100 387 
3.6 0.0092 50 90 550 
7.2 0.0183 50 80 631 

9. Aspartate O.ol.t2 0.000105 70 120 488 
4.2 0.0105 50 80 621 

10. Aapartate 0.0 0.0 80 110 333 
0.084 0.000211 80 110 333 
0.21 0.00053 80 120 298 
0.42 0.00105 80 110 503 
4.2 0.0105 50 80 636 
'B:4 0.0211 50 80 650 

Il. Aapartate 0.0 0.0 80 110 443 
0.84 0.00211 60 120 413 
2.52 0.0064 50 90 465 
4.2 0.0105 50 90 692 

Baoteria: Grawn 5-7 hours on nutrient agar. 1.5 age baoteria,/T •• sel 
in aIl experiBents. 

In .ain Tessel •• 0.033 K phosphate butfer. pH 7.4. 0.033 M gluoose. The 
fiTe .. mi no acide in the following nonaal-oonoentratioDII' 
5.0 ~.JTessel dl-aerine. 1.18 ag.jTessel l-h1.ti4ine HCl. 
2.36 mg.,lveslel l-arginine HCl. 7.2 ag.,lve.ael l-leuoine. 
4.2 mg.,lvessel dl-aspartio acid. Varied conoentrations 
as shawn. 

Kiniaal etteotiTe oonoentrations are UDder1ined. 

Other conditions as in Table nI. 



TABLE XXVIII 

Foraic hydrogenlyase formation wi th ainill&l efreotive ooncentrations 
of aIl ..tao acide 

Syatem 

Glucose t five amino aoidl (normal 
conoentration) 

Gluoose + 1'ive amino aoidl (~nimal 
concentration) 

40 

40 

85 

75 

672 

472 

Bacteria: Grown 5 1/2 houri on nutrlent agar, 1.5 mg. bacteria/ 
vessel. 

In main vessels: 0.033 M pholphate bu1'1'er, PH 7.4, 0.033 K gluoose, 
normal-and minimal efreotive ooncentrations ot amino 
ao1ds as given in Table XXVII. 

Other oondi tions a. in Table nI 

The degree 01' cell proliteration during adaptation 

rt hal already been aentioned that baoterial cells susp8nded 

in the presenoe of gluoose and glutamate oould develop toradc hydrogenlyas8 

aotivlty without growth. In the previous experiments, carried out 

ooapletely in the Warburg apparatul, it wu not possible ta deteraine 

whether growth had ocourred by turbidiœetrio measureBSnts. When glucose 

was used as a .ouroe or tile adaptive substrate and the initial pU was 

7.4, atter prolonged shaking the baoterial oel18 in the veslel. beoame 

clotted in long strings. A number 01' the oel18 were seen te adhere ta 

the wall. et the v' •• el. Although the oel18 in this condition were 



• till able to bring about a rapid evo~ion ot hydrogen, .easure­

aents of the turbidi ty a t the end of the experiaent would, of cour se, 

have been meaningless. 

It was discovered, however, that if inoubation were carried 

out at a lower initial pH, the cells did not becoae olotted during 

the experi.ent, and the optical density of the contents of the Warburg 

vessel at the end of the experimeDt gave a measure ot the extent to 

whioh growth had taken place. Some of the other effeots ot the initial 

pH upon adaptation will be dealt with in detail later. 

The experilllents to be reported were carried out uaing 0.5 al. 

of a 0.2! phosphate bufter, pH ,.7, in eaoh Warburg vessel. Additions 

of the neutralized amine aoid solutions brought the initial pH to 6.1. 

ln some of these experiments the effeots on growth and adaptation of 

omitting histidine and serine were observed. The minimal effeotive 

oonoentration of histidine (2 x 10-5 !) was used in these experiaents, 

since the presenoe of this .. aIl amount of neutral solution oould have 

no affect on the pH. In the experiment inwhioh the efteots of omitting 

serine were tested, this amino aoid waS dlsBolved in distilled water 

and the solution was not neutralized turther. In the presence or 

absenoe of serine, the initial pH was 6.1. 

Three or more Warburg vessel. cohtaining aedia of identioal 

oo.posi tion and the lame 8JIlOUl1t of bacteria were set uPJ b7drogen 

evolution from theSe was followed in the uaual manner, and at var,ylDg 

1J/7 . 



periods ot time aach Tessel was removed from the bath. The grease 

was caretully wiped from the vessel, the paper removed trom the oenter 

weIl, and the oenter weIl blotted with dry tilter paper. After 

pouring off the oontents, the vessel na waahed out with wo 3.0 ml. 

portions ot water; a small rubber spatula was u.ed ta dislodg. anJ 

baoteria adhering to the wal1s. The oontents ot the vessel and the 

washings were made up to 14 .t'inal volume of 10.0 ml. and the optical 

denlity of this suspension read. l'he the elapsing between rellOval 

ot a pair of Tessels from the bath and reading the optioal density 

ot their diluted oontents was about tan minutes. In Table XXIX 

are shown the results ot a number of such experimeZlts. The tigures 

tor bydrogen evolution in aaoh experiment represent that o.t' the 

vessel shakel1 .t'or the longest ti_. Experimeat l ot th1s table as 

a oontrol experimant. Within experiœntal error, a buttered suspension 

of baoter1a in the presenoe ot gluoose exh1bi ted no ohange in turbidity 

on being shaken tor up to 90 minutes in Warburg vessels. In the 

experiment. with 5-6 heur oul tures ot bacteria in the presenoe o.t' 

gluoose and the five most important amine acids, a small amount of 

growth did ooour in one heur. The imrease in turbidity with time 

w&s slight, but œaaurable, and ooourred in aIl oase. whent th.se tive 

amino aoida were present. Wben histidine W8.S omitted (Experimenta 2 

and 3) a mnall increase in turbidity was not.d, it is impossible ta 

say trom the results of these experi.Jœnts whether or not growth ooourred 

in the absenoe of histidine. In the absenoe o.t' serine, a small amount of 

growth appears to have taken plaoe. 

P/~. 



TABLE XXIX 

Measureaent ot growth during tormie hydrogenlyase to~tion in manometric experiments 

A~e 
Ex- ot 
peri- ou1- Time in mnutes 
.ent tare System 0 10 20 30 35 40 50 60 70 80 90 100 110 120 130 210 

5 0 0 
1 __ houre Glucose 1.60 1. 1 1. 

Glucose t 
5 amino jkl.U2 1 0 9 8 18 72 159 268 387 W37 575 

st acide mg. bact./vesse1 1.50 1.50 1.Tl 1.83 
2. houre Glucose t 

4 amino 
acide p1.U2 0 7 9 16 4<> 79 124 179 240 303 

(-histidine) age baot./veslel 1.50 1.44 1.68 1.59 --------
Glucose t 

14 5 amino ~1.U2 1 0 14 18 37 78 126 - 233 320 
5 acide ~. bact./velsel 1.50 1.65 1.71 1.83 

3. hourI Glucose t 
4 amine 

acide J"1.1!2 ~ 0 7 6 7 24 54 90 - 172 207 
( -hi sti di ne ) mg. baot.jYesae.1 !~?~---- 1.47 1.65 1.62 

Glucose t 
14 5 amino ~1.~ 1 0 Il 23 74 141 24B 360 465 554 

5 aeide mg. baot./yesle1 1.50 1.65 1.74 1.86 
4e houre 

Glucose -
4 udno 
-; aoide ,lN1.U2 1 0 8 3 3 12 33 65 117 174 237 

(-seri:n.e) age baot.)Vessel 1.50 1.62 1~65 _______ ~J-L.--

5 
5. hours G1uoose t 

5 amine )4-1.U2 0 10 10 14 40 W 175 268 372 482 554- - 700 760 1098 
aoids mg. bact.jYess81 1.50 1.63 1.80 1.92 1.90 2.00 

. ' _ __ • __ . , __ , • ________ •• __ - 0 - _ _ _ • • •• .• • -~ 
~ 



:Ige 
Ex-ot 
peri- cul-

TABLE XXIX (Cont'd) 

Time in minutes 
.. nt ture System o 10 20 30 35 40 50 60 70 80 90 100 110 1:20 130 210 

6. 

Glucose + 
13 ~ 5 amino )"- 1·:a:2 1 0 9 9 9 25 68 160 259 375 485 563 
hours acids mg. baot./Tessel 1.55 1.45 1.50 1.65 

Gluoose + 
16 1/3 5 amino )'1.H2 1 0 11 7 11 28 65 156 265 
hours aoids mg. baot.jVessel 1.53 1.56 1.59 7. 

Baoteriar As shawn. a11 grCllFJ1 on nutrient agar. 

In main Te8se18z 0.033 K phosphate butter. pH 5.7, 0.033 K glucose. amino acids as given in Table XXVII 
(normaT oonoentrations). -

Growth measured as desoribed in texte 

Other oonditions as iD Table XII. 

........ 

'" ~ 



The 5-6 hour culturel uled in these experiments .. ere in 

a period of aotive growth at the time they .. ere harTelted. Experi­

menti were oarried out to de termine to '1that extent adaptation .. al 

aooompanied by growth in baoterial cultures whioh haj1 grown to a 

uxiaal .%tent on atar plates. For experiae~:ts 6 and 7 et Table XXIX 

snoh eultures were used. With these, though adaptation took plaoe 

in approxiaately the same period ot time as in the younger culture., 

there was no çowth tor 60 JIIinlltes, by wh! ch ti.a the JlaXima.l rate 

ot qdroten evolution had been. reaohed. It .. as conoluded trOll 

1irl.. let ot experi.ents, that thouth the mediUJll and eonditions ot 

iaoubation made ~owth possible, adaptation oould ooeur without gr_th 

taking place, and was, to that extent, independent ot ~owth. 

A simple oaloolation shows that even though growth soaetimes 

ooourred durin~ adaptation it .. ould be impossible to aooount tor the 

appearanoe ot tormo hydrogenl1'ase aotiTi ty by postulatiBg the growth 

ot a ta. oeIl. possessing this aotivity. The .ax1mal Q-H2 obserTed 

in the experiments reported in Table XXIX .. u about 400. At the 

IJep.Dl1ing ot the experbaenta, no hydrogen .volution was obserTed. It 

thi s apparent inaeti vi ty represented a low acti vi ty, e. g., a Q-H
2 

ot 10, 

a tort,y-told inerease in the number et baoteria between lero time and 

60 minutes .. ouldbe required to bring about the tinal rate ot hydregen 

evolution observed. nen any gr_th did :talc. place in thia tille, an 

i.ereue ot !.O-l~ at 1IOlt was aetually obserTed. The appearanoe ot 

tormio hydrogenlyase aotivity, theretore, eould not ha Te been due to 

the growth ot adapted oells. 

/ !fI. 



In these experiments, only the total oeIl .ass wal 

.,asved. It should be noted that Stephens-:nd Stickland (57) allo 

followed the inorease in thenumber ot viable oells with the develop­

Ilent ot fonlio hydregenlyase aotiTity. They found by this aethod 

as well al by a method ot total oounts that fondo hydrogenlyase 

synthesi. was not dependent upon oell proliferation. 

Two other aspeots ot Table XXIX deserTe oomment. Fir.t, 

at a lower pH there was a deorease in the lag periodl. In these 

experiaents, the lag periods (Tl aDd T2) tor the gluoose-five amino 

aoid system were only 30 and 50 minutes, as oOD.pared wi th lagl ot 

40 and 80 Minutes at an iui tial pH ot 7.4. SeooM, at the lCM'er pB 

value, the omis.ion ot hi.tidine did net bring about an extension of 

the lag peri~ though i t did oause a deorease in the tinal rate ot 

bydrogen evolution. Both these phenomena were studied in detail, 

and the resul ts ot thes8 studies will be given in a later seotion. 

5-7 Hour oultures of bacteria had bean used in the experi­

ments establilhing a siœplitied amine aoid Ilediua whioh would act as 

a ni trogen souroe tor adaptation, as well as in the experiJlenta in whioli 

the miniJll8.1 efteotive ooncentrations ot the uaino aoids in this medium. 

were det8nrdned. This was done beoause ot the greater adaptabil1 ty 

tound in suoh ou1 ture •• hen glutamate alone was used as a souree ot 

ni trogen. It was noted during the experiaents giTen in Table XXIX, 

however, that with a mixture of the five aOlt important udno acid., 

the adaptability was praotioallr as great with 13-16 hour oultures 

/.f'~. 



as with 5-7 hour oultures. For thil reason, both t.Jpes of oultures 

were used in the lucceeding e%peri.ents. 

Sumaary and co.clulioBs 

A adxture of five &aino aoidlJ serine, histidine, ar~iniDe. 

leucine, and aspartate, wal found capable of replaoing a Bd%ture of 

twent,r amino aoids as a nitrogen Bource tor formic hydrogenlyase 

for..ation by relting celle ot !!~. The saallest oonoentration ot 

eaoh amino acid whioh was able ta give a ..xiaal eftect .as deter.ained. 

These oonoentrations were, 

dl-serine 

I-histidine 

l-e.rginine 

l-leuoine 

dl-aspartate 

7.9 % 10-3 ! 
2 % 10-5 )( 

3.7 x 10-4! 

1.8 % 10-2 JI 

1 x 10-2 )( 

It was shown that though thil simplitied aedi\1ll supported 

grawth, tondo hydrogenlyase oould be 8;ynthe8ised wi th ou 't growth ta1cing 

plaoe. In older oultures of E. ooli adaptation toct plaoe without --
~rawth. while in younger cultures, a saall 8.1IIOunt ot growth usv.ally 

aooOlllpamed adaptation. Caloulations shœêd that it would be iapose1ble 

to aocount tor the Ulount ot euyme toraed by auy- sche. iDYelving the 

proliferation of a .. aIl fraotion of the oells already poslessin~ forBdc 

h7drogenl1ase actiTit,r. 

/~J. 



PART III 

Energy Souroes for Formio Hldrogenlyase Synthe si. 

The effeot of aspartate and fwu.rate on tondo hydrogenlyase tormation 

lt was early 1'ound (Table XV) that a gelatillii hydrolysate 

oould not stimulate adaptation in the presence of 1'ormate alone. 

When added to the formate-tryptone or 1'ormate-peptone 'yltem, however, 

the hydrolysate greatly inoreased the :f'inal rate of hydrogen produotion. 

Follawing thi. observation, experiments were oarried out to determine 

i1' this propert.y of the gelatin hydrolysate oould be asoribed ta a 

single amine acid. The reluIts of the.e experiment., givan in Table XXX, 

show that of seventeen amino aoids tested, lome inhibited hydrogen 

_~production, and only one, upartate, stimulated hydrogen production 

in the 1'ormate-peptone system. The inhlbitory effects were not 

examined turther. 

The enzyme, &sparta.e, whioh oatalysel the reaotion: 

A.partate ~<=~\ FlDiarate + ~ J 

has long been known to ooeur in E. ooli, and was, in taot, 1'iret --
demonatrated in that organism, (146). lt was thought po.sible that 

the .timulatary aotion of aspartate Wal due ta the 1'umarate derived 



TABIE xxx 

The etteot of indiT1dual amino aoids on hydrogen 
produotion in the formate-peptoM system 

Experi- ARduo Aoid Added Conoentration Lag, minutes 
(Molar) ment Tl T2 "Lag" 

1. None 52 
dl-alanine 0.1 72 
dl-lIII!Ithionine · 0.1 76 
glycine 0.1 64 
dl-serine 0.1 fXJ 

2. None 40 85 
glyoine 0.01 40 85 
I-proline 0.01 40 85 
dl-aspartate 0.1 50 100 
l-leuoill8 0.06 60 85 
l-ly81n. 0.1 60 85 
dl-phenylalanine O.O~ &J 85 
dl-threonine 0.1 &J 85 
I-tryptophan 0.02 &J 85 
l-glutamate 0.1 40 85 

~. None 60 120 
dl-aspartate 0.1 60 100 
dl-valiœ 0.1 60 100 
I-tyros1ne 0.001 60 120 
I-hydroxyprol1ne 0.1 60 120 
dl-nor1euoine .O~ &J 120 
dl-iso1eucine .06 60 120 

4. NODe 56 
1-tyroaine 0.0025 56 

Final Q-li2 

1~0 
72 
8~ 
70 
8~ 

71 
6~ 
80 

215 
56 
~7 
~~ 
~5 
41 
~6 

26 
ll~ 
2~ 
4L 
~l 
~5 
~~ 

76 
75 

Bacteria: Grown overnight on nutrient agar, 1.4 mg. baoteriajVeasel 
in Experiment l, 1.5 mg.jTessel in ExperiBent. 2, ~ and 4. 

