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aBSTRaCT
NUCLEIC ACID METAROLISM TN YEAST: (1) STUDIES
CON TR4NSFORI'ATICN OF TIE ADENINE LOCUS RY CELL
EXTRaCTS; (2) STUDIES ON 4DENOSINE DIPHOSPH.TS SULFURYLASE.

By Stuart William Bradford

I. TExperiments were verformed which were desigzned to detarmins
if extracts of a yeast mutant could te used to aslter the hareditary charac-
teristics of the rrototrorh yeast, Cell free extracts of an adenine
red prototroph cells. Such a treatment resulted in an increase in the
number of reversions to white, zdenine indenendent cells. The results,
although nrelininary, suzgest that the mutants szt the adenine locus in
Saccharomyces orovide a system which can be conveniently utilized in
further studies concerned with establishing the existence of yeast trans-
formations, The altesration of heretable characteristics of bacteria by
essentially oure deoxyribonucleic acid (1) is w=ll known and the mechanisms
involved have been studied. Transformations have not, however, teen con-
clusively demonstrated in other orgunisms, Yeasts ars genetically among
the most thoroughly investigated ricroorganisms and studies on the feasi-
bility of yeast transformations ars, consequently, of varticular interest,

II, The nhosphorolysis of adenosine-5'-rhosphosulfate (aPS) by
inorgzanic nhosphate to form adenosine dizhosphate and sullats, which is
catalyzed by the snzyme «DP sulfurylase, has been reported (2). ieasure-
ment of this reaction in the reverse direction was investigated by substi-
tution of molyhdate ion, an ion which has been shown to act as an analog
for sulfate in reactions catalyzed by adenosine trirhosphate sulfurylase
(3), for sulfats, The back reaction, which is in the direction of aPS

formation, could serve as an alternative to the adenosine tri-hosphste



Stuart W. Pradford
sulfurylase catalyzed reaction, as a m2ans of &4PS synthesis., ™“ith molyh-
date ion the reaction could not he demonstrated to rroceecd in the direction
of 4PS synthesis, indicating that =ither the reaction has such a high
2quilibrium ccnstant zs tc te effectively irreversible or that in the .DF
sulfurylases reaction molybdate ion cannot substituts for sulfatse,

A divalent zinc activated inorzuanie pyrornhosohatase was observed
in yeast extracts. This enzyme may be identical to the zinc activated
yeast oyrophosphatase recently revorted on (4). Earlier reports on yeast

oyrophosphatase had implicated only magnssium ion as an effective activator.,
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PART I: STUDIES ON TRANSFORMATION OF THE
ADENINE LOCUS BY CELL EXTRACTS
1., INTRODUCTION AND REVIEWN OF LITERATURE
Genetic transformation by cell free extracts has only been demon-
strated to occur in bacteria; nevertheless, it seems reasonable to believe
that it may be possible to extend it to other microorganisms., In this thesis

the mutants at the adenine locus in the yeast genus Saccharomyces were

utilized to study the possibility of transformation of yeasts. Extension

of the transformation phenomenon to include yeasts would provide a genetic
operation of great value, Yeastspossess a number of characteristics which
are advantageous for fundamental genetic studies., Many genera grow equally
well as haploids or diploids, singls spores can be isolated and hybrids

rapidly produced, and finally tetrad analysis can be performed.

A. Genetic Transformation in Bacteria

Bacterial transformations may be simply represented as:
pNal-x + bacterium-Y——sbacterium-X
where bacterium-X possesses heritable characteristics not possessed by Y,
and DNA-X is DNA extracted from cells of bacteria-X. In general, transforma-
tions are reciprocal and
DNA-Y + bacterium-X ———» bacterium-Y
may occur, This phenomenon, whose dependency on DNA was discovered by

Avery, MacLeod, and McCarty for Diplococcus pneumoniae in 1944 (1), has

since been extended to a number of other species of bacteria, Transforma-

tions have been reported in Neisseria meingitidis (2), Hemophilus influenzae (3),

lThe following abbreviations are used: RNA, polyribonucleic
acid; DNA, polydeoxyribonucleic acid; Tris, tris (hydroxylmethyl) amino-
methane; TCA, trichloroacetic acid.
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Xanthomcnas vhaseoli (4), Salmon2lla typhermurim (5), Rhizobiun meliloti (6),

and Bacillus subtilis (7)., The revorted transfcrmations encompass a varisty

of characteristics: antisenic specificity, drug resistance, cellular and
colonial morphology, and the ability to utilize particular nutrients, 1In
addition, transformations between bacteria regsrded zs sevarecte species
have teen reported (8,9). Although the work of avery and his collaborators
was performed with highly purified DN4, in work by subsequent exparimenters
transformations have often been performed with cruder prevarstions (4,5,7)
tut in all cases the ability to initiate transformation was reported to
be DNase sensitive,

Studies on transformation have been pursued most thoroughly in

Hemophilus influenzae and Pneumococcus. In Pneumococcus transformaticns

do not occur unless bovine serum albumin and calcium ion are present (1),
The exact role that these two factors play»is unknown, but it is very likely
a membrane permeability effect.

In H, influenzae transformations can take place in simple saline
solution (10). In other species the conditions which might be nacessary

have not been established, For example, in Xanthomonas phasecli, in which

transformations were effected with a crude extract, removel of protein from
the active nucleic 2cid prevaration increased the rate of transformation
10--100 fold, and addition of 0,01% commercial yeast extract increased the
rate as much as 10,000 times (4)!

The stability of H, influenzae transforming DNa under a variety

of rhysical and chemical conditions has been investigated (11). No loss
of activity was reported to occur after heating for one hour at 81° 4in

citrate buffer or from treatment of the DNA with solutions of oH 5,0 to
10,5, but about 20% of ths sctivity was lost in a soluticn of pH 3.5 or

in a solution of pH 11,0, DN& solutions in distilled water were quicxly



inactivated and highly ourified oreparations lost activity when vacuum
dried. Litt (12) has shown in Pneumococcus that mechanical breakage of
DNA molecules diminishes the number of transformations obtained, Insta-
bility on freezing and thawing has been reported for a crude oreparation
of transforming DNa (4). Marmur and Doty (13), working with Diplococcus
pneumoniae, have concluded that the double helix of DNA is necsssary for
transforming ability, In heated solutions of DNA the strands of the helix
separate and transforming activity is lost, while upon slow cooling the
strands reunite and regain the ability to transform, Hybrid helices, which
are reconstituted between transforming and non-transforming DNa, also possess
transforming activity,

It is now well established that a singla DNA molecule is suffi-
cient to effect a transformation, and, therefore, there is a linear relation-
ship between the concentration of transforming DNi to which the cells are
exposed and the number of transformed cells obtained (14)., Further studies
have demonstrated that a single DNi molecule may transform more than one
characteristic of a cell, This is illustrated by the mannitol utilization
(M) and streptomycin resistance (S) mutations in Pneumococcus (15). DNa
extracted from the double mutant (presumably MS - DNA), transforms a much
higher proportion of wild type cells into MS-cells than are transformed
by & mixture of DNi obtained from the single mutants (M-DN4 plus S-DNai).

The mechanisms involved in the genetic conversion of cells by
DNA have received considerable study and it is now known that transformation
inyolves a series of steps, First, the bacterium must be physiologically
competent to undergo transformation, This receptive state, zlthough

occurring at random in normal growing cultures, may be made to appear

cyclically by brisf exposure of the culture to a low temperature (16).
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Fox and Hotchkiss (17) have shown that ths development o¢f competence con-
sists in the appearance of sites with which the transforming DNa combines
reversibly, Populations of competent cells were frozen in 10% glycerol,
Under these conditions the cells retained their competence and cculd be
thawed, treated with DNa under a variety of conditions and the reaction
terminated by DNase, 4t low concentration of DNA the response obtained

was linear, but at higher concentration DNa became saturating and the number
of transformed cells obtained did not increase. Such a relestionship can

be treated according to conventional enzyme kinetics:

k1 k3
B(s) + DNA<7;;—— B(S) + DNA complex ———————ebB(tr)

where B(g) represents bacterial sites, and B(tr) represents transformed
bacteria, Hotchkiss' and Fox's calculations indicate between 33 and 75
sites per cell, The actual nature of the sites is unknown; however, several
observations suggest that enzymatic processes are involved: their formation
is stimulated by an apparent protein synthesizing system (17); the absorp-
tion of DNA onto the sites is a temperature dependent reaction (12), and
they react with some DNA more readily than others, thus exhibiting a speci-
ficity (19). In addition, Schaeffer (9) has shown that the sites must be

on the surface of the bacterium,

Following adsorption onto a site, the transforming DNA is retained
in a DNase resistant form, presumably representing penetration into the
cell. The use of P32 labsled DNA has established that the number of trans-
formed cells obtained is directly related to the amount of DN4 which is
permanently bound by the cells (19). Non-transforming DNi4 can also be
taken up and Lerman and Tolmach (18) have shown in Pneumococcus that
E. coli DNA will accumulate to the same extent as the genetically active

DNA extracted from Pneumococcus itself. However, when several specles of
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bacteria which have not been transformed were exposed tc Pneumccoccus DNa,
no uptake of DNA occurred. In view of this, the authors suggested that
measurement of the incorporation of labeled DNa into microorganisms might
prove to be valuable in screening for £hose organisms in which transforma-
tion is feasibls,

The actual amount of DNA taken up by receptive cells can be in-
hibited by addition of foreign DNA - non-transforming DNiA from the same
species, or even DNa from other species; but the degree of inhibition varies
with the particular DNi employed. DNA from more closely related species
inhibits more, while that from completely unrelated organisms, such as the
DNA from calf thymus glands, is much less effective (20). The number of
DNA molecules incorporated for each cell transformed, in the case of strep-
tomycin resistance in Hemophilus, was found to be 120 (19). This, in view
of the fact that one DNa molecule is belisved to be sufficient to effect
a transformation, strongly suggests that for Hemophilus one out of every
120 DNA molecules carries the gene for streptomycin resistance.

The occurrence of reciprocal transformations almost certainly
establishes that transforming DNi is not merely carried along, but, on the
contrary, becomes eventually incorporated into the "chromosomal™ material
of the recipient bacterium, This incorporation must logically be preceded
by a pairing of the exogenous DNA with some complementary site on a chromo-
somal structure of the bacterium. The necessity for such specific pairing
or synapsis is indicated by Schasffer's (9) studies on transformation to
streptomycin resistance performed between senarate species of bacteria.
Such interspacific transformations occur with a much lower frequency than
those within a species, although there is no reduction in uptake of the
transforming DNa, This situation may be interpreted as follows: in

interspecific transformations structural differences around the streptomycin
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region act as obstacles to pairing and thereby reduce the frequency of
transformations, while in intraspecific transformations the donor DNa is
structurally similar to the DNA of the recipient bacteria and pairing may
occur more easily,

The final step in the series of events leading to a transformed
cell is the incorvoration (or cooying) of the genetic factors, brought
within the cell by the DNi4 molecule, into a chromosomal structure, Hotchkiss
(21) has described a complex single locus which he designates as abd, con-
veying a high level of strentomycin resistance. A molecule of transforming
DNa carrying the abd complement may transform a recipient cell to any one
of the different characteristic low levels of resistance corresvonding to
the a, b, or ¢ sites on the complex locus or less frequently to the charac-
teristic higher levels corresponding to the abt, bd, or abd parts of the
complex locus, However, if a is incorporated into the recipient cell then
the bd sites are not given phenotypic expressions; similarly, if ab is in-
corporated into the recipient cell then d is not expressed. Therefore only
a portion of DNA molecule is incorporated, or copied, by a cell undergoing
transformation and the genetic markers on the remaining portion of the
molecule appear to exert no influence., The incorpvoration of the transform-
ing DNa apparently does not occur until after several cellular divisionms,
because transformed cells give rise, for the first few divisions, to both
normal cells and transformed cells.

A few accounts have appeared of the altering of heritable charac-
teristics in bacteria by exposure to suitable RNA preparations, Kramer
and Straub (22) were able to induce the formation of penicillinase in strains

of Bacillus cerus lacking the enzyme by extracts from a penicillinase pro-

ducing strain. The time required for the formation of this induced enzyme

was considerably reduced by treatment with RNase, suggesting that the active
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moieties were low moleculzr weight noly- or olirsonuclaotides, In a similsar
manner Reiner and Goodman (23) found that formation of the induced anzymes
glucokinase in E, coli could be accelerated by the dialyzable fragments of
RNase treated RNA from a strain of E, coli producing glucokinase, These
RNA mediated "transformations" appear to bear 1little reletionship to the
DNA transformations, since the activity of the RN4 is not lost unon depoly-

merization,

B, The adenine Dependent Loci in Saccharomyces

Roman has studied mutations to adenine dependence in Saccharomyces
(24) and describes recessive mutations at seven loci, At two of the loci
the mutants form a red pigment when supplied with adsnine, but the mutants
at the remaining five loci, although adenine requiring, remain normal
colored, These seven loci are shown below in relationship to the formation

of red vizment and adenine (the mutant ad3 also requires histidine for

growth) :
ad3 ad4 ad5 adé ad7 a§1 ad2
\ \ X T \ > T > adenine
red
histidine pigment

ad5 and ad7 are tightly linked, but at the remaining loci the genes exhibit
regular Mendelian inheritance and segregate independently. =zd3, ad4, ad5
and ad6 are leaky mutants; i,e.,, they allow some small amount of growth
in the absence of adenine, and form nink colonies,

Evidence has been provided by Roman for the occurrence of crecssing
over during mitotic division in the diploid strains of the ad mutants,
“hen two havloid strains, contzining mutstion of different origin but of
the samz locus, are crossed to rrovide diplcids, reversions to adenine

indspendznce occurs with a freqguercy of ,01% to ,00N1%, For example,
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mutant strain «d2-1 crossed with mutsnt strain ad2-2 cave a small rumter

of adenine irdecvendent reversions., If &ad?-

ani zd2-2 represent different
defective parts ir the same locus then crozsing cver tetween these two
noints wonld rastore the nornel adenine indermandent gene, 4nalysis of the
revertant c¢inloid showed that crossing-cver had occurred, slthough in a
few cases non-reciprocal recombination was demonstrated. By use of this
technique the various ad loci were found to each contain from 4 to 29
separable alleles, However, these represent minima and additional alleles
will probably be disclosed as more mutants are studied,

Similar adenine requiring mutants occur in Neurcspora and have
been utilized to formulate some of the mstabelic pathways irvolved in
adenine synthesis:

glycine
acetate—ﬁ% P ——>inosine ————> adenosine

CO2 .
NH3 | "
pigment ¢denine
accumulation

in which the diagonal lines represent different mutants, The red pigment

is a mixture of water soluble polymers related in structure to aminoc imidzacle
curboxamide, This pigment or some of its precursors are slightly inhibitory
to growth and culturss of the red mutant have been observed to become white
but still aderine requiring owing to selertion fcr a second mutant'prevent-
ing the formstion of the pigment (25). There is some question whether

adenine devendent mutants always represent a defect in biosynthetic nathway
laading to the nreduction of adanina. Abram (26) has descrited a red adenine

requiring mutant in Saccharcmyces, which is capable of synthesizing adenine

at a rate only slightly less than that exhibited in the wild tyre.