III ain vess.ls: O.O~~ M phosphate butter, pH 7.4, 0.067K formate, 1% pep-
tone, additions of amino acids as 8hown~ 

other oonditions as in Table XII. 



..... 

trom it, and an experiment was oarried out in whioh the effeote 

of fumarate and aspartate on hydrogen produotion in the formate-peptone 

system were compared. In this experiment (Table XXXI) fuaarate Wal 

found to give a stronger stimulation of hydrogen produotion than an 

equal concentration of dl-aspartate. 

TABLE xxXI 

Ihe comparative effects of aspartate and tumarate on hydrogen production 
in the formate-peptone system. 

Lag,minutes 
System Tl T2 Final Q~2 

Formate t peptone 
Formate ~ peptone + aspartate 
Formate + peptone + fumarate 

60 
60 
60 

80 
110 
100 

50 
187 
198 

(In separate experiments, no H2 was evolTed from peptone + fumarate or 
peptone + aspartate media. See al.o Table XXXIII) 

Baoteria: Grawn overnight on nutrient agar; 1.5 mg. bacteria)Tessel 

fn main vessels: 0.033 K phosphate butter, pH 7.4, 0.067 M formate. 
1% peptOne. 0.1! d1-aspartate, O.l -M tUBarate. 

Other conditions as in Table XII. 

The action of tumarate was then investigated fUrther. The 

results of two experlments on the effects of ditferent concentrations 

of fumarate on (1) hydrogen evolution by unadapted bacteria in the 

formate-peptone .ystem, and (2) hydrogen evolution from formate by adapted 

bacterla, are reported in Table XXXII. It ie seen that aIl oonoentrations 

1 j-r, . 



TABIE XXXII 

Tha ett.ct ot difterent eonceDtration. of tumarat. on 
hydro~n produotion by unadapted and adapted bacteria, 
The etfeot of suocinate on hydrogen production by 

unadapted baot8ria 

Expar1- Lag, minuta. 
._t Sy.te. Tl T2 

1. Formate + peptoœ 40 80 
Uu.daptsd Formata + peptone + 0.001 li twu.rate l.jO 80 
Baotaria Formats + psptone .,. 0.01 JCfwu.rate 40 80 

Formate + peptone t 0.1 X-tumarate 60 100 
Formate + peptOne + 0.2 M tumarate 80 14O(M) 
Formate + peptone + 0.1 ! suooinate 60 80 

2. Forate + peptone 70 120 
Unadapted Formata + peptona t 0.01 K suoo1nate 70 110 
Baoteria 

3. Formate 
Adapted Formats + 0.001 V tu.arate 
Baoteria Formate + 0.01 M-tumarate 

For_te t 0.2 lCtumarate 

Final Q-~ 

70 
115 
}68 
}11 
la> 
28 

19 
15 

315 
296 
208 

0 

Baoteria, Experœnt l, grolln oTern1ght on nutrbnt aguJ Exper1-
lIII9nt 2, grown 6 hours on nutrient aguJ Experi.nt 3, 
grown 22 hours in gluoose broth. 1.5 mg. baoter1ajvelse1 
in al1 experiments. 

In main Tassels: 0.0}3 M phosphate butter, pH 7~, 0.067M format., 1% pep­
tolle, sodium tumarate and sodium auocinate a. sbown. 

ll2 evolution in Experilll8nt S measured trom 10 to 30 minute •• 

otœr oonditiona as in Table XII. 

/.5'7, 



of fumarate tested, belaw 0.2!, stimulated the hydrogen produotion 

of unadapt8d bacteria but inhibited the hydrogen production by adapted 

bacteria. Since ooncentrations of fuaarate which did not stimulate 

or whiCh inhibited hydrogen evelution by adapted oe11s stimulated 

hydrogen evolution by unadapted cella. It waas concluded that tumarate 

acted on unadapted cella te sttmulate formdc hydrogenlya8~ synthesi •• 

It is known that fumarate acts as an acoepter of molecu1ar 

hydrogen through the enzyme, hydrogenase (119); thUB tumarate would 

decrease the amount of hydrogen evolved by adapted ce11s. A comparlson 

of the results of Experiment. 1 and 3 of Table XXXII indicates that with 

IDCreasingconoentrations, the inhibitory action of tuaarate on hydrogen 

production outweighed its stimulatory aotion on for.mlc hydrogenlyase 

formation. 

It is allo .een from the resulta given in Table XXXII that 

succinate had no stimulatery effect on formic hydrogenlyase formation. 

The inhibition ob.erved with the higher .ucoinate concentration uaed was 

po.sibly due to an oSl1OtiC effect. 

These facts auggested that rumarate atimulated adaptation 

by acting as a hydrogen acceptor. It has long been known that E. coli 

can activate this .oleou1e to acoept hydrogen from a donater (147). 

There is direot evidenoe tor the anaerobio oxidation of a number of 

substances by fumarate in!!~. These include dl-laotate, Acetate, 

glycerol, dl-glyoeraldehyde, l-glutamate, pyruvate, acetoacetate, butyrate_ 

and gluco.e (148, ~). A large number of other substances say alaoet 



certainly be oxidized by t'umarate in this organisme Thua, · in the 

presenoe of formate and peptone, fumarate could funotion aa an aooeptor 

of hydrogen froJl GOllpounds (e.g., glutaate) present in peptone. 

The hypothelis tbat fmarate was acting as a hlYdrogen acoeptor 

.as tested further. As stated above, g1yoerol .. y be oxidized 

anaerob1oally by fu..rate in !:..~. The overall reaction 18. 

Gyoer01 ... 2 t'umarate pyruvate + 2 suooinate (150) 

The addition of fumarate, then, should permit glyoerol ta aet as a louroe 

of the adaptive substrate, and ultiJE.te1y as a souroe of moleoular 

hydro~n. It is seen from the results presented in Table XXXIII tbat 

only in the presence of added fumarate was hydrogen evolved iro. 

a g1yoer01-peptone mediua. 

The.e results were further evidence that fw.rate was serving 

aa a hydrogen acoeptor. In a transfer of hydrogen fro. a donor ta fu.ara~, 

as in other exidative processes, energy il released. It was thought 

that fumarate stimulated adaptation beoause of the energy supp1ied. 

Tbat adaptation take s place in a formate-peptone system, wi thout the 

addition of fwu.rate, may be explained by the tact that some fmaarate 

·18 formed rrom the aspartate present in the peptone. Before turtber 

evidence ia given on this seheme, experiments oarried out by Quastel and 

Woo1dridge (150) on baeter1al growth should be mentioned. 

These .orkers found tbat the addition of for-.te to a synthe tic 



TABLE XXXIII 

Tbe abilit7 ot tumarate to sttmulate bydrogen produotion 
in the glyoerol-peptone system 

Experi-
_at 

1. 

2. 

3. 

Baoteria, 

La.g, minutes 
l:iylt •• Tl T2 Final Q-lJe 

Fwaarate + peptone >180 0 

Glyoerol + peptone >180 0 
Glyoerol + peptone + tumarate 130 160 118 

G1yoerol + peptone >200 0 
Glycerol t peptone + tUll&rate 160 170 52 

Grcnm on nutrient Agar, Experi .. nt l, ovarnight oulture, 
1.5 111. bacteria/Tessel, Experiment 2, 5 hour oulture, 
0.7 mg./t'euel, Experu.nt 3, 8 hour oultur., 1.5 -.g./ 
vessel • . 

In .ain Tesselsl0.033 M phosphate butter, pH 7.4, 0.061;! glyeerol, l~ 
peptoœ, 0.01 M lodiUlD. tUllarate. 

other conditions as 11l Table nI • 

.adiua in which fumarate and laotate were the only other sources of oarbon, 

great1y inereased the anaerobie growth of !:.~. In a tumarate-laotate 

Iystem, energy was supplied tor anaerobie growth by the oxidation: 

Fumarate + laotate SucoiDate t pyruvate of 14 Cal. 

The addition of formate, however, presented 'lobe cella with a .uoh 

greater source of energy. The ox1dation of tormate yields praotioally 

as JlUch energy as doea the oxidat1on ot hydrogenl 

Formate + fumarate CO2 + 8uoo1nate + 28 Cal. 



Formate oould DOt be u8ed as a oarbon source for growth by these 

organisms. Its stimulating aotion was attributed entirely to the great 

amount of energy supp11ed for growth by its oxidation. 

Although the sUbstance(a) donating bydrogen te fumarate in tbe 
iI.~ 

experiments reported bere wasAknown, the possibility that it w&s formate 

was of !nterest because of the energy whioh the oxidation of formate 

supplies. Krebs (149) fO\md that suspensions of !!. ooli oould oatalyse 

th. anaerobio oxidation of formate by fuaarate if the bacteria had been 

grown in a formate-glucose broth, and possessed formio bJdrogeDlyase, 

but not if they had been grown aerobically and lacked this enzyme. 

A direot examination of the ability of the unadapted baoteria 

used in these experiEnt. to catalyse the anaerobie oxidation of formate 

by fumarate waa not oarried out. Considering the evidenoe offered by 

Krebs, it would appear unlikely that this oxidation took plaoe. (It ahould 

be noted in this conneotion that the organisms used in the experimenta 

of Quastel and Wooldridge were cultured in tryptio broth and probably 

posse8sed a small amount of foraio bydrogenlyase aotivity). 

That adapted oells ot E. ~ may bring about the anaerobio 

oxidation of formate by fumarate was indioated by the results Of the 

experiment illuatrated in Figure XIII. In this experiment, the etteot 

of fumarate on hydrogen evolution trom formate by adapted oells in the 

presenoe and absence of peptone was measured. The initial pH of each 

Tessel W&8 7.4. The final pH TalueS are given under Figure XIII. 
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F.lGURE XII l 

The effect of fumarate on hydrogen produotion from formate by adapted 
bacteria in the presenoe and absence of peptone. 

Final pH 

I. Formate 8.1 
Il. Formate + fumarate 8.6 

III. FQrmate + peptone 8.2 
IV. Fbrmate + tumarate + peptone 8.6 

Bacterias Grown overnight in formate brothJ 1 mg. baoteria/vessel. 

In main vessels. 0.033 M phosphate burfer, pH 7.4, 0.067 M formate, 
0.01 .!-sodium fumarate, 1% peptone. -

ether oonditions as in Table XII. 



Comparing the results shown in Curves l and I1_ it is seeD 

that the amount ot qydrogen evolved was greater in the presence ot 

formate alone tban in the presenoe of formate plus fumarate, but that 

the final pH in the presenoe ot formate plus tumarate .as higher. 

Destruction ot sodium formate, either by the action of tormio hydrogen­

lyase or by oxidation yould raise the pH of the medium. These results 

indioate that in the presenoe of tumarate, oxidative destruotion of 

lodium formate teok plaoe. 

Comparing the reluIts given in curve's III and IV of Figure XIII; 

a!L~ •• peoially interesting etfeot ot fumarate is seen. The .timulation 

of tormio hydrogenlyase aotivity by pept6ne has already baen m8ntioned 

(Table XIII). When bothpeptone and fuaarate were added to formate_ 

atter an early falling off of aotivity there .as an increased rat. 

ot hydrogen evolution. The tille at whioh this inoreased rate bagan 

was approxiately that at whioh unadapted oells) inoubated, in the 

presenoe of formate and peptone_ begin to evolve hydrogen. The 

breakdown of formate by forme hydrogenlyase yields little energy. 

It se8me possible that in the presenoe of peptone tumarate .timulated 

the adapted oells to produoe further hydrogenlyase by serving as a source 

of energy. 

Alter it had been disoovered that aspartate wa8 one ot the 

tive amino acids .ost important tor formie bydrogenlyase formation 

in the presence of glucole_ experimenta were oarried out te deterBdne 

I~';. 



.... beth.er fumarate ha.d the S&meI aotion as aspartate. It .... found 

(Table XXXIV) that fumarate oould replace aspartate. Suooinate ... s 

quite ina.ctive in this respeot. These findings suggested that the 

ability of tumarate to ·stimulate adaptation in thi •• y.tem ... s 

oonneoted with it. aotion as a hydrogen acoeptor. Further evidenoe 

on this point will be oonsidered later. 

The addition of fumarate to the glucose-glutamate sy.tem 

brought about an inhibition of formdo-bydrogenlyase formation. This 

was first shown in experiments oarried out in the Warburg apparatus. 

As may be .een from the results giTen in Table XXXV, both tumarate and 

aspartate inoreased the lag periods and lowered the tiDal rate of 

hydrogen production. Fumerate is known to inhibit hydrogen produotion 

by adapted oells (Table XXXII); it was unlikely_ bowever_ that this 

inhibition would aooount for the inoreased lag periods. Furthermore, 

the iRhibition of hydrogen evolution observed in Table XXXV was much 

greater than that caused by the sane ooncentration of fuma rate on 

adapted oella. It seemed probable. tberefore_ that fumarate .... inhibiting 

enzyme syntheais ratber than enzyme aotivity. 

To be certain that the inhibition observed was one of adaptation 

rather than of hydrogen evolution_ another type of experiment ... s 

devised. Unadapted oells of .!:. ~ were suspended anaerobieally in the 

presenoe of glucose and sodium l-glutamate, with and without th. addition 

of sodium. fu-.rate, and the formic hydrogenlyase aotivity ot the ...... hed 



TABLl!: XXXIV 

The ability ot tumarate to replaoe aspartate in the 
gluoose-tiTe amino aoid system 

Experi- Lag. minutes 
_nt Syst •• Tl T2 Final Q-H2 

1. Glueo •• t all fiTe amino acids 50 80 636 
Gluoose + all tive amino &cids bu~ 

aspartate 80 110 333 
Glucose + tumarate + all five amino 

aoids but &spartate 60 85 580 
Gluoose + tumarate + al1 tiTe amino 

aoids 50 80 103 

2. Glucose + al1 tive a1l1no acids 50 90 692 
Gluoo •• + aIl rive amine acids but 

aspartaté 10 120 443 
Glucose + tumarate + all tiTe amino 

aoids but aspartate 50 80 634 
Glucose + suooinate + all five amino 

aoids but aspartate 10 120 483 

3. G1uoose + al1 five amino &oids 50 90 616 
Gluoos. + a11 five amino aoids but 

a8partate 10 130 528 
Gluoose + 0.002 M fuaarate + all tive 

amino i'oids but aspartate 60 130 624 
Gluoose t O.OlM tumarate + all tiTe 

amino aoid. but aspartate 50 80 513 
Glucose + 0.02 Il fumarate + a11 five 

amino-aoids but aspartate 50 80 596 

Baoteria, Grown 5-6 hours OD nutrient aguJ 1.5 age baoteria/ 
Teuel in all expert.nt •• 

la main Tessel., 0.033 M phosphate butter, pH 1.4. 0.033 Il glucose, 
0.01 r.odiUll luoi_te. 0.01 Il 8Oc!iUII t'ü.arate •• xc.pt 
a8 otlierwise shown; amine aoid. as in Table XXVII (nonal 
oonoentrations). 