Red strains of Sascchesromyces are known to be unstatle zand, as

would be expected, thas instability is most oronounced in the haploids (27).
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Cn solid medium hanloid colonies rreduce white raprillae, while in liquid
medium the white varisnts ravidly cutgrow their red nrocenitors, This
selection is very much more rzpid in shaken cultures than in standing
cultures, with the exception of red respiratory mutants of the netite type
in which the selection pressure is the same under both conditions, The
cause for the selection remains unknown: very little selection occurs
under anaerobic conditions and very little red vigment is produced under
these conditions, Therefore, it is likely that either the rigment itself
or some precursor has a deleterious effect on the growth of the red strains
thus allowing selection for a mutant which inhitits pigment production
(28). Srb (29) has also noted that thsre is a strong selection for the

white orototrorh when red strains are grown at a oH below 5.

C. Deoxyribonucleic acid in Yeasts

In yeasts the amount of NDNA is greatly exceeded by the amount
of RNiA, RNa compcses about 95% of thsir total nucleic acid and conse-
quently the extraction and isolation of yeast DNa poses special protlems.
Charraff has given the only revort of isolaticn of yeast DNi, He extracted
with 1 N NeCl for 72 hours, and removed RNA by a combinaticn of vprecipita-
tion with calcium ion and dialysis with RNase (30).

4 general review of methods for isolation of DNa avresars in the
volume edited by Chargaff and Desvidson (31). 1In general, the isolation
methods involve extraction with 1 N NaCl or with detergents. Extraction
with cold 20% alcohol (32) and with the aid of cetyl trimethylammonium
bromide (Cetavlon) have also been reported (33). Removal of rrotein is
usually accomplished by shaking with a mixture of chloroform and octonal,
but dialysis with chymotryrsin may be used and neither of these methods

aoppears to degrade DNA4 (34). The removal of contaminating RNA is often
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difficult, and =zlthoush Rlu==2 can Te used, it leavss zn enzyme reszistant
volyrucleotide cora, adsorrtion of DNa on charcoul (35) or eracicvitation of
DNa by catyl-trimethylarwonium hromide has rvroved effective in =ome canes,

n yecst Diase hus bhean described by Char>zff znd Tamenhof (34).
Tra enzyme is r2leused only gradually from yezst axtracts and its arvear-
ance is controlled by the followving s=guence of eavants: wupon starding a
rroteinase is r2leased from the extract which disests an inhibitor of the

enzyme resultinz in the release of active DNase,

2, MATERIALS AND METHODS
4, Yeast Struins ani Culture Ilethods

n red, adenine requiring, dirloid strain of 3Sacchzromyces was
supplied by Dr. i'zarschel L, Roman (Rcman #CS2-0-106). The white, zienine
inderandent wild tyme was obtained as a back mutant from this =trazin, 1In
this study the two strains are dssirnated as ad(+) und ad(-), rezpactively,
The ad(+) and ad(=) mutants muy ts considered to differ in cnly one cena
since adenine dependence and re3 color result froem @ recessive mutation
at a single locus (74).

Types cf madia. Tha followinz types of media were emrloyed:

SC: & synthetic medium ceonbaining the fellowing insredients par liter

of solution:

amronium sulfate 1 ¢ thiamine-HCL 4000
zlucose 20 g F=Cl3°6 420 500 wpe
histidine-IiCL 10 ms ZnS0y »7H20 700 pe
~a2thionine 10 m> H4BO3 120 pg
triptorhans 10 mz CuS0y * 5H20 IDO/pg
uracil 10 mz KI 100 pg
z32nine sulfate 10 mg KHoPO, 275 mz
biotin 20 po KHPOy, 125 mg
incsitol 20 mg MgS0y *7TH20 500 mz
czleium nantothenate 4000 pz NaCl 170 mg
ryridovine-liCL 4000 p o CaCl2°2H20 170 mg

15 grams of zzar were added to vrepars solid media.
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NaD: SC minus adenine,

C-30: & complex medium containing 2,5% glucose, 0,3% bactopertone,
0.2% bacto-malt extract and the same concentrations of all the minerals
used in SC medium with the exception that no NH;SO, was added, 1,5% agar
wus added to orepare solid medium,

In all cases the media were autoclaved for 20 to 30 minutes,

the exact time depending on the volume being sterilized., The nH before
autoclaving of the SC medium was 6,0 and the bH for the C-30 medium was 5,72,

Maintenance of cultures, Cultures were maintained by weekly sub-

culture on C-30 slants, Red ad(+) cells became visibly pigmented sooner
on C-30 medium than on WAD medium but after 4 or 5 days both were equally
dark red, White mutant colonies appeared$}requently on ad(+) slants and
in 2 or 3 weeks, unon sclid medium; or in 3 or 4 days, in the case of
vooulations transferred daily in liquid medium, completely outgrow their

red progenitors. Therefore ad(+) slants were always inoculated with red

colonies arpearing from single cell isolates of the ad(+) strain,

B, Preparation of ad(-) Acetone Powder

The ad(-) cells were grown in C-30 medium in shaken Erlenmeyer
flasks at 30°C, The cells were harvested by centrifugation, washed with
oH 7,5 M/10 sodium citrate followed bty distilled water, They were then
dispersed in a few ml of distilled water, mixed well with 150 ml of -20°
acetons in a hich speed mixer and dried in a sterile tube under vacuum,
From 600 ml of medium ccntaining 3 x 1010 cells, 510 mg of very fine white
powder was obtained, This nowder, slthough free of bacterial and fungal
contamination, still contained an averace of 10 viable yeast cells rer mg
of aceton= nowder, Since naither a second cold ac=2tone treatment ncr ex-

nosure of the nowder to the fumss of nropylene oxide in an evacuated
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desiceztor servad to decrease this rumber, the rowder was comnletely
sterilized before szch experiment by cddition of~",%5 ml of cold 2?5% ethanol
for each mg of acetone nowder ccntained in a sterile tube; after 30 minutes
at 19 this mixture was diluted with sufficient WaD medium to bring the

concentraticn of nowder to 1 mg per ml,

C. Method of Determining activity of the acetone Powder

The ad(+) cultures from a sufficient number of 6 to & day old
C-30 slants were susvended in ¥aD medium, cell counts made with a Neubauer
hemocytometer, and the cell suspensions diluted to the desired density with
additional WaD medium, 20 ml of WAD medium containing 1 mg per ml of
ethanol sterilized acetone powder was mixed with 20 ml of cell suspansion
in a 250 ml erlenmeyer flask (or half these quantities in a 125 ml flask)
and shaken at 30° for 2 hours. 4t the same time 20 ml of cell suspension
was shaken with 20 ml of WAD medium containing an amount of alcohol equzl
to that found in the acetone powder susvension, At the end of the period
of shaking, aliquots were withdrawn and pipetted into 41° WaD azar in the
amount of 1 ml for every 19 ml of medium, The cells were mixed thoroughly
throughout the warm agar by means of an enclesed magnetic stirrer and the
agar poured in the amount of approximately 20 ml per petri plate, although
the amount of medium poured and thus the number of cells per plate was not
controlled, a measured total volume of agar wus poured in each exreriment;
and, therefore, the total number of cells plated was always known.

For studying the effect of ana=robic conditions on colony erowth
anoropriate numbers of cells were spread on the surface of WC azar by
tilting and rotatins the plates and after 4 hours incubation were coverad

with a 1-2 mm layer of 41°C IC agar.
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D. Extraction and Det-rnination cf Yeast Nucleice.

Tyenty-five zrams cf acetone nowder of taker's yeast was
stirred for 20 minutes at 5°9-10°C with a high speed mixer at 10,000 r.p.m.
in 100 ml of water contzining the following: 0,1 M NzCl, N,C1 M pH 2,0
Tris-HCl, 0,5 mil EDTa, 1 rram sodium dodecyl sulfate, and 50 grams 200
glass beads, The resulting mixture wa= decanted, centrifuged at 10,000
x g for 10 minutes, the supernztant precipitated with 2 volumes of cold
100% ethanol and centrifuged at 22,000 x g for 15 minutes, Ths zlcohol
precivitate was taken up in 50 ml 1 1 NaCl containing .01 ¥ pH 2,0 Tris-
HCl, and ,05 M EDTA, und freed of protein by stirring in the high sneed
mixer with an equal volume of 9:1 chloroform-cctonal, centrifugzing at 2500
r.r.m,, and removing the upper aqueous layer, This process was repeated
with 0,5 volume portions of chloroform—octonal mixture until no more rrotein-
aseous scum formed at the aqueous-organic interface; generally 4 additionel
times were sufficient, &ll the chloroform-octonal mixture used in the
deproteinization was combined and re-extracted twice with 50 ml of 1 M NuCl.
all the NaCl extracts wers comtined, preciritated with 2 volumes cold 100%
ethanol and centrifuged at 22,000 x g for 15 minutes, This residue could
be dissolved in 1 M NaCl, giving a solution in which DNa comnosed sbtout
12% of the nucleic acid present, or dissolved in 15 ml of 10% CsClp and
centrifuzed at 22,000 x g for 50 minutes in which case 337 of the nucleic
acid in the supernatant fluid was DNa,

Determination of nucleic zcids. Semnles wore centrifuged at
5000 r.p.m,, extracted twice with 2-1/2 volumes of 10% TCi =nd twice with
2-1/2 volumes 1:1 ethanol-ethyl ether, The residue was hydrolyzed by
heating in a water bzth at ©0° for 15 min. centrifuged at 5000 r.n.m, ani

the surernatant fluid saved for the determination cf RNa ani DNa, RNa

was determined by the msthod of Dische (37) involvines reaction with
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concentrated HyS0, and cysteine, DNA was determined by the diphenylamine

method of Dische (38).

3. RESULTS

A, Yeast Transformation Studies

The effects of shaking a suspension containing 1 x 105 ad(+)
cells per ml with and without the addition of acetone powder from ad(-)
cells are shown in Table 1, The level of acetone powder employed, 1 mg
per ml, corresponds to 2 x 106 living ad(-) cells,

The diploid strain of yeast used in these studies is quite stable
and ad(+) slants containing as many as 75 x 106 cells may, upon plating,
give no adenine independent colonies. However, on occasional slants,
sectors of white revertant cells do occur. In preparation of suspensions of
red cells, slants which have visible growth of white cells are discarded, but
slants which may contain sub-visible white colonies cannot be eliminated. In
consequence, the number of white coloniss obtained upon plating the suscension
represents the number of white cells and their progeny originally present on
the slants used plus whatever number of cells (and their progeny) which revert
to adenine independence during the period of shaking, Two hundred eighty-five
more colonies appear on plates obtained from the pooulation shaken with
acetone powder, Table 1, In all 15 pairs of plates, the plates which renre-
sent cells treated with the acetone powder premaration have a larger number
of colonies. If all the additional colonies were the result of reversions
occurring within a short time following the mixing of the acetone powder
with the cell suspensions, then a reversion or transformation rate of 2,5
to 5.0 cells/lO6 cells originally present could account for the additional
colonies, If, on the other hand, the reversions occurred with equal fre-

quency throughout the period of shaking, then the approximate rate per
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generation time can te simnly urrived 2t, ith a ganeration time of 2
hours, the reversions occurring at times 0-2 hours would multiply to give
8 cells at the end of the shaking time, those at 2-/ hours would give 4,
4-6 hours would give 2, and 6~8 hours would give 1. The total number of
reversions or transformations obtained is equsl to the above numbers summed
times the mutation rate per generation time (X). Therefore, 15X must equal
285 and X must equal apvrroximetely 20, Since 15 x 10° cells were used a
frequency of 1-1/3 x 10_6 cells reverted or transformed per generation
time of 2 hours could account for the additional colonies obtained from
nlates of the acetone treated cells,

The guestion arises as to whether the white colonies shown in
Table 1 represent, in actuality, ad(-) cells since the production of red
pigment by adenine dependent mutants is inhibited by growth under anaserobic
conditions, Furthermore, the addition of yeast acetone powder to the
adenine deficient medium might promots the growth of ad(-) cells. To
answer the first of these two questions, suitable dilutions of ad(-) cells
were grown on the surface of SC agar or between layers of SC agar, It was
shown, Table 2, that under these conditions the colonies growing under an
agar laysr accumulste red pigment more slowly and never obtain so deep a
pigmentation as those grown asrobically. Neverthelsss, tha ad(-) colonies
do exhibit a light pink color after 10 days which is easily distinguishable
from the white colonies formed by ad(-) cells. all the white colonies
list=d in Table 1 remained completely white for at least 3 weexs after
inoculation,

In regard to the second consideration, it was found that yeast
acetone powder does not zerve to incraase the rate of multiplication of
ad(+) cells, when they are zrown in adenine deficient medium. Table 3

shows that even when ad(-) acetone powder is supplied at the rate of 1 mg -
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TABLE 2

Effect of Aeration on Development of Red Color in Ad(-)
Colonies and upon the Number of Colonies Formed

Growth Average No, Color after Color after
conditions of colonies/ 5 days 10 days
plate
Aerodbic 192 Pink Red
Anaerobic 1288 White Light Pink

Conditions as described under methods of determining
activity of acetone powder. Each an average of 4 plates,




TABLE 3

Effect of Ad(+) Acetone Powder on Growth
of Ad(-) Cells

Average No, of colonies/plate

Ad(-) cells shaken in:

0 hours 8 hours
WaD media 83 49
WAD media with 26 55

1 ng/ml Ad(+) acetone pwd.

e

Plated on SC media, Each an average of 5 plates.

b 4
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vhich represents the yield from ztout 2 x 100 ud(=) cells - for arproxi-
mately every 100 ad(+) cells, there is no stimulatory =ffsct on the rrowth
of these cells,