Other condi tiolls a8 in Table XII. 



oella determined after different timea of incubation. The exact oomposition 

ot the media used is given in Table XXXVI. Eight test tubes were 

prepared, four oontaining glucose and glutamate, four oontaining gluoose, 

glutamate, and fumarate. The tubes were made anaerobio by belng gassed 

tor fitteen minutes with nitrogen after the addition of the baoteria, 

and were tightly stoppered immediately after gassing. Incubation was 

oarried out at 37°C. The vibration of the bath inwhioh the tubes were 

suspended kept the bacteria trom settling. At 140 and 240 minute ·· intervals 

alter the first oontact of the bacter1a with the medium, duplioate tubas 

of the gluoose-glutaRate medium and duplioate tubes of the glucose­

glutamata-fumarate mediumwere removed and their oontents oentrituged 

in the oold. The clot of bact8ria in the bottom ot the oentrii'uge tube 

RS wa,shed once w1 th oold water and reoentr1tuged. The baoterla u eaOll 

oentrifuge tube were ti:aally suspended in 2.0 ml. H20 and 0.5 al. of the 

suspension taken for turbidity measurements. 1.0 ml. of eaoh baoteria 

suspension was added to the main oompartment of a Warburg vessel. 

together with water and 0.033 ! phosphate butter of pH 6.8. Alter gas8ing 

and equilibration 0.2 ml. of ! formate was tipped in trom the side ara 

and the evolution of hydrogen followed for 40-45 minutes, (For other 

oonditions, see Table XII). The results in Table XXXVI show olearly 

tbat in the gluoose-glutamate system, tumarate inhibited formic 

bJdrogenlyase formation. 

At the end of Experiment 3 of Table XXXV, the oontents of the 

vessels were oentrifuged and a 0.02 ml. aliquot of each supernatant 



The inhibition of hydrogen production in the glucose-gluta.ate 
Iystem by fumarate and aBpartate. 

Lag. minutes 
Experiment System Tl T2 Fi_l Q-~ 

1. Glucose + glutaate 90 120 156 
Glucose + glutamate + fumarate 120 140 23 

2. Glucose t glutamate 80 140 202 
Glucose + glutamate + fumarate 110 150(K) w.,. 
Glucose ~ glutamate + aspartate 100 l50(K) 80 

3. Glucose + glutamate 90 120(M) 176 
Glucose · .,. glutamate + fumarate · 100 110{l() 29 
" 

Bacteria: GrollD 5-6 houri on nutr1ent agu, 1.5 mg. bacteria/ 
vessel in all experimenta. 

In main vessels, 0.033 M phosphate butfer. pH 7.4. 0.033 M glucose, 
0.01 ~sodium fumarate, 0.01 Il dl-aspartite, 0.04 Il 
sodium l-glutamate in Experimënt l, 0.02' • glutamate 
in Exper1œnts 2 and 3. -

other oonditions as in Table XII. 



1'ABLE XXXVI 

The inhibition of formic hydrogenlyase formation in the gluoose-glutamate 
system by fumarate: 

System 

Formic hydrogenlyase activity, 

* (Q-H2) • alter minutes 

140 240 

Glucose + glutamate 51 

9 

89 

~6 Gluoose t glutamate f fumarate 

Bacteria: Grown 6 hours on nutrient Agar, ~ mg.~. in suspension. 
In test tubes, 0.6 ml. 0.5 M, glucose, 1.5 ml. 0.2 M 
phosphate butfer, pH 7.4, '-4.5 mg. sodium I-glutamate, 
15.2 mg. sodium fumarate, 1.5 ml. baoteria, water to 
9.0 ml. Inoubation and measurement of formio hydrogell.­
lyase aotivity as descr1bed in the texte 

* Vllues of Q-H2 are the mean values of duplioate determination. 

spotted on paper and made to asoend by oapillary aotion in an ethanol-

butanol-ammonia mixture. For oomparison, 0.02 ml. of a sodium l-glutamate 

solution in a final oonoentration of 0.02~ ! was treated in the same way. 

The papers ore sprayed with ninhydrin and a rough estimate of the amount 

of glutaJl8.te and aspartate present. made. 

A small amount of aspartate was formed in the gluoose-glutamate 

medium by the baoteria, regardless of the presence of fumarate. It may 

be se en, from the seDd-quantitative results given in Table XXXVII tbat 

the presenoe of fumarate oaused a decrease in the amount ot glutamate 

present at the end ot the wxperiment. 



TABLE XXXVII 

The relatiTe amounts of glutamate and aspartate present alter Experiment 
3, Table XXXV. 

Chromatographed 

Glutamate 
Glutamate ~ gluoose, alter oontaot 

Yi th baoteria 
Glutamate + glucose + tumarate, 

after contaot with bacteria 

Condi tions : Bee texte 

Other HYdrogen Aooeptors 

Relative intensity of Ipot of 
Glutamate A.partate 

t'*"++ 

tt 

t 

(+) 

Cf) 

Following the demonstration that fumarate atimulated adaptation 

in the formate-peptone system, experiments Were oarr1ed out to Ituqy 

the aotion of other hydrogen acceptora on adaptation in this 'y8te~ 

N1trate has long been known to act as a hydrogen aooeptor 1n ~~ 

(see 148). As the results illustrated in Figure XIV show, 0.01! 

lodium nitrate brought about a marked stimulation of hydrogen produotion 

by unadapted oelll in the formate-peptone system. The data presented 

in Table XXXVIII show, furtbermore, that this stimulation oould not 

have been due to a stimulation of formio bydrogenlyase activityJ 

0.01 ! nitrate inhibited the hydrogell evolution by adapted cells, and with 

0.1 ! nitrate, thi. inhibition was oomplete. It was ooncluded 1'ro. 

tbese findings that nitrate aoted as a stimulator of 1'ormio hydrogonlyase 

formation in the formate-peptone system. 8inoe nitrate 1s a180 knawD 
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The stimulation of hydrogen production by nitrate in a for.mate-peptone 
system. 

1. Formate + peptone 
II. Formate + peptone + nitrate 

~ was not evol ved from peptone + nitrate. 

Bacteria: Grown 5 hours on nutrient agar; 1.1 mg. bacteria/vessel. 

In main vessel.: 0.033! phosphate butfer. pH 7.4. 0.067 ! formate, 0.01 
! NaN03, 1% peptone. 

Other conditions as in 'Table XII. 

/7'" 



TABLE XXXVIII 

The effeot of nitrate on the hydrogenlyase activity of adapted oells. 

System 

For_te 
Formate ~ 0.01 M NaN03 Formate + 0.1 M""N'aN03 

342 
199 

o 

Baoteriaz Grown 12 hours in glucose broth. 1.5 mg./yessel 

In main vesselsl 0.033 M phosphate butfer. pH 7.4. 0.067 ! formate. 
NaN~ as shown. 

H2 eTolution BeaBured from 10 to 40 minute, other conditions as in Table XII. 

to aot as an acoeptor of molecular hydrogen (119). the meobaniam of 

the nitrate inhibition of hydrogenlyase activity was probably the same 

as that of the inhibition by fUlll&rate. 

Following this observation. a paper by Billen appeared (35). 

in whioh it was reported that nitrate inhibited the synthes1s of 

forme hydrogenlyase in cultures of .!!. ~ grown in the presenoe of 

glucose and an amino aoid mixture. Experiments Jl8asuring the aotion of 

nitrate on adaptation in the formate-peptone, the glucose-peptone and 

pyruvate-peptone systems as well as in the gluoose-&mino aoid syate .. 

are reported in Table XXXIX. Nitrate failed to replaoe aspartate in 

the gluoose-five amino acid system. A oomplete inhibition of hydrogen 

evolution by nitrate was noted in this system, both in the presenoe and 

/7/, 



TABLE XXXIX 

The effeot of nitrate on hydrogen produotion in formate-peptone, 
pyruvate-peptone, gluoose-peptone, and gluoose amino aoide systems: 

Experi- Lag, minutes 
ment System Tl T2 Final Q-~ 

1. Formate + peptone 100 100 19 
Formate io peptone + nitrate 30 70 271 

Pyruvate + peptone 80 135 845 
Pyruvate of. peptone + nitrate 80 80 52 

Gluoose + peptone 30 70 (M) 1084 
Glucose i- peptone + nitrate 80 100 75 

Gluoose + nitrate >150 .. 0 
Peptone + nitrate * ;>160 ... 0 

2. Gluoose ,. :t'ive amino aoids 50 80 592 
Gluoose + t'ive amine aoide + nitrate >125 0 

Gluoose t four amino·aoids 60 110 384 
Gluoose + four amine aoids t nitrate .>125 .. 0 

* - carried out in a separate experiment. 

Baoteriaa Grown 5-6 hours on nutrientagar, 1.5 mg. baoteria)Vessel 
in all experiments. 

/7). . 

In main vessels: 0.033 M phosphate butter, pH 7.4. 0.067 M formate and 
pyruvate, 0.033 M gluoose, 1% peptone, 0~01 M NaNO , 
amino acids as gTven in Table XXVII (normal ooncen~rations), 
&spartate omitted in "four amino aoida". 

Othar oonditions as in Table XII. 



the absence of aspartate. Although nitrate stimulated hydrogen 

production in the formate-peptone system, it oau8ed a strong inhibition 

of hydrogen produotion in the glucose-peptone and pyruvate-peptone 

systems. Nitrate and nitrite were tested for qualitatively at the end 

of Experiment 1. It.as found that nitrate bad oompletely disappeared 

from all vessels to whioh it had been added, of the only two vessels 

tested, that containing formate and peptone, and that oontaining formate, 

peptone and nitrate, the former oontained a traoe of nitrite at the end 

of the experiment and the latter a muoh larger amount. 

The inhibition of hydrogen produotion in the presence ~f 

gluoose and pyruvate seemad far too great to be aooounted for as 

due only to an inhibition of formio hydrogenlyase aotivity. Most 

probably, the phenomenon observed here~s the same as that observed by 

Billen in growing cel18. Furtber experimantal work would be required to 

establish definitely the extent to which enzyme formation ratber than 

enzyme activity was inhibited. 

It will be sean from the results presented in the following 

seotion tnat nitrate also stimulated adaptation in a formate-amino aoid 

medium. 

It was believed that nitrate, like fumarate, stimulated adaptation 

in the formate-peptone system by aoting as a hydrogen acceptor and 

liberating energy. Nitrate was shown to be reduoed anaerobioally in the 

formate-peptonrsystem. The sUbstanoe(s) oxidized by nitrate is, however, 

still unknown. 

/" 
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It should be mantioned that suspensions of E. ooli. grown in --
a manner which would induoe no fondo ~drogeIÙya8e formation. were 

found capable of bringing about the anaerobic oxidation of formate by 

nitrate (91). It 1s possible that th1s ox1dation took plaoe in the 

exper1ments reported bere, and that the large amount of energy released 

beoame available for adaptive ensyme synthe sis. 

The inhibition of adaptation by nitrate wben glucose or pyruvate 

was used as a souroe of formate is still not understood. Some possible 

explanations, however, may he considered. 

If formate i8 oxidized by nitrate, then. when glucose or pyruvate 

iB used as a souroe of formate, and an axcese of formate is no longer 

present. the oxidation of formate might be expeoted to inhibit adaptation 

by lowering the oonoentration of the adaptive substrate. 

Billen (35) suggested that the inhibitory aotion of nitrate on 

formio hydrogenlyase formation was due to a oompetition betw8en en&yme-

forming systems. Thus, the stimulation by nitrate of nitrata se formation 

would bring about the utilisation of nitrogenous material which would 

otherw1se he used in the building up of tbe formio hydrogenlyas8 system. 

In support of this view, he pointed out that inoreasing oonoentrations 

of the nitrogen souroe (oas8in hydrolysate) antagonized the aotion of 

nitrate. He did not. however, measure the changes of n1tratase activity 

induoed by nitrate in the organism he used. 



The inhibitory action of nitrate oould also be attributed to 

nitrite formation. Nitrite bas bean found to inhibit bacteria1 growth 

(148), and would be expeoted to blook adaptation as welle 

If the nitrate inhibition of adaptation in the presenoe of 

glucose or pyruvate took plaoe in the first manner proposed bere, the 

stimulation of adaptation in the formate-peptone system ia not puzzling. 

If other meohanisDUI were invo1ved, thon it lIould appear that the 

stimulatory aotion givan by nitrate in the presence of an axcsss of 

formate outweighs any inhibitory action it might have on adaptation. 

The action of other substances whioh mdght act as hydrogen 

aooeptors wa. a1so examined. Table XL presents the resu1ts of an 

experiment in whioh the effects of potassium ferricyanide and methylene 

blue on hydrogen produotion by unadapted cella in the formate-peptone 

and glucoee-five&mino acid systems were observed. Ferricyanide had 

no effeot, and it i8 not known if it .as reduoed in thia experiment. 

Methylene blue was rèduced; the solutions oontaining methylene blue 

bad beoome oompletely deooloriaed by or before twenty-five minutes of' 

oontaot wi th the baoteria. Som inhibition of hydrogen produotion wa8 

ev1dent in the formate-peptone system, and a complete inhibition in the 

gluoose-five amino aoid system. Sinoe methylene b1ue is known to be 

an inhibitor of adaptation as wel1 as a hydrogen aooeptor (151), no 

further experiments lIere oarried out wi th this substance. 



TABLE XL 

The effecu of ferrioyanide and lllethylene blue on hydrogen production 
in the formate-peptone and glucose-five amino aoid systems: 

Lag, minutes 
System Tl T2 Final Q-~ 

Glucose t five amino acids 
Glucose + five amino acids + ferricyanide 
Gluoose + five amino acids t methylene blue 

Formate + peptoDe 
Formate + peptone + ferricyanide 
Formate + peptone t methylene blue 

70 
70 

>120 

--

100 (M) 
100 (M) -
45 
60 
60 

498 
625 

o 

312 
322 
230 

Baoteria: Grown 15 hours on nutrient agar; 1.5 mg. bacteria)Vessel 

In main vessels: 0.033 K phosphate butfer, pH 7.4, 0.033 M glucose, 
0.067 ~ formate, 1.67% peptone, 0.001 M Y~Fe {cN)6, 
0.0033~ methylene blue chloride, amino-acids &S given in 
Table XXVII (normal ooncentrations). 

The effect of ammonia on formic hldrogenlyase syntbesis 

Support for the schems set forward to explain the influence of 

hydrogen acceptora on formdc hydrogenlyase synthe sis bas been obtaiDed 

throughexperiments on the action of ammonia on formio hydrogenlyase 

formation in various systems. The results of four experiments given in 

Table XLI ahaw that in the formate-peptone system, high concentrations 

of ammonia oompletely inh1bited formic hydrogenlyase ~ormation (See 

allo Table XLII and XLIII). To 80me extent, this inhibition may have 

been cauled by the high osmotic pressure of the ammonia solution, but 

since 0.1 ! N~S04 inhibited adaptation to a smaller extent than 

/76" 



TABLE XLI 

The effect of ammonia on formic hydrogenlyase formation 
Lag. minutes Final 

Experizœnt System Tl T2 Q-~ 

la. Unadapted Formate + tryptone 40 80 106 
bacteria Formate t tryptone + 0.01 !(NH4)2S04 60 120 (M) 92 

Formate i tryptone + 0.1.; !(N'l\)2S04 >130 .. 0 

b. Adapted Before adding 0.1 M(N~)28~ 160 
baoteria Afte,r adding 0.1 .!(NH4)2S04 118 

2a. Unadapted Formate + tryptone 80 140 116 
baoteria Formate + tryptonetO.1 ! Na2804 120 l'eo 33 

b. Adapted Before adding 0.1 .! Na2804 92 
bacteria lfter adding 0.1 ! Na2804 - 96 

3. Unadapted Formate + peptone 30 50 91 
baoteria Formate i peptone + 0.1 ! ~C1 )80 0 

4. Adapted Formate ... 342 
baotaria Formate t 0.1 !'N1:i4C1 ... 362 

5. Unadapted Gluoose ... five amino aoids 50 80 592 
baeteria Glucose + five ami no aoids t 0.001 ! 

!Œi{l 40 80 620 
Glueo e + five amino aoids T 0.01 ! 

NB Cl 50 80 660 
Gluooje + five amino aoids t 0.1 ! 
~C1 50 80 114 

6. Unadapted Glucose t five amine aoids 50 90 106 
baoteria Gluoose + five amina acids + 0.1 Il 

N~C1 - 50 90 908 

Baotaria: Grown 12 hours in gluoose broth for Experiment 4. dn 
nutrient agar for other experiments. Experiments l and 2. 
overnight oultures; Experiments 3.5. and 6. 5-6 hour 
oultures; 1.5 mg. baotariajvessel in aIl experiments. 

In main vesselsl 0.033 M phosphate butfer. pH 7.4. 0.033 M gluoose. 0.061 M 
formatë, 1% peptone or tryptone, amino aëids al given in­
Table XXVII (normal oonoentrations), other oonoentrations 
al shown. 

/77. 

ln Experimenta 1 and 2, adaptation carried out in the Warburg vessel in 
formate-trypto11e zœdia. ~ evo1ution measured 20 minutes before and 20 minutes 
after tipping in (~)2S04 or Na2S04. 

~ evolution measured from 10-40 minutes in Experiment 4. 

otber oonditions as in Table XII. 



0.1 ! (N~)2S04' part of the inhibition by ammonia must have been due 

to some other caule. tater experimants, also reported in Table XLI, 

showed that high concentrations of ammonia had no inbibitory effect 

on adaptation in the glucose-fiTe amino acid system, but rather a slight 

stimulatory effect. 

In Experiment l of this table, a slight reduction in the rate 

of hJdrogen produotionwas obeerTed when ammonia was added ta adapted 

cells. This was probably due, not to an inhibition of form1c bydrogenlyase 

actiTity but to the taot that at the time of addition of ammonia the 

formio hydrogenlyase aotivity was falling because of the increasing 

alkalinity oaused by the decomposition of sodium formate (See also 

Experiment 4). 

The following WJchanism of action was postulated for the ammonia 

inhibition of adaptation in the formate-peptone system: In all systems, 

energy 1s necessary for the synthesis of formic hydrogenlyase. In the 

formate-peptone system, fumarate, formed from the aspartate present 

in the peptone, serves as a hydrogen acoeptor, tn~s supplying energy. 

High ooncentrations of ammonia shift the equi11brium, 

Aspartate ~ fUllfirate t NH3 ) 

to the left, removing the essential source of enargy from the system. 

It this schema were correct, the addition of fumarate would be expected 

to cause some reversal of the ammonia inhibition. Suoh a reversal .as 

found to take place (Table XLII). This, however, i8 not conclusive 
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TABLE XLII 

The action of fumarate on the ammonia inhibition of adaptation in the 
formate-peptone system 

Lag, lIinutes 
System Tl T2 Final 

Formate + peptone 60 80 50 
Formate .,. peptone + fumarate 60 100 187 
Formate ... peptone + N~Cl >180 0 
Formate .. peptone + Nti4Cl + fuma rate 120 160 (M) 58 

Q-~ 

Bacterial Grown oTernight on nutrient agar; 1.5 mg. bacter1a/Tessel 

In main Tessels, 0.033 M phosphate buffer, pH 7.4, 0.067 M formate, 
1% pepl'one, 0.1 ! ~Cl and sodium fwaari'te. 

other conditions as in Table XII. 

proof of the aboTe Icheœ. Even if ammonia acts in another ,..,y than 

that pioturet the addition of fumarate would tie up ammonia in the form 

of aspartate, and remeve it from its site of aotion. 

It was further real1zed that if the mechanism piotured above 

were correct, addition of another source of energy which oould replace 

fumarate, e.g. nitrate, should reverse the inhibition oau8ed by ammonia. 

Thi. p08s1bi11ty wal teste d, and, as the results given in Table XLIII 

show, the ammonia inhibition of adaptation in the formate-peptone systea 

was to some extent reTersed by nitrate. 

The experiments on the aotion of ammonia on adaptation in the 

formate-peptone system confirmed the neoessity of an eDergy source for 
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TABLI!; XLIII 

Reverlal of the ammonia inhibition of formic ~drogenlyase formation 
in the tormate-peptone system by nitrate, 

Experi-
ment System. 

Formate of- peptone 
Formate + peptone 
Formate + peptone 
Formate ... peptone 

2. Formate + peptone 
Formate + peptone 
Formate + peptone 
Formate + peptone 

Lag~t.l Final 
Tl T2 Q-~ 

30 50 56 
... NaN~ 30 60 368 
+ =tc >80 · ... 0 
~ Cl + NaN0

3 
40 40 97 

30 70 100 
t NaN~ 30 70 368 
... Nli4C >lfO . ... 0 
t NH4Cl + NaN03 30 70 110 

Percent 
Inhibition ot 

Filial Q-~ 

... 

... 
100 
74 

.. 
100 
10 

Bacteria: Grown 5 hours on nutrient agarJ 1.5 mg. bacteria/Tessel 
in Experimant l, 1.45 âg./vessel in Experiment 2. 

In main vessels: 0.033 M phosphate butter, pH 1.4, 0.061 M formate, 
1.67% Peptone, 0.01 ! NaN03, 0.1 ! IDtcî; . 

Other oonditions as in Table XII. 



formdo hydrogen1yase synthesis. lt appears. then. that the ohief role 

of the aapartio aoid oontained in the peptone, is to serve as a 

hydrogen acceptor, prov1ding energy for adaptation. Whether SOD 

of the aspartate present also serves as a nitrogen souroe for the 

synthesis of the adapt1ve enzyme 18 not yet lalown. This may only be 

decided by experiments employing synthetic media for the stimulation of 

formio hydrogenlyase syntbesis. 

If gluoose is present. energy for adaptation is supplied by 

glycolys1s. A supply of energy is avallable. whether or not aspartate 

oan function as a hydrogen acoeptor. A oomplete inhibition of adaptation 

by ammonia ia net to be expected in thia system. 

The funotion of the aspartate in the glucose-five amino acid 

system remain. unoertain. There is a strong possibility that it aota 

as a hydrogen aooeptor, following transformation to fumarate. and supplies · 

energy for adaptation in addition to the energy produoed by glyoolysis. 

The faot that fuma rate replaces aspartate ia consistent with this theory. 

The minimum effeotive ooncentration of dl-aspartate is relatively high 

(0.01 !); it i8 very unlikely that enough iree ammonia would be present 

to synthesize this amount of aspartate trom tumarate. The stimulation 

of adaptation caused by the addition of 0.01 ! fumarate to a system 

composed of glucose, serine, histidine, arginine. and leuoine was 

oonsiderably less than that caused by the addition of tl~ same amount of 

fumarate to the formate-peptone system. In the former oase 1 only a 
tllj 

ahortening of the lag periods~little increase in final rate w&s noted. 
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Sinee a oonsiderable source of energy is already present (through 

glycolysis), the addition of another mignt be expected to produoe 

only a moderate effect on adaptation. 

The fact tbat ammonia had~ inhibitory effeot on adaptation 

in the ~luoose-five amino aoid system seemed at first to indioate that 

aspartate was not acting as a hydrogen acoeptor in this system. If 

it ware, then the addition of ammonia should oause some inhibition 

of adaptation by preventing the oonversion of aspartate to fumarate. 

The possibi11ty w&s considere d, however, that ammonia w&s acting as a 

stimulator of glycolysis, as well as in the way postulated above. It 

1a already known that ammonia atimulatesglycolysis in the brain (152). 

If it had a similar action on these bacter1a, then the extra energy 

produoed by the stimulation of glyoolysis could oonceivably balance 

out the loss of energy oaused by the inhibition of aspartate's aotion 

as a hydrogen acoeptor. It was found that approximately a 5~ stimulation 

of glyoolysis was oaused by 0.1 ! ~~l (Table XLV). Thua, there 1s 

no strong objection to the idea that aspartate acts in the presenoe of 

gluoose ohiefly as a hydrogen aooeptor. supplying energy for adaptation. 

Further experimantal work will be necessary to establish definite1y the 

ro1e of aspartio acid in the adapt1ve systems stud1ed here. 

The aotion of fuma rate on adaptation in the gluoose-glutamate 

system is still not understood. Glutamate ls not one of the five most 

important amino acids, and it is possible that fumarate aots by preventlng 
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the conversion of glutamate to other amine acids essential for formio 

hydrogenlyase synthas1s. It has bean noted (Table XXXVII) that in the 

presence of fumarate. the amount of glutamate present decreases. 

It was thought possible that in some way fumarate was removing 

ammonia from glutamate or from amino aoids formed from glutamate. 

For this reason, the affeots of the addition of ammon1a on the fumarate 

inhibition were investigated. Little or no effeot was sean (Table !LXV). 

(The experiment reported bere was not followed Der a long enough period 

to make a oomparison of all final rates possible). 

TABLE XLIV 

The effect of ammonia on the fumarate inhibition of formio hydrogenlyase 
formation in the gluoose"glutamate system. 

Lag, minutes 
System Tl T2 

Final Q-H2 

Glucose .. glutamate 90 120 129 
Gluoose + glutamate +- NlJ4Cl 80 l40 104 
Gluoose + glutamate + fumarate 140 150 (M) 84 
Gluoose + gl utama. te + fumarate 4- IH1

4
C1 120 140 (M) 34 

Baoteria: Grown 16 hours on nutr1ent agarJ 1.5 mg. bacteria/Vesse1 

In main vessels: 0.033 M phosphate butfer, pH 7.4, 0.033 M gluoose, 
0.023 ~ sodium 1-g1utamate. 0.01! fumarate, 0.1 ! Ntt4Cl. 

Other oonditions as in Table XII. 
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Faotors influenoing glyoolysi8 in E. ooli 

In Many of the experiments reported here, the adaptive substrate, 

formate, was supplied by the glycolytic breakdown of gluoose or pyruvate. 

Glyoo1ysis not only supplies the adaptive substrate but a180 serves &s 

the chiet if not the only source of energy for fomo hydrogen1yase 

formation. The production of organie acids in g1yo01ysi8 lowers the 

pH of the medium; effects of pH changes on adaptation will be discussed 

in detail in Part J;.. 

Fowler (15,) has reported that for one strain of E. ooli, 

transfer from an aerobic to an anaerobic growth medium, with glucose 

as the only oarbon source in eaoh, brought about a lag before the 

beginning of anaerobic growth. There was also a lag before the ferment­

ation of glucose bagan, and there were some indications that this lag 

period was due to the formation of an adaptive enzyme system. 

With the baoteria used in the experiments reported here, however, 

no auch delay in the anaerobio utilization of gluoose was observed. 

The experiment given in Figure XV illustrates this point. After gassing 

the Warburg vessels with 9,% N2-7% CO2, the baoteria were t1pped from 

the side arm into a phosphate-bioarbonate medium, with gluoose and other 

substances present as shown. Aoid production was measured as oarbon­

dioxide evolution. In the presence of glucose, oarbon dioxide was 

evolved immadiately at a maximal rate. A point of interest iB the great 

stimulation of carbon dioxide ev01ution caused by peptone. Stimulation 
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FIGURE XV 

The effect of peptone on glycolysis in R. coli. 

Phosphate-Bioarbonate buffer + 
1. --_ .. 

II. Glucose 
III. Peptone 
IV. Glucose peptone 

Bacteria: Grown 6 hours on nutrient agarJ 1.5 mg. bacteria/vessel. 

In main vessels, 0.0025 M phosphate buffer. pH 7.6, 0.025 M NaHC0
3
, 

~'033 !-glucose, 1% peptone. -
o 

Temp •• 37 C. Gas: N2 - CO2 • Bacteria were tipped in af'ter gaasing 
and equilibration, f'ive minutes bef'ore the zero time represented in 
th!s figure. In the presence of' glucose, CO2 evolution began immed­
iately. 



of fermentation and glyoolysis by oomplex natura! produots has been 

reported by severaI authors (115, 154). The faot that peptone acta 

as a stimulator of g1ycolysis as weIl as of formio hydrogenlyase aotivity 

introduces a furthar complicating factor when peptone is used in the 

presenoe of gluoose as a nitrogen source for adaptation. 

The inoreased rate of gas evolution illustrated in Curve IV , 

in the latter part of the experiment 1a thought due to the evolution 

of hydrogen by the formio hydrogenlyase system formed during the first 

part of the experiment. 

A stimulatiO&by peptone of the acid production from pyruvate 

by these bacteria was noted. ~ome aoid was produced from the amine acids 

alone; the stimulation given to acid production by the amino acids in 

the presence of glucose w~virtual~ an additive one. Tbese observations, 

as weIl as observations on the effect of ammonia on glycolysis, are 

reoorded in Table XLV. 

Summary and oonolusions 

Both aspartate and fumarate (which may be derived from aspartate) 

stimu1ated formio hydrogenlyase synthesis in a formate-peptone medium. 

It hknown that oells of' E. ~ may aotivate theS8 substanoes to serve 

as hydrogen aooeptors. An indication that fumarate was aoting in this 

manner was the observation that it stimulated formio hydrogenlyas8 

formation in a g1yoer01-peptone system, presumab1y through the oxidation 
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TABLE XLV 

The effect of peptone amino acids and ammonia on glycolysis and the 
break:dolm of pyruva te • 

Experiment System Q-C02 

1. Pyruvate 197 
Peptone 85 
Pyruvate + peptone 520 

2. Gluoose 270 . 
Amino acids 110 
Glucose + amino aoids 370 

3. . Glucose 266 
l-histidine 3 
Glucose ;. l-hbtidine 272 

4. Gluoose 207 
BltCl 0 
Glucose + N~Ol 319 

Bacteriaa Grown 5-6 hours on nutrient agar; 1.5 mg. baoter1a)Ves8e1 
in aIl experiments. 

In main vessels: 0.0025 M sodium pho8phate butfer, pH 7.6, 0.025 M NaHC~, 
0.033 ~glucose, 0.067 M pyruvate. 1% peptone, -
0.1 M1'f1,.Ol. Amino aci(flft'g1ven on page Ib7 , but with 
d-histidlne instead of l-h18tidine present, 0.002 K 
1-histidine. -

Zero time 5 minutes alter tipping in baoteria from the side arme 002 evolution measured tor 40 minutes. 
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of glyoerol to pyruvate. Nitrate alao stimulated formio hydrogenlyase 

synthesis in a formate-peptone medium. The reduotion of nitrate to 

nitrite oould be demonstrated. 

It was proposed that fuma rate and nitrate/as hydrogen aoceptors} 

st1mulated adaptation by supplying euergy for the adaptive prooess. 

That adaptation talœs plaoe in a formate-peptone system without added 

fumarate 1fas attributed to the faot that funw.rate was formed from 

aspartate present in the peptone. 

It .as found, in support of this scheme, that 0.1 ! ~Cl or 

(NR4)2S04,whioh would teud to preveut the transformation of aspartate 

to fumarate, completely inhibited adaptation in the formate-peptone 

system. In a gluoose-five amino aoid system, where energy was supplied 

by glycolysis, high concentrations of ammonia bad no inhibitory 

effeot. The ammonia !nhibition of adaptation in the formate-peptone 

system oould be partially rsversed by the addition of nitrate, whioh 

could supply the necessary eoergy for adaptation. 

In the gluoose-five amino aoid system, aspartate, one ot the 

amine acida, oould he replaced by fumarate. The possibility was 

considered that aspartate stimulated adaptation by supplying fumarate 

and thereby a source of energy for adaptation in addition to that 

supplied by glyoolysis. The experimental evidenoe was sean ta be 

oonsistent with this hypotbesis, though it oould not be regarded as 

proTen. 
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In agreement with an earlier report. experiments indioated 

that nitrate inhibited tormio hydrogenlyase synthesis in a gluoose­

tive amino aoid. a glucose-peptone. and a pyruvate-peptone system. 

Possible meohanisms ot this inhibition and the relation of this 

inhibition to the stimulation of adaptation by nitrate in the formate­

peptone sy8temwere ooneidered. 

Fumarate was found to inhibit formio hfdrogenlyase synthe sis 

in a gluoose-glutamate medium. The meohanism ot th1s inhibition 18 

unknown. 

Some of the factors affeoting glyoolysie by !!~ were studied. 

Peptone strongly stimulated glyoolysie and the anaerobio breakdown of 

pyruvate. while amine aoids had little or DO effect on glycolysis. It 

was found that 0.1 ! ~Cl stimulated glyoolysis. The relation of this 

observation to the observed affects ot ammonia on adaptation wa8 -

discussed. 

/~ 



PART IV 

'oraio Rydre,enlyase Sznthesis in the Presenoe ot Formate Alone: 

The Use ot Completell Synthetio Media 

In the previous lections, those udno aoids IIOst important 

tor tor.aio hydro~enlyase -.,nthesis in the presence of gluoose or 

pyruvate .. ere determined, and a study .. as made ef the means by .. hioh 

energy is supplied tor thi. adaptiTe prooes.. Fellowing these 

experi.ents, attempts .. ere made to oarry out adaptation in the 

prelenee ot formate alone, using a eynthetio mediua .. hioh .. ould 

eupply both a nitrogen source and a source of energy for adaptation. 