& considerable decrease in viable cell number occurs in nonula-
tions of ad(+) cells following 3 hours of shaking in an zdenineless medium,
Tables 1 and 3., Although the zero time cell counts, shown in Table 1, ware
made with & hemocytometer und therefore did not distinguish between living
and dead cells, separate counts made both by dilution and colony counting
and by use of the hemocytomater established that all or practically all

cells on fresh ad(+) siants are living and viable,

B. Nucleic acid Extraction
Because of the nrevonderance of RNa present in yeast (Tabtle )
nucleic acid extractions were performed mainly with the view of increasing
DNa yield. For this reason one molar NaCl was employed, without recard
to the fect that RNa nucleopnrotains are insoluble in this concentration
of NuaCl, Preliminary exp=ariments demonstrated that extractions of whols
cells or of acetons powder for 24 hours with molar NzCl resulted in a very
low yield - in the latter cas= only 4% of the total DNa was extracted.
Grinding the acetone nowder inc;eased the yield severzl fold, while with
the vprocedure finally adcpted, which utilized grinding in the presence of
sodium iodecyl sulfate, as much as 42% of the total DNa was extracted
(Table 4). Howaver, this high yield occurred only from acetone nowder /1,
+hereas subsequent extractions from acetone powder #2 gave a meximun of
only 16% DNa. although the basis for this difference was not established,
a possible explanation is sugzested by the fact that vowder #1 was made
from yeast that was frozen and thawsd before treatmants with ccld acetone,

while #2 represents {resh cells orocessed directly with acetone,

Y
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4. DISCUSSION

The well established studies on the g=netic role cf DNa in
bacterial transformation sugiested that it would be worthwhile to seak a
similar system in yeasts. llowever, in view of the occasional reports of
transformation-like phenomena mediated ty RNa, it sesmed advisuable to
investigute first the possible hereditary effects of crude, mixed nucleic
acid extracts on yeasts, & system has teen described in this thesis,
utilizing an adenine mutant of Succharcmyces, in which extracts having
possible transforming activity might be assayed relatively easily. also,
a vrocedure is cutlined for cttuining Diia anriched nucleic acid extracts
from yeasts.

The vreliminary results which have teen reported here indicate
that yeast cells can be modified by exposure to cell-free extracts. This
transformation of adenine negative to adenine positive cells by unfraction-
ated acetone powders of the latter suggests that genetic transformation
may have occurred.

In experiments of this scort it is often possible to explain the
Adifferential effect as being a muatter of selection, Such an exnlenstion
is particularly in order in the experiments reported on, where a control
of ad(+) cells treated with ad(+) acetone powder was not rrovided, (It
proved difficult to grow sufficient quantities of ad(+) to rroduce an
acetons powder, due to back mutaticn to, and selection for, the white
protctroph,) Thus the yeast acetone powder may be suggested to have had
a growth promoting effect on the ad(-) cells which were ulready vresent,
or which arose by mutztion from =d(+) cells during the shaking ~eriod.
It was demonstrated that the growth of ad(+) cells was not stimulated, in
zdenincless media, by high concentrations of ad(-) uacetone vowdar. In

adenincless media viable ad(+) cells gradually decrease in rumber, and the
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addition of z4(-=) acetons rowder in a ratio of nowder/living c=1ls 10,0N0
times as hish as that uzed in thz transformation =2xperiments dcez not
affect this decrease,

an effect of & non-srecific fuctor cn alt=sration of an inherited

tive cellsz

Ul
Fe

characteristic in yeast has been rerorted (32). G=zlectose-no

were converted to galactose-negutive cells Ly extracts not only from

¥

salactose positive cells, but from extracts of buker's yeast and cven fron
galactose nejrative cells.
ashida, Minasuswa, cnd co-workers huve ctudied extensively an

sccheronyvess ellircmcideus strain,

RN AR N ASY

alteraticn in corper ion sensitivity of a

M —— e e

1,

‘

induced by & specific but not renroduced fuctor (40,41). If this yeast

is rlated on a medium containing Cu’~, only 0% of ths cells nluted form
colonies; but resistant strains can Yo selscted in which 100% of the cells
plated zive colonies. RNa extracted from resistant strains cen convey
resistiance to ths sensitive= strzins, while the coerresponding =xtract from
sensitive cells does not. Howaver, the effective RNa does not zeem to te
ravroduced in cells which are treatad with a RNa extract (42).

During the tim= that this thesis was heing written a rarar arveared
by Crpenouarth (43), in which he revorted his experiments on yeast trans-
fermation. & crude nucleic acid evtract from a yeast strain s»12 teo ferment
maltose, sucrose, and other dissachurides was zdded tc cultures of & strain
not zgtls to fermant dissacharides., The non-farmentors were left tc grow
in th=z presence of the yeast extruct for s=verzl days,then transferre? to
ferxentation tubes, The cells ware now found to rossess ths ability to
ferment one or nmore dissacharides, Some of the transforre? yesst retained

the acjuired =bility following sub-culturing 20 times, whils other could

no longer ferment after being re-inoculsted only a few times, On the ta-sis

e

of exneriments with added RNase, DNase, or nrotsinusses, the suther treliesved
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that the ->srmanent transfermation rasulted from ingestion of DHa, *hier=as
th> temporary or v<eudo-transform:.tions were RNa induced. The latter ca=e
resembles the specific RNa induced Cu? resistance in Saccharonyces,

The Szccharcmayces mutants at the adenine loci czn te cenvenl=ntly
utilized as = means of uassaying yeast evtracts fcr renetic transforming
activity, The zdenine requiring yeast cells, vhizh sre red, may *2 mixed
with sxtracts from the white, adenine independent cells, and plated on
adenineless media. Transformed cells will 2ive rise tou colcniss on the
adenineless plates and, further, the coloniss which represent transforma-
tions will appear a2s white and not red.

Genetically th2 adenine mutznts have been rather thoroughly
investigated, and crossover frequencies betwes2n loci and within loel measurad,
In &ddition, tha metabolic vathways involved in red vigment formation snd
adenine biosvnthesis have to somzs extent been established. 1In contrast,
in the copnper resistant mutants of yeast (40), neither the genetics nor
the physiclogical rrocesses involved sre clear, In the dissacharide utilizing
mutants of yeast (43), quantitative analysis for transfcrmations are diffi-
cult because fermentation measurements are required,

Extraction of nucleic acids from yeast cells proved difficult
and detergent extraction of acetone rowders yieldsd less than 107 of the total
nucleic acid present, Similar low yislds were renorted by Oprenocarth (43).
However, he was later ah®le to increase ccnsiderably the amount of nucleic
zcid obtained by using the gut juice of Helix pomstia to preduce j2ast

protoplasts. From the nrotorlasts DNa and R4 coull he extruzcted in high

yields.
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PART II. STUDIES ON ADENOSINE DIPHOSPHATE SULFURYLASE

1. INTRODUCTION AND REVIEW OF LITERATURE

Mononucleotide acid anhylirides are usuzlly biozynthezized by
the pyrophosphorolytic cleavuage of & nucl=soside triphosphizte, Thus the
biosynthesis of the mirad =zcid anhydriie adenosine —5'-nhcoanhosulfate,
APSZ, has been shown to be linked to the cleavaze of rpyrorhosrhate from
aTP. In adiition, howeaver, Roblins and Lipmann (4.) have reoorted the
phosphorolysis of A4PS with the resuvltaznt ferz:tion of aDP - in the reverse
reaction phosphate would ba cleaved frem aDP and &PS synthesizad. Syn-
thesis ¢f aPS by this reusction mechanism therefore would represzent an
unusual mode of fermation of nuclecoside acid anhydride, The reaction is
of further, more r2narul interest in that tha enercy used to drivz the
raaction in the Adirection cof aPS synthesis wculd have to be Aderived not
from the phosphate bond en=rgy of TP tut from that of aDP.