The results ot a number of the!e experi.ents are reported 

in 'fable n.VI. It il .een that with the synthetio aediUlll, the la~ 

periode were oonsiderably longer than those noraally ob.erTed in 

the toraate-peptone syltem Gr in the glucose-tiTe amino &cid -.y.tem. 

(See the relul tl here and allO those in Table nI ~ seq.) 

In some of the experiments reported in thie table, acetate 

am alanine were added. It has long been known that aoetate is 

toraed during the termentation of gluoose by !:. ~ (155). PyrU'f'ate 

is aleo formed (156), and ~ght lerTe aa a oarbon louree tor the 



TABLE XLVI 

For.ic hydrogenlyase synthesis in the presenoe of formate and completely 
eynthet1.c medias 

Ex-
peri- Lag Final 
aent System. Tl '1'2 Q-H2 

1. Formate + five amino aeid., pH 7.4 >140 0 
Formate + tive amino aoids, pH 6.1 >140 0 
Glucose + five udno acids, pH 7.4 50 90 692 

2. Foraate r five amino aoids t nitrate, 
pH 7.4 110 110 12 

Formate + five aaino aoiàl .,. nitrate 
+ aoetate, pH 7.4 110 110 20 

Gluoose t five amino acide, pH 7.4 50 ao 650 

3. Formate + five amino aoids t alanine 
t nitrate, pH 7.4 80 80 19 

Formate + five amino acids + alanine 
+ nitrate, pH 6.8 122 122 (li) 36 

Formate t five amine acide + alanine 
-+ fumarate, pH 7.4 105 122 (11) 11 

Glucose + five amino acids, pH 7.4 
(Bdnimum concentration) 50 80 497 

4. Formate + five am1nQ acids + alanine, 
pH 7.4 140 200 44 

Formate + five amino aoid .... alanine 
+ fumarate, pH 7.4 125 222 (M) 90 

Baoterial Grown on uutrient Agar 
Experi.ent l, 5 hour culturel Experiment 2, 15 1/2 
hour culture, Experiaelit 3, 15 hour oulture; Experi­
ment 4, 15 hour culture, 1.5 age bacteri~veeael in 
all experi.enta. 

In lI8.in veSlehs 0.033 :u phosphate butfer, pH ae shown, 0.067 If torllate, 
0.033 11 glucose, 0.01 M Balf03, 0.01 JI sodiua "lumarate, 
0.067 11 aodiua acetate:- Amino acids-as given in page 1 (J 7 
and Table XXVII (normal conoentrations exoept where other­
whe .pecifie~ 

Other conditions a. in Table XII. 



tyDthelil of alanine. It thus leeaed possible thl.t these lubltanees 

... ere important to tormic hydrogen1Yl.se Iyntheli. but that it ha.d not 

been tound necessary to add them in the preYioul experi.entl -.hen 

~lucole ... 1.15 preseut. The addition 01' these substances, however, 

produced 11 tt1e if any etfect on fome hydrogen1yue tormation in 

the system being studied. 

From the resu1 ts given in Table XLVI, i t may be leen that 

both Ditrate and fuaarate had an enhancin~ etfect on tormic hydro~enlyl.se 

formation. The results of another experiaent on the aftect of nitrl.te 

on a.daptl.tion in 1. 8)'!lthetic aedium are prelented in Table XLVII. 

Bere, the baoterial IUlpenlion ... as incubated 220 minutes in Warbur~ 

vessel. under the conditions given in the table, the oelll ... ashed, 

as preTiou.ly deseribed, atter the incubation pericd and their 

hydrogenlyase acti"f'i't1 detendned. It il seen that in the presence 

of formate, with a Iynthetie medilDl as with peptone, nitrate caused 

a def1nite stimulation of tormio hydrogeBlya.e tor.aation. 

The reason that longer lag periode were obaerTed ... ith the 

formate-amino aoid Iyltem than with the other -.ystems atudied i. 

atill UIlknOlnl. In oomparing adaptation in the tormate-amino aoid 

.ystem ... ith adaptation in the gluoole-amino aoid IYltem, the t&1l in 

pH due to gl7Oo1y.il in the latter .y.tem ~st be teken iato accouat. 

Inntf10ieDt experiaental ... ork has yet been oarried cut to llake a 

d.oi.ion on the role 01' pH in theae systeme possible. (See Part V). 

If.!. . 



TABLE XLVII 

The etfeot ot nitrate on formio h7dro~enlyase formation in a tormate­
amino aoid .ediua: 

Slstem. 
Fora1c hydrogen17ase actiTi ty (Q-H2) 
after 220 minutes, .. aerobic inoubation 

Formate t fiTe amino acide i alanine 
Formate + five aBdno aoids • alanine + 

nitrate 

Incubation oarried out in Warbur~ ve.sels. 

4 

33 

Bacteriat 
In .. in vessel.: 

Grown 14 hourI on nutrient agarJ 3 1Ig. baoteriajveuel. 
0.067 M phosphate butter, pH 7.4, 0.067 JI tormate, 
0.01 ~NaN03' amino acids as in page 1 c 7-8I!d Table XXVI l 
(normal conoentrations). 

ACtiTity of waehed baoteria aeaaured at pH 6.8. toraate to a final 
oonoentration of 0.067 M tipped in, atter gas.ing and equilibration, 
5 minutes before sero t~. H2 evolution .easured trom 0 to 50 .tnutes. 

Other oonditions as in Table XII. 

The ditterenoes bet-een adaptation in the tor.ate-amino aoid eyete. 

and the formate-peptone Sy8t~ oaanot be attributed to pH efteots. 

Some of the ear1ier considerations on the po •• lb1e iaportanoe ot 00-

faotors .hould be reoalled here (pages4~-,~. There 1. eTidence that 

a co-faotor ( , • . ) for the fond 0 hzdrogenlyase aystea exists in yeast 

extraets and liTer extraets (78). SiBdlarly, the stiaulatiag aotion 

of peptone in fonaie hydrogenlyase actlTity ('l'able nII) .. y lDdlcate 

the presenoe of · a ce-faotor(.) in thi •• ubstanoe. It is conoeiTable 

that tiae ia required for the synthesie in a formate-aaino acid ey.t.-
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of a co-factor already present in peptone, but this possibility oan 

only be lettled b,y further experiaental work. 

Summary and concl~.lons 

Formic hydrogenl1ale synthesis was studied in the presenoe 

et formate alone and, iDatead of peptone, difterent campletely synthetio 

.edia. The media used yere those whiCh. itwas thought, would lupply 

both the amino acids and the energy neoes.ar,y for adaptation. 

Both ru.arate and nitrate were found ta stiaulate adaptation 

in the Iynthetio Iystem as they did in the for.aate-peptone systea. 

In aIl oase •• the time required for enlyme synthe.i. Yas 

oon.iderab11 longer than that observed in the formate-peptone systea 

or in the gluoose-five amino acid system. Pos.ibleexplanations for 

this finding. such as the iatluence of pH and the activatint effect of 

poslible co-factors contained in peptone. were considered. thouth the 

evidenoe available was inlutficlent for any defiDite conclulions. 



PART V 

The Iftect et pH on Formio Hydrogenlyase Formation 

The etteot ot the pH ot the medium. upon the alIount ot tonlio 

hydrogelÙyase produoed by growing ouI tures ot E. ~ was ill9'estigated 

byGale and Eppe (IS7). Thi. enzyme i. de80ribed as one ~ho.e 

p*.ential actiTity (i.e., the .. ount syathesized) inoreasel as the 

pH during grorth deviatee trom the pH ot optimum actiTity, the 1081 

in aotiTit,y ••••••• caueed by the ·deTiation from the pH ot optimum 

activity being compen.ated by an increased enayae tormation, so that 

the etfective acthi ty ia approximately constant throughout the whole 

pH range of grOW'th.· 

In the studies reported here, mast attention was giTen to the 

etfects of pH on the lag periods. Stephenson has·shawn that formio 

hydrogenlyase activit,y varies markedlywith changes in pH (119). 

Experimente carried. out with the strain of !:.!!!!. \lsed in these experi­

ment •• howed that the pH-aotivi ty curve tor adapted organiUl.s is verry 

siKdlar to that found by Stephenson. It may be seen tram the results 

of the three experiments reported in Table XLVIII that maximum tormio 

hydrogenlyase actiTity ooourred approximately at pH 7.0, and that the 



actiTity fell off below this PH and aboTe pH 7.5. Because of the 

Tarianoe ot aotivity with PH. the final rates of hydrogen eTolution 

in the experiment carried out here would be dependent both upon the 

amount of enzyae .yutheaized and on the pH of the medium. It was not 

possible to drsw conclusions from these expert.ents ooncerning the 

amounts of enzyme synthelized at Tarious pH values. but onl,. on the 

time required for enzyme synthesis. 

TABLE XLVIII 

The effeot ot pH on tormie hydrogenlyase aotivity 

Experiment pH Aotivi ty (Q-H2) 

1. 5.4 12 
5.9 12 
6.4 126 
6.8 156 
7.0 238 
7·5 288 
7.9 218 

2. 7.0 540 
7.4 456 

7.0 284 
7.4 318 

Bacteria: Grewn on gluoose broth. Experiment 1. 19 hour oulture; 
Exper1ment 2, 12 hour oul ture; Experillent 3, 22 hour 
culture; 1.5 mg. baoteria/Yes8e1 in each experi.ent. 

In main ve88e18s 0.067 M tormate, 0.033 M phosphate butter, initial pH 
as .haWn. pH Talues . 8ho.n are those obtained by the 
mixture ot 0.5 Ill. ot 0.2 K buttera with 0.2 ml. ot 
)( torma te. -

H2 evolution JDeasured traD 0 to 20 minutes in Experiment l, from 10 to 
40 mnutes in Experiments 2 and 3. 

Otber conditions a. in Table lII. 



The formate-peptone r,ystem 

Results reported in Table XLIX show that an iDi tial pH of 

7.4 is roughly optimal for tormic hydrogenlyase synthesis in this 

system. Raiain~ the pB to 7.9 inoreased the lag periods and lowered 

the final rate or hydrogen evolution. At an initial pH ot 6.1, no 

hydrogen was evolTed in the time of the experiment. Gale and Epps (Ir'!) 

Doted that formate was .ost toxio to baoterial grawth at pH values · 

below 6.3. The toxioi ty ot tormate at this pH aay explain the failure 

ot bacteria to adapt at pH 6.1 in the presenoe of 0.067 ! formate. 

That adaptation ocourred at pB Talues of 6.1 or less when gluoose 

was used as a source of formate may be exp1ained by the tact that in 

luch a oase the formate ooncentrationwas mMch lower than when tormate 

alone was present. 

The Eluoose-peptone and Eluoose-five amine aoid systems 

In the presenoe of gluoose. wi th peptone as a ni trogen 

souroe, it was found that at an initial pH of 5.8 the lag periods were 

reduced to approximately one-half their values at pH 7.4, at pH values 

below 5.8 there was no turther reduction ot the lag periods, (Table L). 

The initial pH Talues given in thi. table were those obtained by mixing 

0.5 ml. of 0.2! phosphate butfers of different values with 0.5 .1. ot 

6.% peptone. Separate tubes were made up oontaining the concentrations 

ot peptone and butter found in each vessel and the pH values ot these 

aeasured te obtain the initial pH in the WarburE vesseIs. 

I~ 'f. 



TABLE XLIX 

Hydrogen1yaee formation in the tormate-peptone syatem l* ditterent 
iBit1a1 pH Ta1ue. 

Experiaent System 

1. 

2. 

For.at. + peptone, pH 7.4 
Fonu.te + peptone, pH 6.1 

Fo~te t peptone, pH 7.4 
Formate + peptone, pH 7.9 

40 
>210 

50 
80 

70 

80 
100 

322 
o 

51 
25 

Baoteriat Grown d.n nutrient agar. Experi.ent 1, 6 hour culture, 
1.5 mg. bacteriajTesee1, Experillent 2, 12 1/2 hour 
culture, 1.5 ag./vesee1. 

In .a1n vesse1s: 1.67% peptone, Experiment 11 1% peptone, Experimeut 2. 
0.067 ! toraa.te, 0.033! phosphate butter, in! tial 
pH as shown. 

"p. 



TABLE L 

The effect ot PH on formie hydrogenlyase tormation in the gluoose­
peptone and gluoose-amino aoid ~stema. 

Experi_nt 

1. 

2. 

3. 

Baoteria. 

Lag, minutes 
System In! tia.1 pH Tl T2 

Glucose + peptone 7.4 40 70 
6.9 30 60 
5.8 20 40 

Glucose f peptone 5·8 20 40 
5.4 20 50 
5.1 30 50 

Gluoose t five amiDO 7.8 45 80 
acide 7.4 40 80 

6.3 30 45 
5.6 30 60 

Grown onnutri.nt agarJ Experiment 1, 5 1/2 heur 
culture, Experiment 2, 6 heur culture, Experiment 3, 
5 heur oulture, 1.5 age baoteria/Tessel in aIl. 

In main vessel.. 0.033 JI phosphate butter, pH as indioated (see text) , 
1% peptone, 0.033 JI glucose, amino acids as given in 
Table XXVII (normaT oonoentrations). 

Other oonditions a. in Table Ill. 

For oompari.on, the etteots ot ohan~e8 ot pH on adaptation 

in the glucose-l'ive amine acid system are also shawn in this table 

(Experblent 3). l t 18 seen that the effects of loweritt! the pH in 

this system are Tery aWlar to those obserTed in the gluco.e-peptone 

system. 

1'i'9. 



Alter the observation had been made that at an acid pH there 

was little ettect on the lag periodswhen histidine was omitted tram the 

mxture ot the tiTe JIIOst important amino acide (Table XXIX). a series 

ot experiments was oarried out to determine the effects ot omitting 

eaoh amine acid trom this mixture at tour ditterent pH TBlue.. These 

experiments are reported in Table LI. For thi. series ot experiBents. 

tour butters were uled: 0.2! WatJP04. 0.2! phosphate butters ot 

pH 7.4 and ,.7. and 0.2! NaB~4. In eaoh experiaent. four oontrol 

vessels. containing all five amiDo aoidl at each pH value were set up, 

together with tour velsel. with one aaino aeid omitted. The .olutions 

ot amino acids whioh were to be present throughout were llade neutral 

to phenol red. The amino aeid solution. the efteot of whose omission 

wu to be tested, was adjusted to a pH ot approxillately 6 betore Ming 

added to the two control ves.el. oontainiDg butters of lower pH, and 

tG a pH ot approximately 7.4 batore being added. to the two control 

vessels contaiDing butters ot higher pH. For each vessel. a duplioata 

solution was made up in a test tuba, only the bacteria being amitted. 

and the ini tial pH ot the solution in the Tessel thus determined. For 

.ost ot these experi.ents. the tinal pH was measured a8 weIl. FiDal ~ 

values are given in Table LI, together with the time elapsing between 

tipping in the baoteria and remeTal ot the Te88el. tor determ1nation ot 

the final pH. 

The experiments reported here revealad the tact that tor al1 

amino acids ex,ept argiDine, omission brought about a oonsiderable 



:;" 1. 

TABLE LI 

The ettect on tormio hYdrogenlyase formation ot omitting eaCh aaino .oid 
at ditferent pH values in the glucose-tive amino acid systea. 

h- S iiiino aoids 4 âlIino acid. 
peri- Allino acid Initial Lag.m1nutes Final * 
ment a.dtted pH Tl T2 Q~2 pH 

Lag. minute. Fina~ 
Tl T2 Q-H2 

1. serine 8.1 - 110 140(M) Ise 6.8(150) 
8.0 60 100 470 6.6(150) - -
7.5 60 100 490 6.5(150) 80 130 208 6.7(150) 
6.1 35 50 396 5.4(120) 40 60 252 5.6(120) 
5.6 35 50 301 5.1(120) 40 60 206 5.1(120) 

2. histidine 8.0 170 180 24 
7.9 70 100 614 
7.4 60 100 648 160 160 32 
6.0 30 50 453 -
5.9 40 60 190 -5.5 30 50 320 -
5.3 50 50 44-

3· ar gi ni ne 8.0 60 100 563 6.5(160) 100 140 134 6.5(160) 
7.55 55 100 680 6.5(130) 60 110 553 6.5(130) 
6.1 40 50 478 5.4(130) 45 80 411 5.4(130) 
5.7 45 80 197 5.2(160) 

4. leucine 7.9 130 160 185 6.5(190) 150 170()() 24 6.6(190) 
7.5 60 90 '01 6.5(1~) 80 130 111 6.1(190) 
6.0 30 60 429 5.3(120) 40 60 121 5.3(120) 
5.5 40 60 247 5.0(120) 40 70 71 4.9(120) 

5. aspartate 8.0 60 110 562 6.6(180) 90 1~ 430 6.7(180) 
7·5 60 90 56} 6.6(180) 75 160 457 6.7(160) 
6.1 }O 45 4}4 5.5(120) 40 60 294 5.6(120) 
5.7 35 50 }47 5.3 (l20) 40 70 151 4.6(120) 

But.riat Grown on nutrient agar; Experiment 1. 16 hour cu1~re. 
Experiment 2. 1} hour otl1ture. Experiment 3. 7 hour culture, 
ExperiBent 4. 1} hour oulture. Experiment 5. 12 hour 
oultureJ 1.5 mg. baoteria/vessel in aIl experiaent •• 

In main vessels: 0.033 )( phosphate butter. initial pH as shown. Ke1hod of 
measurTng initial pH as given in the test. 0.033 Ja: glucose. 
amino acids as indioated, concentrations as given Tn Table 
XXVII (normal oonoentration). 

Other oonditions as in Table XII. 

* The figures in parenthe," by the tinal pH values 
indioate the duration of the experi.ent (minutes). 



lengtheDing ot the lag periods only at neutral or slightly alkaline 

PH Talues (7.4-8.0). At slight1y acid pH Talues (5.6-6.1), no, or 

oomparatiTely litt1e, inorease in the lag period,was found ta take 

plaoe OD oais8ion ot the amino aoid in question. For aIl amino acide, 

howeTer, omission did cause a decrease in the final rate ot· hJdro~en 

eTolutio!l. It has been noted that none ot the se amino acide had ~ 

Iti.ulatory ettect on the tondc hydro~enlyale actiTi ty ot adapte<! 

oells. The fall ot final aetivit,r followiD~ their omission ceu1d 

not/theretore/be asoribed to the remeT al ot a .tiaulating substance. 

It was al.o possibl&, that the deerease in tinal rate ot 

hydrogen eTolutionwas caueed by a decreased burtering power ot the 

medium on removaI ot the amino acid and a con.equent greater tall ot 

pH due to glyoolysi.. It is already known and has been shown tor these 

baoteria as weIl (Table XLVIII) that it the pH is reduoed trom a neutra1 

Talue a deorease in tormio hydrogenlyaee aotivity «Dsues. The aealure­

-.ents ot pH at the end ot these experiaent. shawed, howeTer, that in 

general the final pH was the seme tor solutions ot the same initial 

pH, regardless ot the pre8ence or absence ot any one amine aoid. The 

tinal pH ot solutions fram whioh histidine was lIiasing was not measved 

in this series ot experillent., but the bultering power ot thil amino 

aoid, in the conoentrations use j, was no greater than that of the other 

amino acide. Furthermore, histidine was tound aaximally etteotive in 

a concentration ot 2 x 10-5 !, at which concentration ite burtering 

power is negligi~le. 



These findings are of importance for a :fi" oper interpretation 

of the significance of the lag periods in formic hydrogenlyase synthesis. 

Considering them, it would appear unlikely that the lag periods inorease 

when one of the five important amino acids ia omitted at a neutral pH be­

cause time ia necessary for the synthe.is of the omitt.d amine acid. More 

detailed interpretatio. of the etteo's of pH changes are as yet not possible. 

Summary and conolusions: 

In the formate-peptone system, at pH values above 1.4 the 1ag 

periods before the onlet of hydrogen evolution and before the maximal rate 

of hydrogen eTolution 198.s reaohed were longer than those at pH 1.4, at a 

pH of 6.1 no formic hydrogenlyase 198.8 for.med. 

In the presence of glucose and either peptone or & mixture of 

five amino acids, the lag periods were approximately half as long at an 

initial pH of 6.1 as &t an initial pH of 1.4. At pH values belcnr 6.1 no 

turther deo~ease in the lag periods 198.8 observed. 

At a pH of 1.4 or 1.9, omission or eaoh of the rive most import­

ant amina aoids, separately, oaused an increase in the lag periods. At a 

pH of 5.6 or 6.1, eaoh amine &cid, with the exoeption or arginine, oould 

be omitted, so long &8 the other tour amina aoids were present, with little 

or na oonsequent inorease in lag periode. If an amino acid 198.8 omitted at 

one · of the lORr pH values, even when there 198..8 no inoreased lag period, 

there 198.s a deoreased rate of hydrogen eTOlution, indicating a lowered 

amount of enzyme synthesis. 

;11J3. 



PART VI 

1nhibitors of Formio Hydrogenlyase Formation 

Inhibi tors of adaptation in the f'ormate .. tryptone system: 

2-4 DiD! tropheno1 and ch1oromrcetin 

Before a synthetic amino aoid medium tor f'ormic hydrogenlyase 

formation had been developed and while peptone and tryptone were being 

used as sources ot Ditrogen. substances knawn to be iBhibitorl of other 

adaptive processes were tested as possible iDhibitors of for.mio 

hydrogenl7ase f'ormation. 

It i8 lmown trom the York of Spiegelman (39 ) and Monod (L4 ) 

that 2-4 dinitrophenol inhibita adaptive enzyme formation in yeast and 

in bacteria. The results of an experiment in which the effect of this 

substanoe on formic hydrogenlyase formationwas mea8ured are reported 

ia Table LU. 110 ma.y be seen from these result8 that in a 10-4 ! 

concentration. 2-4 dinitrophenol had a atrong .inhibitory etfect on the 

fiaal rate of hydrogen produotion when added to unadapted ce1l1 in the 

presenoe ot formate and tryptone. but had litt1e or no etfeot _hen added 

to adapted oel1s evolving hydrogen at a steady rate. This showed that 

2-4 diDitrophenol aoted as an inhibitor of formic hydrogenlyase tormation. 

Further experiments wlth thl. lubstanoe were not performed. 



TABlE LI! 

The inhibition of formic hydro@!n1yase formation by 2-4 dinitrophenol 
Lâg. îîi1nutes 

Experiment System Tl T2 Final Q-B2 

1. Unadaptad baoteria Formate ~ tryptone 4y 60 140 33 
Formate + tryptODe ~ 10-

2-4 dinitropheno1 - 80 l40 12 

2. Adapted baoteria Before ad ding lO~ M 
2-4 dinitroPhe~Ol- 36 

Atter addi:ag 10- Ji 
2~ dinitrophenoT 31 

Baoteria. Grown overnight on nutrient agar; 3.0 mg. baoteria/Vessel. 
In main vessels:0.033! phosphate butfer. pH 1.4. 0.061Ji formate. 1% tryptone. 

In Experiment 1. baoteria were tipped in from the side arm at zero ti_. 
2-4 dinitropheno1 as shown .... 11 in the main vesse1. In Experi_nt 2. 
bacteria were in the main vesse1 and H2 evo1ution was tollowed until a 
steady rate W8.S reached. Then 2-4 dini trophenol. as showu. was tipped 
in from the side arme Q-H2 values given .. ere measured in the 20 minute. 
bafore and the 20 minutes &tter tipping in the 2-4 di ni tropheno1. 

Othcr conditions as in Ta.ble XII. 

Chloromyoetin was found by Ha.hn and Wisseman (60) comp1ete1y 

to 1nhibit adaptation to lactose oxidation by !!. ~. In the strain 

of !!. ooli emp10yed by these investlgators. adaptation apparent1y took 

place ri thout the addition ot a souroe of ni trogen. It was found for the 

formio hydrogen1yase system as well that ohloro~ceti~, in a concentration 

ot 50 pgm../ml. (the oonoentration used by Hahn and Wiaseman). complete1y 

inhibited adaptation. without affeoting hydrogen produotion by adapted 

oel1s (Table LIlI). 



TABLE LIn 

The effeot of ohloromycetin on formio hydrogenly&se formation 

Lag. minute s 
Experiment System Tl T2 Final Q-H2 

1. Unadapted bacteria Formate + tryptone 60 140 
Tryptone + Ch1orGmfoetin >180 0 
Formate + tryptone + 

ehloromyoetin >180 0 

2. Adapted bacteria Formate 
Foraate t ohlor~cetin 

Bacteria: Experiaent 1. grawn overnight on uutrient agar. 
3 mg. bacteria,lvel8el. Experiment 2. grawn 8 hours 
in glucQse broth. 1.5 mg. baoteria/Tessel. 

33 
0 

0 

281 
264 

In main TesseIs: 0.033 V phosphate butfer. pH 7.4, 0.067 V formate, 1% 
tryptoiie, 50 pgm../ml. ohloromyoetin. -

H2 eTolution in Experi.ent 2 measured fram 0 to 30 minutes. 

Other conditions as in Table nI. 

Inhibition of for.mic hydrogenlyase formation in the glucose-fiTe amino &oid 
system. 

The deTelopment of a simplified amino aoid mixture as a nitrogen 

source for formio hydrogenlyue fomation" :aade i t possible to study in 

detail the action of lame inhibitors of adaptation. The result8 obtained 

indicated that 80me of these inhibitors interfered with reactions inTolTing 

speoifie wno acids. It will be seen that such information could not 

haTe been gained when a medium of unknown composition was used as a 

nitrogen source. 



D-bistidine and histamine 

Beoause of the importance of 1-histidine in formio hydrogen1yase 

formation, experi.ents were performed with substanoes thought 1ike1y 

te Interfere in some way wi th the assimilation or aetabolism of this 

amino aoid. Two substances to be tested for thia property were 

d-histidine and histamine. It is known that ~ bacteria have the 

abi1ity to form histamine by decarboxy1ating histidine (158). The enlyme, 

hi.tidine decarboxy1ase, is adaptive, and requires for its formation 

not on1y the presenoe of histidine, but also an aoid growth medium 

and a temperature lOtrer than ~7° C, Sinee growth on agar plates took 

plaoe at a neutral pH and at ~70C, it is un1ikely that histidine 

decarboxylase was present in the baoteria used. In any case, as the 

resu1ts of experi.eut 1 of Table LIV show, histamine .as unable to 

replace I-histidine as a source of nitrogen for formio-hydrogen1yase 

formation. It was al.o found, and is shown in Table LIV, that d-histidine 

oou1d not substitute for 1-histidine. 

Experimenta in whioh the inhibitory effects of d-histidine 

and histamine on formic hydrogen1yase formation were measured are 

reperted in Tables LV and LVI. Here, the effect of theee substances on 

adaptation in the glucose-five amino acid system was tested in the 

presenoe of two concentrations of I-histidine, 2 x 10-3 ! and 2 x 10-5 M. 

Only a slight1y greater amount of for.mic hydrogen1yase was formed in 

the presenoe of the higher conoentration of histidine and the 1ag periods 



TABLE LIJ' 

The inability of d-histidine and histamine to replaoe l-histidine in 
formio hydrogenllase formation. 

Experiment 

2. 

Baoteriaz 

Lag. minutes 
System Tl T2 Final Q-~ 

Glucose t aIl twenty amine aoide 40 70 (M) 712 
Glucose + aIl twent.y amine acids 

but l-h1stidine >90 0 
Gluoose + aIl twent.y amino acids 

but l-histidine + d-histidine >90 0 

Gluoose + aIl twenty amino acids 40 60 (14) 692 
Glucose + all twenty amino aoids 

but I-histidine 95 95 (14) 21 
Gluoose + aIl twenty amino aoids 

but I-histidine + 2 x 10-3 M 
histamine - 95 95 (M) 16 

Glucose + aIl twenty amino actds 
but I-hi8tidine + 2 x 10- ! 

95 (K) 21 histamine 95 

Grawn 5 hours on nutrient agar. 1.5 mg. baoteria!Vessel 
in both experiments. 

In main Tessell' 0.033 M phosphate buffer. pH 7.4. 0.033 M glucose. amine 
acids as giTen on page 107. 0.002 M d-hi'itidine. 
histamine as shown. 

Other conditions as in Table XII. 



at the two histidine ooncentrations were approximately identieal. The 

lower conoentration of histidine was used when firet investigating the 

effect. of histamine and other possible inhibitors. beoause if &DY 

competition between histidine and the mo1ecule being tested were takin~ 

place. the inhibitor wou1d be expected to have a more marked effect 

at the lover histidine ooncentration. 

It was found that adaptation was inhibited by histamine in 

concentrations of 0.0017 or 0.01 ! when 2 x 10-5 ! l-hist1dine was 

present in the amino acid mixture. but that no inhibition took place 

when the conoentration of histidine was raised to approximate that of' 

the histamine. The reversaI 01' inhibition by higher conoentrations of 

histidine was taken to indioate that histamine was aoting in some wrq 

as an antagonist of' histidine. 

The inhibition due to histamine. however. was only a moderate 

one. and was no greater with 0.01 11 than with 0.0017 14 histamine. It - -
was thought that the inhibition by histamine might be dependant upon 

the pH of' the medium and that a greater effeot of' histamine would be 

round at pH values other than. 7.4. In Table LVII are 8howu the resultl 

of an experiment testing this possibility. The butfera used in thi. 

experiment are given in the table. The initial pH value of' the solution 

in each Warburg vessel wal measured as in the experiments reported in 

Table LI, in solutions made up separately. It m~ be seen 1'rom the 

data in Table LVII that only at pH 7.4w&s there &Dy effeot on adaptation 

by histamine. Beoause no greater inhibi tory e1'feot 01' histamine than 

~/D . 



TABLE LV 

'l'he inhibition of forme hydrogenlyase tormation by histamine and the reY.er.al ot thi. inhibition by 
hi Btidine 

Experi-
lII8Dt System 

1. Glueose + tour amino aoide + 2 x 10-5 !histidine 

Gluoose t four amino aoids + 2 x 10-3 ! histidine 

Glucose + four amino aoide + 2 x 10-5 ! histidine + 1.7 x 10-3 M histamine 

Glucose + tour amine acide t 2 x 10-3 M histidine ... 1.1 x 10-3 li histamine 

2. Gluoose + four amino acids + 2 x 10-5 ! histidine 

Glucose + four amino aoids • 10-2 M histidine 
.... 

Glucose + tour amino acids + 2 x 10-5 ! histidine + 10-2 ! histamine * 
Glucose + tour amine acids + 10-2 M histidine + 10-2 M histamine 

Lag. mnutes 

Tl T2 Final Q-B2 

50 80 557 

50 90 646 

60 100 440 

50 90 708 

40 80 567 

50 10 747 

60 115 552 

50 80 755 

Bacteriar Grown 5-6 hours on nutrient agar. 1.5 mg. baoteriajYeuel in both .xperiments. 
In main vessel.: · 0.033 li phosphate butter, pH 7.4 0.033 M glucose. Four amine acidst dl-aerine, l-arglnine, 

l-leuclne, and dl-aspartate as giTen in-Table XXVII (normal oODcentrationa), 1-histidine 
and hi stamine as shown. 

Other oonditions a8 in Table nI. 

* This concentration ot histamine had no effect on the formic hydrogenlyase aotivity of adapted bacteriaa 
Q-H2, formate = 540; Q-H2, formate + 0.01 ! histamine = 544. See Table LXII, Experiment 2, tor conditions. 

b 
'­...... 



TABLE LVI 

The effecta of d-hietidine on formic hydrogenlyase formation 

Experi- Lat. llinutes 
ment Syatem . Tl T2 Final Q~2 

1. Gluoose + four amine acids + 2 x 10-3 ! l-hi.tidine 50 80 

Gluoose ~ four amine aoids + 2 x 10-3 Ml-histidine + 2 x 10-3 ! d-histidine 50 80 

2. Glucose t four amine acids + 2 x 10-5 ! l-histidine 50 ·80 

Glucose + four amino acids + 2 x 10-5 KI-histidine • 2 x 10-3 Md-histidine 55 115 
- -

Baeteria: . Grawn 5 hours on nutrient agar. 1.5 mg. bacteriajTes8el in both experimente. 