It was the purpose of this study to measure the 4DP sulfurylasa
reaction in the direction of 4PS synthesis. Tr= enzimatic cleavuge of Py
froem &DP in the present cf I.IoOZ2 was uttilized as &« meens of assay for
the raacticn in this direction., Molybdate ion has been demonstrated to

substitute for sulfate ion in reacticns cetalyzed by aTP sulfurylase (45).

ae The Fermation of acid adenylates
among the mononucl=otide zcid anhydrides trose of av'P (the
acid adenylates) varticivate most freguently in biochemical reactions,

In zdiition to the phesvhoric cr pyrophosrhoric zcid adenylates (aDP, oTF),

— - . ——— . m m e . - - —- - e - - ® - -

2The followins abtreviatiors ara used: sPS, sdenosine-5'-
rhosrhosulfate; PaPS, 3'-phosrhoadanosine-5'phosrhosulfate; PP, pyro-
rhosphate; P3, orthophosphate; PPase, inorganic pyrophosphatase; »TP,
adenosine triphosphate; A4MP, adenosine mcnophosphate; Tris, tris
(hydroxylmethyl) aminomethane; EDT4, =2thylenediaminetetraacetate,
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within the last ten years a large variety of mixed acid adenylates, function-
ing as important metabolic intermediates, have been described (46). In the
formation of the mixed acid adenylates inorganic pyrophosphate is split

out from ATP and the reaction sequence is:

I, ATP + anion -s——————xacid adenylate + PP

Such a pyrophosphcrolytic reaction was demonstrated by Berg (47)
as occurring in the activation of acetate. In the presence of enzyme he
found that acetate was required for laebeled PP exchange and that synthetic

adenyl acetate could be pyrophosphorylized to form ATP, Thus:

gy

II. ATP + acetate =————— adenyl acetate + PP

Study of reaction II with 0]‘8 has established that the oxygen of the acetate
is transferred to the phosphate of the adenylate and has permitted the

formulation of the reaction as follows:

III,
0
o) + 18
adenosine-0-F=0-P-0-P-0 =adenosine-0—g-o —g—CH3 + PP
o- 0 0
0l8
CH;=C=0

in which the oxygen of the acetate makes an attack on the first phosphate
of aTP (48). If the same reaction mechanism is applied to the sulfate
activating-pyroohosphorylase r=action, then the formation of APS would

occur as shown in IV,

1v,
308 0d 0.8
adenosine-O-.-O-.-O-.—O ‘_=—_,——adenosine-0-§—0-l=0 + PP
0"> o 0 6- d-
.9
0—§-0-

0
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In this reaction the anionic attack is belisved to involvs an enzyme-
magnesium-sulfate comonlex (49),

(1.) Sulfuric_acid adenylates: 4 sulfuric adenylic acid anhydride
was first described in 1955 by Hilz and Lipmann (50). The mixed anhydriie
was tentatively identified as aPS and postulated to serve as the sulfate
donor (active sulfate) for the esterification of sulfate with phenol. In
subsequent work, however, Robbins and Lipmann (51) established that active
sulfate was not APS but adenosine-3'-phosphate-5-phosphosulfate, PaiPS,

The metabolic relation between APS and PAPS was established by the elabora-

T AR YR seww .-N—__.w‘ ;
!

tion of the reaction sequence involved in their formation., Wilson and

Bandurski (52) and Robbins and Lipmann (53) showed that the reaction EJ

V. ATP + SOT2 =————= 4PS + PP

4

is followed by a second reaction
VI. APS + aTP == PaPS + ADP

which results in the synthesls of active sulfate, PaPS. The first reaction

is catalyzed by ATP sulfurylase and the second reaction by aPS kinase,
During the course of separation of the ATP sulfurylase and APS

kinase enzyme, Robbins and Lipmann (44,53) obtained a third enzyme which

catalyzed the reaction

-2
4

VII, APS + P; s=—=======2,DP + SO

The enzyme, ADP sulfurylase, was purified threefold from yeast sxtract and
freed of ATP sulfurylase, Aactivity determinations were made by incubation
with synthetically prevared APS (54) and measuring P; disapoearance, with
checks on aADP formation by electrophoresis or chromatography. While Robbins

and Lipmann have not investigated aDP sulfurylase extensively, they have
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reported it to be unstabls and to require no added cation activator,

(2,) Blosynthetic reactions involving ADP: At the present time
only two classes of enzyme catalyzed reactions are known in which a synthetic
or endergonic reaction is couplad to cleavage of phosphate from ADP (or
other dinucleotides). They are the synthesis of polyribonucleic acid and
the phosphate transferring reactions catalyzed by nucleoside monophosphate
kinases, The formation of APS from ADP may serve as a third example of
an 4DP coupled reaction; howesver, as yet, this reaction has not been con-

clusively demonstrated, In RNA synthesis, the enzyme polynucleotide phos-

phorylase discovered by Ochoa (55) catalyzed the reaction:
VIII. x-P-P ————== (x-P)_ + nfi

in which x revresents a nucleoside, In this reaction the cleavage of a
phosphate is followed by the formation of an ester bond,

The nucleoside monophosphate kinases can be considered to cata-
lyze the transfer of phosphate from a nucleoside triphosphate to a nucleo-
side monophosphate; or, in the reverse reaction, to catalyze the attack
of one nucleoside diphosphate on another to yield one molecule of nuclsoside

monophosphate and one moleculs of nucleoside triphosphate (56):

Nuclesoside-A triphosphate + Nucleoside-~B monophosphate

Nucleoside-A diphosphate + Nucleoside-B diphosvhate.
The earliest known nucleoside monophosphate kinase reaction is that cata-

lyzed by the aTP-AlMP kinase, adenylate kinase (originally termed myokinase)(57):

IX, 2 ADP s=====2uMP + ATP

in which only adenine nucleoside phosphates are involved,
(3.,) Sulfurylase reactions with molybdate: Work by Wilson and

Bandurski (45) has established that other group VI oxyanions, in addition

Il ey o oxw oxawm —e—'
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to sulfate, can serve as substrates for ATP sulfurylase, The substitution
cf MoOZ2 for SOZ2 was found to lead to a much greater PP release from aTP,
and consequently could serve us a convenient means of assay for aTP sulfury-
lase,

assuming that MoOZ2 would also serve as a substrate for aDP

sulfurylase, the reaction

MOOZ2
X.  ADP —> WP + Py

in which the anionic attack on 4DP is made by molybdate, would be exp=acted
to occur, In this thesis, MOOZZ was used and Pj relsase measured to assay

for 4DP sulfurylase activity,

B. 1Inorganic Pyrophosphatase

Yeast pyrophosphorylase hydrolyzes the acid anhydride bond in
pyrophosphate and liberates two molecules of Pj for every molecule of pyro-

phosphate hydrolyzed:

X1, PPe—————2 P

The enzyme is specific for inorganic PP and will not hydrolyze other PP
linkages, Bailey and Webb (58) prepared highl& purified yeast PPase

and found the presence of !Mz*? essential for activity, while Ca*?, Mn*?,
and Zn*2 were inhibitory in the presence of Mg*z. Divalent magnesium was
required as an activator in the yeast PPase preparations of Heppel and
Hilmoe (59). Kunitz (60) has crystallized yeast PPase and found in addi-
tion to Mg+2 activation a slight activation by Co*? and Mn*2. 1In rotatoes,
Nagawa, et al. (61) report the occurrence of an acid and an alkali FPasse
(pH optima of 5 and 8,5), The acid PPase is not activated by Mg+2 but not
inhibited by Moozz. In either case no activation is obtained by Co+3,

Mn*t2, or In*2,
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2, MATERIAL AND METHODS
Pyrornhosphatase: Yeast PPase, preparei by the Heppel and Hilmose

method, was supplied by Dr. Lloyd Wilson,

Preparation of adenosine phosphosulfate. APS was synthesized

by the method of Baddiley, et al.(54), 400 mg of dry pyridine - SO3 complex
(prepared by Mr, Craig Squires) was slowly added with stirring to 200 mg
AMP and 350 mg NaHCO3 contained in 5 ml of water, The resulting reaction
mixture was stirred for 10-20 minutes at 42°C,

The yi=ld of APS was estimated by paper electrophoresis of a
small quantity of the reaction mixture at 1-2° in M/10 pH 5.0 acetate
buffer., The nucleotide spots located by their uv absorption, were cut
out, eluted with water for 1/2 hour at 50-60°, and the concentration of
nucleotide determined from optical density readings at 260 m M (62)., Yields

of APS were obtained corresponding to about &,5% of the A4MP supplied.