In main vessele, 0.033)( phosphate butter. pH 7.4. 0.033 M gluoose. four amine acids as given in 
Table "L"V. l-hiatidine and d-hietidine as-ehown. 

Other conditiona as in Table XII. 

692 

668 

545 

472 

t..,) 

"-
~ 



TABLE LVII 

The influence of pH upon the inhibition by histamine ot tormic 
hydrogenlyale formation. 

System 

Initial 
pH 

7.8 
7.7 
1.4 
6.4 
6.3 
6.1 
5.6 

Glucose + tour amino acids 
+ 2 x 10-5 ! histidine 

Lag, minutes 
Tl T2 

60 120 

50 80 

30 50 

40 10 

Glucose + tour amino acids 
4- 2 x 10-5 )( histidine 4- 10 .. 2 li 

histbi - -llfag, minutes 
Tl T2 

70 120 
60 120 
20 50 

20 50 

Bacteria. Grown 6 hours on nutrient agar, 1.5 mg. baoteria)Tesse1 

In main vessel.. Butfers: 0.033! N-2HP04' 0.033! phosphate butfers 
ot pH 1.4 and 5.1, 0.033 M NaH2P04. lm tial pH values 
as shawn (see text). Foùr aftdno acids as in Table LV. 
I-histidine and histamine al shown. 

Other conditions as in Table XII. 

that reported, could be attained, turther studies of the histamine 

inhibitionwere not oarried out. 

The results reported in Table LVI show that d-histidine had 

no effeot on adaptation, when present in the 8«me concentration as 

I-histidine, and only a slight inhibitory effeot wh en. present in a oon-

oentration one hundred times as great. . No turther studies were made of 

the action of thi. substance on tormic hydrogenlyase formation. 



Benz1midazole 

The action of benzimidazole on formic hydrogenlyase 

formation was investigated beoause of the p08sibility that this 

substanoe_ containing the imidazole nucleus_ might aot as an antagonist 

to histidine. It was found that in 0.003 M to 0.0033! oonoentratlons_ 

benzimidazole inhibited adaptationwithout inhibiting formio 

hydrogenlyase aotivity. At a bensimidazole conoentration ot 0.01 !. 

forDdo hydrogenlyase aotivit,r was also inhibited. These facts are 

presented in Table LVIIi. From these and later experimental results 

it will be seen that the degree of inhibition of adaptation by 

benzimidazole varied with different baoterial cultures. 

When the effect of pH upon inhibition by benzimidazole was 

tested. it was found that a oonsiderable degree of inhibition by 

benzimidazole took place over in the range. pH 5.6-7.9, (Table LVIII). 

Inoreasing the histidine ooncentration brought about no 

reversaI of inhibition by benzimidazole, (Table LVID9. In this 

experiment, with the histidine e~neentration of 2.x 10-5 M, the lags 

were longer and the final rate lower than WIlS usual in thia system. 

The results showed, nevertheless_ that there was a def'inite inhibition 

by benzimidazole at the lower histidine ooncentration and that there 

was no reversaI of this inhibition by higher oonoentrations of histidine. 

It see.med unlikely, therefore, that benzimidazole was aoting as an 

antagonist of histidine. 



TABLE LVII ta" 

The e~teot o~ benziBddazole on for.mic hydrogenlyase formation in the gluoose-fiTe .mino aoid .ystem 

Experi- Lag. minutes 
ment System Tl T2 Final Q-H2 

1. Gluoose + tour amino acids ~ 2 x 10-5 M histidine 50 80 531 
Unadapted 

Gluoose + tour amino acida ~ 2 x 10-5 ! histidine + 2 x 10·3 Vbenztmidazole bac te ri a 120 180 131 

2. Gluoose + ~our amine acids + 2 x 10-5 M histidine 80 110 148 
Unadapted 

Glucose + tour amino acids + 2 x 10-3 M histidine baoteria 50 80 536 

Gluoose + tour amine acids + 2 x 10·5 ! histidine" 3.3 x 10-,! benzimidazole 100 140 (M) 90 

2&. 
Adapted 
bacteria 

3. 
Adapted 
bacteria 

Glucose ~ ~our amino aoi&s + 2 x 10-3 ! histidine + 3.3 x 10-~benziaidazole~160 

Be~ore addiDg ,.3 x 10·' ! benz1midazole 

Atter adding 3.3 x 10-3 K benzimidazole 

Formate, pH 6.8 

Formate, PH 6.8 ~ 1 x 10-3 ! benziDddazole 

Formate, pH 6.8 r 3 x 10~3 ! benzimidazole 

4. Formate. 'pH 6.8 
Adapted Formate, pH 6.8 + 1 x 10.2 M benziwddazole 
bacteria , -

-
.. 

o 

188 

181 

491 

491 

489 

405 

240 

u 
...... 
~ 



TABLE LVI~(CoDt'd) 

Bacteriaa Experiment 1. 7 hour culture on riutrient agar. Experiments 2 and 2 a, 5 1/2 hour 
cul ture on nutrient agar, Experiment 3. 8 hour ouI ture in glucose broth. 
Experiment 4, 12 hour culture in gluoose brothJ 1.5 lIg. bacteriajY.s8el in a11 
experiaent.. . 

In main vesaels: 0.033 M phosphate butter. pH 1.4 unlese otherwi.e indioated, 0.033 M glucose. 0.06114 tormate 
tour &mino acids as given in Table LV, l-histidine and benzimidazole as shawn. -

In Experiment 2a., adaptation was carried out in the Warbur~ Tessel in a glucose-tive amine acid 
medium. B2 eTolution was me as ur ad 20 minutes betora and 50 minutes a.1'ter tipping in bensimidazole. 

H2 evolution measured trom 10 ta 40 minutes in Experiment 3, trom 10 to ~ minutea in Exp.riment 4. 

Other conditions as in Table XII. 

~ ...... 
~ 



TABLE LVIII 

The influence of pH upon the inhibition by benzimidazole of formic 
hydrogenlyase tormation. 

Initial 
pH 

Glucose t five amino 

Lag. minutes 
Tl T2 

45 
40 
30 
30 

80 
80 
45 
60 

System 
aoids Gluoose; tive amine aoids + 

3.3 x 10-3 M benzimidazole 
Lag. iDinutes 

Tl T2 

90 
90 
80 
70 

140 
140 
100 
100 

Bacteria: Grawn 5 hours on nutrient agar. 1.5 mg. baoteri~e8sel 

In main vesselsl Butters as in Table LVII. Initial pH as shown. 
0.033 M glucose. five amino aoida as in Table XXVII 
(nor.ma~ conoentrations). Benzimidazole as shown. 

Other oonditions as in Table XII. 

SubsequeBt experiments revealed that the inhibition of for.m1c 

hydrogenlyase formation by benzimidazole oould be oounteraoted by 

amine aoids other than histidine. Alter it had been tound that 

banzlmidazole iDhibited adaptation in the simplified amino acid medium. 

it. atfect on adaptation was tested using peptone as a louroe of 

nitrogen. It was found that there was virtually no inhibition ot 

adaptation by benzimidazole in the gluco.e-peptone system. Further 

experiments revealed that there was no inhibition by benzimidazole 

.hen casein hydrolysate or a Iynthetio mixture of twenty amino .aoida 

were used as nitrogen sources tor to~o hydrogenly.ase formation. 

The reluIts of these experiments are presented in Table LIX, in 



TABLE UX 

The effect of benzimidazole on formio hydrogenlyase formation in the 
gluoose-peptone, gluoose-oasein bydro1ysate, and the gluoose-five 
and gluoose-wenty a.aino aoid syste_. 

Experi-
ment System 

1. Glucose + peptoœ 
Glucose + peptone t 

~,033 ! be~imidazole 

2. Glucose + oasein hydrolysate 
Glucose + oas8in hydrolysate + 

QQ033 M benzimidazole 

3. Glucose + five amine aoida 
Glucose ~ five amine aoids t 

0.0033 M benzimidazole 
Gluoose + twenty amino aoide 
Gluoose + twenty amine ao1da t 

qQ033 ! benzimidazole 

Lag, minutes 
Tl T2 

50 90 

50 90 

60 90 

70 100 

50 90 

80 . 130 
40 90 

50 90 

Fiual Q-H2 

1138 

922 

692 

600 

651 

584 
810 

876 

Baot8r1aa Grown 5-6 hours on nutrient agar, 1.5 mg. baoteriaj 
vessel in all experiments. 

In main vessels: 0.033 M phosphate butfer, pH 7.4, 0.033 M glucose, 
1% peptone, 1.67% oasein hydrolysate, amrno aoida 
as given on page/D? and Table XXVII, benzimidazole 
as shown. 

Other oonditions as in Table XII. 

exper1mant 3 of thls table the effeots ot be~imidazole on adaptation 

in the gluoose-five amina aoid system and the gluoose-twenty ami no 

ao1d system were compared, with the relul ta shown. 

These observations were taken to lndioate that thes8 tbree 

souroes of nitrogen contained some antagonistes) to the action of 

benzimidazole, and the last observation showed that this antagonistes) 



must be an aa1nG aOid(s). Acoordingly, experiments were oarried out 

to deteraine preolsely whioh amine aoid(s) wa,s involTed. A preliminary 

experi.ent, u8ing the tour groupa into which the amino a~ids had been 

arbitrarily divided (page/o 7), Ihowed that two or more amino aoid8 were 

involTed in oounteraoting the iDhibitory ettect of benzimidazole 

(Table LX). The groups round etteotiTe were that oontaining lysine 

and tryptophan (Hoe 3) and that containing glyoine, alanine, proline, 

hydrox,yproline, and threonine (Ho. 1). These amino acids were then 

tested separately, (Table LXI). It wal lmo1m trom earlier work: that the 

addition of other aDdno acids te the fiTe mast important onel produced 

but little eftect en adaptation. In these preliminar,y experi.ente, 

theretore, a control series was not carried out to test the action 

ot eaeh amino aoid or group ot amino aoids on adaptation in the glucose­

five amino acid sylt"em in the absence of any inhibitor. It may he 

.een from the results in Table LXI that only two amino aoiis had 

llD1' .igniticant effect in reverling the inhibition by benlimidasole. 

Thele were tryptophan and alanine. 

It was round that in oombination tryptophan and alanine oould 

Tirtually reverse the inhibition of adaptation oaused by benzimidasole 

(Figure XVI). The interpretation ot thll phenomenon is not yet known. 

It is .uggested, howeTer, that tryptoph~ and alanine are both essential 

te ror.do hydrogenlyase tormation, but that they can be for.med in a 

suificient rate trom the tiTe most important amine aoids te -.ke their 

aeparate addition UDneoes8ary. It II possible that benzimidasole 



TABLE LX 

The reversaI ot the benzimidazo1e inhibition ot tormic hydrogenlyase 
formation by difterent groups ot amino acide. 

Lag,minute. 
System Tl T2 Final Q-H2 

Glucose + fiTe amino acids 45 90 715 
GluQose + fiTe amino acids -10 0.0033 ! 

benzimida&ole 100 140 300 
Glucose + five amiBO acida + 0.0033 M 

benziBddazole + amino acid group Wo. 1 70 130 724 
Glucose + fiTe amine acid. + 0.0033 M 

benzimidazole + amino acid group ~o. 2 100 140 176 
Glucose ~ five amine acid. ~ 0.0033 M 

benzimidazole + amine acid group No. 3 50 100 829 
Glucose ~ tive amino acida + 0.0033 M -bensimidazole + amino acid group Wo. 4 100 140 324 

Bacteria: Grown 6 hours on nutrient agar, 1., age baoteria/ 
"'e8sel 

In main vessels, 0.033 M phosphate butter, PH 7.4, 0.033 K gluoose, 
five amino aoids as given in Table XXVII-(normal 
oonoentrations), groups ot amino aoids as on pa~e 10:" 
omitting those amino acids in the five amino acid 
mixture; benzimidalo1e as shown. 

Other oonditions as in Table XII. 



TABLE LXI 

The ability of individual amino acids in Groups 1 and 3 to rever.e 
the benziBddazo1e inhibition of formio hydrogen1yase formation in the 
glucose-five amine aeid systea. 

Sy.te. 

Glucose ~ five amino acids 
Glucose r five amino acids ~ 0.003 ! 

benlimidazele 
Gluoose + five amino aoide + 0.003 ! 

bensi.!dazole + glycine 
Glucose + five amino aoide + 0.003 ! 

benlimidazole + proline 
Gluco.e + five aaino acids + 0.003 ! 

bensimidazole + &laDine 
Glucose + five amino acide + 0.003 K 

benzimidasole + hJdroxyproline -
Glueo.e + five amiBe acide + 0.003 K 

benlimidalole + threoDin~ -
Gluoose + five amino aoids + 0.003 M 

benzimidazole + lysine -
Glucose + five amino acids + 0.003 M 

benzimidazole + tryptophan -

Lag, minute. 
Tl T2 

60 100 

90 120 

90 130 

90 120 

60 110 

90 120 

90 130 

60 110 

Final Q-~ 

331 

278 

212 

294 

319 

282 

S - Lost; in a leparate experiment. threonine gave no rever.al of 
benziDddazole inhibition. 

Bacterial Grown 5 hourI on nutrient agar. 1.5 mg. baoteria)Ves8el. 

In main vesselsl 0.033 K phosphate burfer. pH 7.4. 0.033 M glucose, 
five amino aoids as given in Table XXVII-(normal 
ooncentrations). individual amino acid. in lame 
oonoentration. as in complete mixture (see page 1 ~ 7 ). 
benziDddazole a. shown. 

other conditions as in Table XII. 
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FIGURE XVI 

ReversaI of the benzimidazole -inhibition of formic hydrogenlyase syn­
thesis by tryptophan and alanine. 

l. Glucose .. five amine acids 
II. Glucose ... rive ami no aoids + benzimidazole 

III. Glucose + rive amine acide + tryptophan ~ alanine 
IV. Gluoose t rive amine aoids T benzimidazole t tryptophan t 

alEl.nine. 

Baoterias Grown 14 hours on nutrient agar; 1.5 mg. baoteria/vessel. 

ln main vesselss 0.033 M phosphate butfer, pH 7.4, 0.033 M glucose, 
0.003 il benzimidazole, amine aoids as in-Table XXVII 
(normaI' conoentrations ), tryptophan and alanine as 
in Table • 

other conditions as in Table XII. 



Interferes with the synthe.i8 of these two amino acids_ so that 

its action can be reversed if the amino acids are added te the 

medium. 

Benzimidazole i8 known to inhibit bacterial growth by 

aoting al a purine antagoniste Its inhibitory effects on growth may 

be reversed oompetitively by &demne or guanine (159). In it. 

inhibition of adaptation_ it seems te act rather as an amino aoid 

antatonist. The effects of purines on the benzimidazole inhibition 

of adaptation were not iuvestigated in this work. 

Other inhibitors 

The anti-histaminic oompound., neoantergan and chlorprophen­

pyridamine maleate (1-parachlorophenyl-l-(2-pyridyl)-3-dimethylamino 

propane maleate) were bothfound to inhibit formic hydrogenlyas8 

synthesis. No attempt was made, however, to findwhether these 

substances acted as histidine antagonists. The drug_ Rimifon 

(isonicotinyl hydrazide),reoently discovered to be of value in 

tuberoulos!. therapy (160 ), had no etfect on formio hydro~enlya.e 

synthesi.. These facts are presented in Table LXII. 



'l'ABLE LnI 

The effect ot neo-antergan, chlorprophenpyridamine maleate, and 
Rimiton on formic hydrogenlyaze synthesis. 

Lag, minutes 
Experiment System Tl T2 Final Q-H2 

1. 
Unadapted 
bacteria 

2. 
Adapted 
bacteria 

Bacteria: 

Glucose + five amino acids 50 80 531 
Glucose t five amine acide .,. 

466 neo-antergan 80 155 
Glucose t five amino ao1 •• of' 

chlorprophenpyridamine maleate 10 155 160 
Glucose t five amino acids ~ 

Riaifon 50 80 556 

Formate 540 
Formate ~ neo-antergan 542 
Formate + ohlorprophenpyridamine 

maleate 566 

Experiment l, grown 1 hours on nutrient agar, Experi­
ment 2, grawn 12 houra in glucose broth, 1.5 mg. 
bacteria/Tesse1 in both experimenta. 

In _ain vesaell: 0.033 11 phosphate burfer, pH 1.4 in Experillent l, 
pH 6.S-in Exp.riment 2, 0.033 11 gluoose, amino acide 
as in Table LVII, Experiment i; 1 mg.,/v'e8lel of Rimiton 
and of inhibi tors. 0.061:M formate. 

H2 evolution measured from 10 to 40 minutes.-
Other oonditions as in Table XII. 



Summary and oonolusions 

2-4 D.1ni trophenol and ohlor~oetin, which are known to 

inhibit the formation of various adaptive enlymes, al.o iDhibited 

the synthesis of for.mic hydrogenlyase in the pre.ence of formate and 

tryptone. 

In the gluoose-tive amino aoid system, histamine in 0.0017-

0.01 K ooncentration iDhibited adaptation when I-histidine was pre.ent 

in a minimal effeotive conoentration, but had no effect on adaptation 

when the l-histidine oonoentration was approximately the same al that 

of histamine. This indioated that histamine inhibited adaptation by 

acting a. an antagonist to l-histidine. In a lillilar manner it was 

shawn that d-h1stidine behaves to a small extent as an antagoni.t 

of I-hi.tidine. 

Benzimidazole also inhibited adaptation in the glucose-five 

amino aoid system. The inhibition by bendmidazole was approximately 

the same at a Bdnimal effective oonoentration al at aIl other concentr­

ations investigated of histidine. It wae unlikely, therefore, that 

benzillidazole acted as a histidine antagoniste The inhibitory aotion 

of benziJBidazole oould be partially reversed by either alanine or 

tryptophan, and almost oompletely rever.ed by these two amino acid. in 

combination. It was suggested from their finding that benzimidazole 

may pravent the synthesi. of these two ami no aoids from the other amino 

acids present. 



'l'wo anti-histaminio .ubltanoes, neo-antergan, and ohlorprophen­

pyridamine maleate, inhibited tormic hydrogenlyale Iynthelil. The 

meohaniem. of this inhibition was not ltudied. 



PART VII 

Diacussion 

During the presentation of the experimental results. the 

implications of the findinga reported were diaousaed. Only a geural 

consideration ot the aallent point. treated in this work. therefore. 

need be given here. 

In thie work two lines of enquiry were streesed. The tirst 

of these dealt with the nitrogen sourcel neoessary for fende 

hydrogenlyase synthesis. the seoond with the meChani~ by which 

energy i. lupplied for this synthelia. The two problems were not 

lndependent. An adequate examination of the energetic baBil of 

tormic hydrogenlyase formation could only be made atter a simplified 

medium whioh would support formic hydrogenlyaae formation had been 

deviaed. 

A detailed study of the effect of amino acids on the time 

nec8sIary for foraic hydrogenlyase formation in reeting cell suspension. 

was undertaken becauae it was believed that suoh a study would reveal 

more of the nature of the ni trogen sources required for tol'llic 

hydrogenly&se formation than oould a study in whioh only the final 

amount of formio hydrogenlyase produced after a long period of growth 



was measured. This supposition was shown to be tully justified. 

Billen and Lichstein (100) tound that l-glutamate alone could replace 

a complete amino acid mixture in stimulating tormic hydrogenlyase 

production in gronng cultures ot Bir~. It 19&5 abo found with the 

bacteria used here that glutamate alODS could serve al a nitrogen source 

tor this adaptive process, but there 1faS an important ditterenoe betw8en 

i ta action and that of a complete amino acid mixture. 1\1e tille required 

tor the synthesis of the formic hydrogenlyase system in the presence of 

glutamate alone was considerably greater tban the time required if a more 

complete mixture ot amino acide was preseD.'\. Further, despite the acti­

vit Y ot glutamate ..men tested alone, when a determinat10n .... , made ot 

those amine acid, most important in stimulating tormic hydrogenlyase Iyn­

thesh, glutamate was DOt among them. 

It 18 possible that glutamate was tound important, not so much 

because it was used in formic hydrogenlyase synthes!s but because it 

serTed as a source of those amino acids used in this adaptive process. 

It this 18 true, it might explain why more time was required for tormio 

hydrogenlyase synthesis in the presence of glutamate, than in the presence 

Ot a more complete amine aoid mixture. The extra time could be taken up 

in the synthesis trom glutamate ot those amino acids most important in 

tormic hydrogenlyase synthe sis. 

A oomparison may be made betw8en those amine acidl tound most 

important tor formic hydrogenlyase synthesis by the baoteria used here, 



in resting cell suspensions: serine. histidine. arginine. leucine. 

and aspartate. and those tound important by Billen and Liohstein (100) 

in growing oeIl suspen.ions of their "Texas" strain of !!~: glutamate. , 

Methionine. tyrosine. a,ystine. lysine. and valine. It is seen that the 

two methods ot testing gîve a completely ditterent pioture ot those 

amino acids most important in the .ynthesis ot this adaptive enzyme 

system. Because the strains ot baoteria used were ditterent_ a more 

extended comparison of these nitrogen souroes doe. not appear justitied. 

Evenwith the method used here, employing resting oeIl 

suspensions ot bacteria. some of the amino acide important tor tormic 

hydrogenlyase tormation may escape notice. This would ooeur it the 

required amounts ot these amine aoids are re1atively small and if the.y 

are ea8ily syntheaized trom the other amino aoids present. The taot 

that the benzimidazole inhibition wal reveraible by tr,yptophan and 

alanine indicates that both these amino acids may be important in 

tormio hydrogenlyase syntheais. although they were not round so by the 

method or testing tirst employed. 

It must be realized that although it is necessary to add 

amino aoid8 to cel1s ot!!~ for the ~thesls ot formic hydrogen-

1yas8. thi. ia not beoause the organism II itse1r unable ta .,ynthesize 

the.e amino aoids. !!~ may grow in a simple medium conslsting ot 

glucose. ammonia. and inorganio salts. It oan, ther.tore, synthesize 

aIl amino acids. It 8eems that un!ess the necessar,y ami no acide are 

present in re1atively high concentrationB_ no enzyme synthes!s cau 



take plaoe. The minimal effeotive oonoentrations of the amino aoide 

added in these studiea must have been many times as great as the 

oonoentrations of amino aoide present in a baoteria1 culture using 

ammonia as its sole source of nitrogen. 

Certain amino acide have been spoken of as being of importanoe 

for formic hydrogenlyase Iynthesia. Although this may seem te imp1y 

that these amino acids are used for the synthes18 of the enzyme. tilere 

18 a8 yet no direot evidence on the manner in wh10h the amino aoide 

act. It is not known if the amino aoids are incorporated more or 1e88 

dlrect1y into the mole cules of the formic-hydrogenlyase system. if 

their presence stimulates enzyme aynthesis without their utilisation 

being involved. or if some other meohanism i s in operation. IlIT8stig­

ationswhich wou1d decide conc1usively between these possib1lities would 

be diff10ult at present beoause the formio hydrogenlyase system hal 

not yet been purified. 

These studies have indi oated the importanoe of an energy 

souroe for formio hydrogenlyase synthesis. In the presenoe of formate 

alone. this source of energy ia proTided by an anaerobio transter of 

hydrogen from a donor to an aoceptor. The results have iDdioated that 

tumarate, derived from aspartate. is the hydrogen acoeptor when the 

aynthesis of formic hydrogenlyase talces place in the presence of formate 

and peptone. When either gluoose or pyruvate serves as a source of 

formate. the energy may be supplied through the anaerobio breakdawn 

of these compounds. There la lome evldence. not yet conolusive, that 



fumarate and aspartate,as hydrogen acoeptors. may supply additional 

energy for adaptation i~ the presenoe of gluoose and pyruvate. 

The experiments on inhibitors of for.mio hydrogenlyase a,ynthesis 

in the simplified medium have introduoed a new method into the study 

of enzymatio adaptation. It has long been known that enzymatio 

adaptation is sensitive to very many oeIl poisons. The mechanism 

of aotion of auoh substanoes, however, has seldom been 010881y explored. 

Thus, sodium azide and 2~ dinitrophenol inhibit enzymatio adaptation 

by outting off the essentia1 energy lupply. They act in a general, 

rather than a speoific way, at a aite whioh may be funotionally far 

removed from the aotive site of enzyme synthesis. The faot that the se 

agent. iDhibit adaptation only oonfirma the faot that energy i. needed 

for adaptation. 

In the fe. experiments performed here, it was seen that 

inhibitors suoh as histamine and benziDddazole may inhibit formio 

hydrogen1yase synthesis by inhibiting the utilisation of amine acid. 

or the synthesi. of easentia1 amine aoide from thOS8 present in the 

s.rnthetio medium. It la to be expected that future experiments on the 

effect of substanoes Itruotura11y similar to aEdno acidl will yield 

valuable information regarding the ro1e of amino aoids in ensymatio 

adaptation. 



,. ,-
It .ee.as in place to give here a resume of the present 

etate of know1edge of enzymatio adaptation and some prediction of the 

future advanoes whioh may be expected in the understanding of this 

phenomenon. Work carried out up to the present has led ta a 

description and an understanding of some of the generalfaotars 

involved in adaptive enzyme formation. It ha.s been .hown that ensymatio 

adaptation is a synthetio prooess, requiring energy. In many oasel, 

enzymatio adaptation has been demonstrated to iuvolve the synthe.is 

of netr enzymatio material. Evidenoe has been advaneed to shOW' that 

the ne. enzymatic material is taken tram a pool ot enzyme-preourlor 

material, suitable for the synthesis of many different enzymes. The 

faot hal been established that the power to synthesize adaptive 

enzymes is under genet1e control. 

Thus, the general nature of enzymatic adaptation has been 

mapped out. In the future i t il to be expected that Blore specifie 

properties of th!1 phenomenon will be studied. The aspeots of 

enzymatie adaptation of the greatest interest and those on whioh a 

oonsiderable amount of future york il to be expeoted are, in the writerts 

opinlon: 

1. The meohanism whereby the substrate induee. adaptive enzyme formation. 

2. The role of nuoleio acid. in adaptive enzyme to~tion. That 

nuclel0 aoide are of importance i. lDdloated by the genetio .tadie'J 

but only a little direot evidentton thi. point has thU8 far 

appeared (161, 162). 



3. The nature of the transformation of an inaotive preoursor into 

an active enzyme. 

4. The 1II8chanilJlls whereby external sources of ni trogen influenoe 

adaptive enzyme formation. 

5. The mode of aotion of specifie rather than general 1nh1bitors 

on the adaptiTe process. 

It 18 readily seen howwide are the implicat10ns of these 

fields of study. Each is concerned with the intimate meohanis. of 

intraoellular protein and enzyme synthes1s. Knowledge of the problems 

preaented here, gained by a study of adapt1ve enzyme formation ahould 

give an insight into mechanisms of protein synthesis, both in micro­

organisms and in higher animals. In addition, it is to be expeoted 

that further knowledge of protein synthesia, gained by other methoda 

of enquiry, w1ll throw l1ght on the meohanisms of adaptive enzyme 

fOl"llat1on. 



çLA.nf3 TO ORIGINAL RESEARCH 

;.t'he Galactozymase s~tem. 

1. Sodium l-glutamate stimulated galactozymase formation in a slowly­

adapt1ng strain of bakersf yeast. The stimulation given by gluta­

mate was greater than that given by an equal concentration of 

2. 0.1% l-cysteine HCl stimulated galactozymase formation. A smaller 

stimulation was given by 0.5% cysteine HCl. Cysteine stabilized 

the galactozymase system once it was fo~ed. 

3. Both cysteine and dithioglyoerol inhibited the 108s of galactozymase 

activity by adapted oells suspended aerobically in the absence or 

galactose. 

The Maltozymas~ System. 

1. The sulfhydryl campounds. l-cysteine and sodium thioglycollate, in­

hibited aerobic and anaerobic maltozymase formation in bakers f yeast. 

2. Similar effects were produced by atabrine. The atabrine inhibition 

was, to a small extent. reversed by riboflavine. 

3. Alooholio solutions of diethyl stilbestrol and A -4-androstenedione 

strongly inhibited anaerobic maltozymase formation. In addition, di­

ethyl stilbestrol in alcoholic solution inhibïted maltose re~entatlon 

by adapted yeast. In aqueous solution, these steroïds had no ïnhibit­

ory effect, but rather caused a slight stimulation of adaptation. 



4. Ethyl alcohol itself was found to stimulate maltozymase formation. 

The Fo~ic Hydrogenlyase System. 

1. The amino acids most important to for.mic hydrogenlyase formation in 

non-prollferating oells of E. coli were determined. These amine acids, -- , 

and the smallest concentration of each which gave a maximal effect, 

werea 

dl-serine 
l~histidine 

l-arginine 

l-leucine 

dl~aspartic acid 

7.9 x 10-:; M 

2 x 10-5 M 
:;.7 x 10 .. 4 ! 

-2 
1.8 x 10 M 

1 x 10-2 M 

It was possible to replaoe aspartate with an equa1 concentration of 

fumarate. 

A mixture of these five amino acids was found almost as effective in 

stimulat1ng adaptation as a mix'ture of twenty amino acids, peptone, 

or casein or ge1atin hydrolysates. 

2. When formic hydrogenlyase synthesis took place in the presence of so-

dium formate and peptone, the addition of aspartate, fumarate, andIi-

trate brought about a stimulation of adaptation. 

3. In the presence of glycero1 and peptone, the addition of fumarate stim-

ulated formic hydrogenlyase formation. It was proposed that fumarate, 

aspartate, and nitrate, which are known to act as hydrogen acceptora in 

!. ooli, stimu1ate form1o hydrogenlyase formation by supplying energy 

for the adaptive process. 



4. 0.1 M NH
4

Cl or (NH4)2S04 completaly inhibited adaptation in the pre­

senoe of for.mate and peptone, but had no atfeot on adaptation When 

gluoose was used as a source of the adaptive substrate, formate. The 

inhibition by ammonia in the torma,--peptone system could be partly 

r8versed by the addition ot 0.01 ! NaN03• 

5. When tormic hydrogenlyase formation took plaoe in the preseDOe of glu-

cose and glutamate, the addition of aspartate or tumarate inhibited 

adaptation. 

6. 0.1 ! NH
4

Cl was found to stimulate anaerobic glycolysÎ8 in E. c~ 

7. When glucose was used as a source ot the adaptive substrate, a reduction 

of the pH of the medium trom 7.4 to 5.6-6.1 reduced the time neoessary 

for the synthesis of formic hydrogenlyase. 

8. At a neutral pH, omission of any of the five amino aoids given above in-

oreased the time required tor enzyme formation and deoreased the final 

amount of enzyme tormed. At pH values of 5.6-6.1, li ttle increase in 

the time neoessary for enzyme formation was observed following the o~ssion 

of serine, histidine, leuoine, or &spartate. If arginine were omitted at 

the lower pH values, the lag periods were inoreased. Omission ot any of 

the five amine acide decreased the final amount ot ensymatic aotiTity. 

9. 2-4 Dini trophenol and Chloromycetin, which are .\cnown to inhibi t the for-

mation ot other adaptive enzyme systems, a180 inhibited the tormation of 

the formic hydrogenlyase system. 

10. 
..5 

In a glucose-amine acid medium in the presenoe of 2 x 10 !histidine, 



d-histidine and histamine inh1bited adaptation. If the I-histidine 

concentration were increased to 2 x 10-3 M, d-histidine and histamine 

caused no inhibition of adaptation. These sUbstances,then, inhibited 

adaptation by acting as antagonists to 1-histidine. 

11. Benzimidazo1a inhibited adaptation in the presence of glucose and the 

five amino acids given aboTa. This inhibition was partly reversed if 

either tryptophan or alanine were added and completely reversed if 

both amino acids were added. 



1. 
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