JIsolation.of _aPS. Previous attempts in this laboratory to isolate
aPS by means of the formate column described by Baddiley were unsuccessful.
The descrirvtion by Brunngraber (63) of the isolation of PAPS by NaCl elution
from 2 Dowax-1, chloride column, led to several unsuccessful attempts to iso-
late APS on ion exchange columns of this type. A4 new method for separa-
tion of nucleotides was sugzested by the reported use cf ion exchange resins
in determinations of stability constants of cation-nucleotide complexes
(64). 4poroximately 2 grams of 200-400 mesh, 10% crossed linked, chloride,
Dowex-1 resin was formed into a 7,5 x 1 cm column, From 1) to 100 wmoles
of nucleotide in 20 ml of water were put on the column &nd eluted with a
solution containing ,005 mole MnClp, .05 mole of NaCl, and ,01 mole oH
8.2 tris-HC1 rer liter, The strength cf the cation nucleotide complex de-

pends on the length of the phosphate chain in the nucleotide, and dinucleotides

r.-_4
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form Mn-comnlex=s which are less strongly absorbed to the exchange resin
than those of mononucleotides, The Dowex column described was capable of
separating aDP, which was eluted first, from admixed «MP. However, it was
ineffective in separating aPS from «MP because of the rapid hydrolysis of
aPS, apparently catalyzed by Mn ion, Small quantities c¢f APS could be
separated by use of a ccntinuous flow electrophoresis apraratus built by
Mr, Robert Hamilton, Separation was accomnlished by apolying s«PS reaction
mixture by means of a wick onto a hanging curtain of Mhatman #3 paner.
M/20 o 5 acetate was employed as a solvent and a field strength of arrroxi-
mately 14.3 v/cm arplied for 24 hours, while the apparatus was kept in &

10 cold room, The urper edges of the curtain were serrated to nrovide a
slower flow of solvent., The APS fraction was adsorbed on charcoal and
eluted according to the method givan by Baddiley (54). alcohol was removed
from the eluate with a flash evavorator at 50° and the remaining solution
freeze-dried in a lypophil apparatus. a mixture of 4.2 oM APS and 4.6 pM

AMP was obtainad,

Determination of Orthoprhosphate., The method of Fiske and

Subbarrow (65) was used to determine inorganic phosphate.

Estimation of nrotein. Samples were diluted with M/2 KCl and
sha%en with zn equal volume of 5% trichloroacetic acid, The rezulting
turbidity was measured in a Klatt-Summerson colorimeter with a #5/ filter

and compared with crystallized bovine serum albumin as a standard.

Sulfurylase assay. Sulfurylase activity was determined by
measuring molybdate stimulated release of Py. The reaction mixture cor-
tained 50 wmoles tris-HCl buffer, oH 7.5; 4 pmoles NaZMOOA, 0.3 pmoles

EDTa; 2 wmoles of either l47Cl, or other cation as spacified, 2,0 gmolzs aDF

[pﬁ?_:r- T .-..-“'_..____H
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or «TP, and enzyms in 1 totsal volum2 of N,50 ml, Purallel tubas were also

run without addition of molybdate, Incubation was fcr 60 minutas at 379C.

Preparation of enzyme, Twelve grams of baker's yeast were sus-

- w-————

pended in 100 ml of ,01 M pH 7.5 tris-HCl containing ,001 M EDTA by grind-

ing in a porcelain mortar., This suspension was then stirred at 14,000 r.p.m,

in a high speed mixer for 10 minutes with 35 grams of 200 p glass beads.
The extract was centrifuged, frozen, thawed, filtered through silk and
centrifuged again at 22,000 x g for 10 minutes, The supernatant liqguid
was dialyzed for 20 hours at 1° against two one liter portions of ,005 M
tris-HC1l, .,0001 M EDTA, A small precipitate was removed by centrifugzing

for 10 minutes at 22,000 x g, and the supernatant liquid saved (stage II).

Heat precipitation. Dialyzed extract was heated to 49-50° while

being stirred, kept at this temperature for 2 minutes, then cooled in an
ice bath, The suspension was frozen, thawed, and centrifuged at 22,000

x g for 10 minutes (stage III). Loss of activity occurred quickly at
temperatures above 50°, and only 15% of the activity present after heating

at 49° was obtained followingz heating to 53°,

Acid precipitation. Portions of the heated supernatant fraction

were dialyzed acainst acid buffer sclutions. Dialysis was done against
250 volumes of 0,2 M acetate, 0,0005 M EDTA tuffer of the appropriate pH

at 1°, After 3 hours the suspension was removed from the dialysis bag,

and centrifuged st 22,000 x g for 10 minutes. The precipnitate was dissolved

in a volume of M/10 pH 7.5 tris-HCl equal to the supernatant volume, The
pH of the supnernatant was recorded and found to range from 0,05 to 0,10

pH unit higher than the oH of the dialysis buffer employed.
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Enzyme fractionation. Table 5 summarizes the en7yme fraction-
ation, One unit of enzyr= activity is 4-fined as the amount of enzime
which »roduced one wmole cof inorganic nhosphatz from «DP <han incubated
in the pnresence of Moozz at 379 for one hour. &ll the fractions obtained
had rreater activity with TP than «DP. In addition »H precinitations

were made at several other nH values at which the concentration of nrotein

present was not measured. The activity of these fractions is given in Table 7.

—

3. RESULTS

4, Release of Phosphate from »DF

An enzymatic release of rhosphate was observed when ADP was

[ e R e

A

incubated with dialyzed yeast extract, Figure 1, The incrsment in Pi
liberation obtained by addition cf molybdate irdicates the amount of sul-
furylase activily present (45).

Electrorhoresis of the incubation mixture demonstrated the presence
of adenylate kinase in the enzyme prepzrztion, Upon electrorhoresis al'P,
aDP, and aTP spots of apnroximately equal size #were ottzined, Furthermcre,
the incubation mixture was demonstrated to have PPase activity, Therefore,
the relative contributions of aTP sulfurylase and vossible a«DP sulfurylase
to the release of Py could not be determined.

The effect of cations, The release of Py from aDP through the
action of aTP sulfurylase is dependent upcn the presence of adenylate kinase

and PPase in addition to the sulfurylese enzyme, The fcllowing series of

reactions are involved:

X11I. a, 2 AWDP =——=—=——= 4TP + aMP

-2
MOOA
be aTp ———————> 4P + PP

Ce PP£=========;2Pi
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Figure 1

Phosphate Liberstion from ADP
A3 & Function of Enzyme Concentration
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4

in which b.is rrobably a two step reaction invclving an unstable AHP-MOOE

mixed acid anhydride, The raquirement of mg+2 by PPase for high activity

sugzested elimination of magnesium icn from the incubation mixture micht

serve to orevent liberztion of Pj through the aTP sulfurylase route, The
-2

reacticn 4PS + Pi————»ADP + SO4 is reported to rroceed viithcut the zddi-

tion of any cation (Z4). In measuring the reverse rsaction rith mclybdate:

-2
XII1. 4DP + HoQ, — aMP + Py

with the dialyzed yeast extract, used in the study reported on in this
thesis, no arrreciable release of P; occurred in the absence of a cation,
The effect of no added cation and of several different divalent cations
on P; liberation from «DP and 4TP is shown in Table 6.

Substitution of Mn*t2 for Mg*? in the reaction mixture would be
exrected to reveazl the presence of 4DP sulfurylase. &ilso, the removul cof
any one of the enzymes shown in equations XIla, XIIb, or XIlc from the enzyme
fraction beins assayed would nrevent Py release by the aTP sulfurylase route
and permil the measurement cf Py literated by 4DP sulfurylase. accordiraly,
tha enzyme preparation was fractionatesd at different vH values ani gszuayed
in the presence of Mg+2 and Mn+2, &DP and aTP, All the fractions show very

similar ratios of &DP to «TP activity with either Mn+2 or Mg+2, Tzble 7,

B, Divalent Zinc Activution of Phosphate Release from Fyroohosphate

Comrarison of the PPase activity of stage IV enzyme and yeast
PPase prerarad by the Hippel and Hilmoe method in the presence cf Aifferent
activating cations disclcsed &sn unexpected Aifferance, Tatle &  Both are
highly activated by Mg+2 and slightly activated by Mn*2 - in agreement with
the cation requirement of crystalline PPase (61), But PPase vrevared by

the Hippel and Hilmoe method shows only a slight activation by zinc, wher=as

’ .
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TABLE 6

Effect of Divalent Cations on Phosphate Liberation

Nucleotide and Cation Micromoles Phosphate
added Released
4DP Mg+? 0440
ADP Mnt2 0.21
ADP 2n*? 0.23
aDP None 0,05
ATP Mg*+2 0.71
ATP Mn*+2 0,51
ATP 2n*? 0.55
ATP None 0,07

Assay conditions as described for sulfurylase assay with nucleotides and

cations as indicated: 0,003 ml (90,Ug) dialyzed enzyme,
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TABLE 7

Phosphate Release from ADP and ATP

with Mg*2 or Mn*2

Micromoles Phosphate per Tube

Enzyme ]
Fraction i
ADP ATP

Mg /Mn Ratio Mg /Mn Ratio !

]

i

Stage III ;
50° supernatant 3.52/1,0 3.52 5.62/2,8 2.02

Stage IV

pH 5.5 supernatant 2.48/0,98 2.53 5.,84/3.02 1,93
pH 5,5 precipitate 0,86/0.20 4630 1.02/0.64 1.59
pH 5.4 supernatant 0,92/0.36 2,56 1,20/0,76 1,58
pH 5.4 precipitate 2.40/0.48 5,00 6.04/2.32 2,60
pH 5.2 precipitate 2,72/0.46 5,91 6.20/2,3 2,7

Conditions as described for sulfurylase assay, Mg+2 or Mn+2, and

.05 ml of enzyme fraction indicated.
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TABLE 8

Phosphate Libera
in the Presenc

tion from Pyrophosphate
e of Divalent Cations

Enzyme
Cation
' PPase Stage IV Enzyme Fraction
pmoles Pyronhosphate Liberatsd
Mgt 2,02 2,04
Mn*2 0.18 0.23
In*2 0.30 1.92
None 0,06 0,07

Each tube contained in umoles:
EDTA, 0,3; cation, 2,0; and ei
or PPase in a total volume of
60 minutes,

tris-HC1, pH 7,5, 50; NaoMoO,;, 5;
ther 65 ug of stage IV enzyme fraction
0.5 ml. Incubation was at 37°C for

fynie m—— e
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stage IV enzyme exhitbits a hirgh Zn*? activation. The staze IV enzyme shows
no phosphatase zctivity on aDP or TP (ir th= ahsence of Moozz). Thus

the presence of a y=ast FPase is susgested, which may bte differentiated
from the previously reported pyrorhosrhatzses on the tasis of its activa-

tion ty divalent zinc,

4. DISCUSSION

The reaction 4PS + Py —>ADP + SOZ2 catalyzed by ADP sulfury-
lase is known to occur (44), although it has been only investigated briefly,
The writer wished tc study the aDP sulfurylase reaction in the opvosite
dirsction, ADP + Sozg————4> 4PS + Py , by use of the molybdate assay (45).
Since Mooz2 has been shown to suhrstitute for SOZ2 in the reasgion catalyzed
by aTP sulfurylase, the cccurrence of the reaction aDP ——!Efuh—bnMP + Py
would be considered to demonstrate the presence of 4DP sulfurylase, A
Moozz dependent splitting of Pj from oDP was measured; howsver, a larcer
amount of P; was relezsed from «TP than from aDP with every enzyme fraction
assaye=d.

-2
ADP incubated with McO, and yeast extract may undereo tre

reactions shown in Figure 2,

Figure 2, Reactions of &DP, aTP, and lMclybdate

ADP AMP + PP

1 7

2 Mo 4
.
AMP+ATP AMP 2P

Reaction (1) is catalyzed by adenylate kinase, (2) by TP sulfurylase,
(3) by PPase, and (4) is that postulated for «DP sulfurylase.
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Starting with «DP it is avidert that Pj ray be relsased by aDPF sulfurylasze;
cr phosphate may te released by means of an aTF sulfurylase rcute.
The ratio ¢f molybduate stirulated nhosohate relezse from aTP ard &DP weas
cenerally about 2:1 in all anzyme rraecaraticns. Fractionsticn of the enzyme
vreparation by dialysis agzinst buffers of different rH values, in zn &t-
temect to sevarate aTP sulfurylasa, PPase, or adenylate kinase from voscitle
oDP sulfurylase, failed to change arprecisbly the ratio of P; releas=d from
the two nucleotides, Substitution of Mn+2, an ion which is a poor activetor
of PPase, for Mg+2 was regularly employed in an attempt to demonstrate «DP
sulfurylase activity, but manganese decreased arrroximately oronortionately
the release of Py from both «DP and ATP,

Thus, in yeast extracts, MoOZ2 does not bring about the reaction
ADP + MoD; ——> AMP + P; indiceting either the failure of Mo0; to
substitute for SOZ2 or the irreversibility of aDP sulfurylase, While in
theory all reactions are reversible, many in fact are effectively irrsvers-
ible because they do not proceed to any appreciable extent in one direction,
The &DP sulfurylase reaction has previously been measured only in the direc-
tion of the phosphorclytic attack on APS (44,53,66). Th= rsverse reaction,
aprlying the reaction mechanism which has been postulated for the formation

of nucleoside acid anhydrides, is devicted as:

XIV.
Q
adenosine —0-?—0-?—0-—————-——4> adenosine—o-?-0-§=0 + Pi
0"\ O 0~ 07
0
.0_$=0
0-

and this reaction would te unique in that no other enzyme catalyzad reac-
tion has the formation of a mixed mononucleotide acid anhydride tsen demcn-
strated to be coupled with the cleaavage of a high energy rhosrhate of =z

nucleoside dirhcosphate,
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Tha writer was nct successful in serurztinz «PS from aDP ty

means of ion exchangs columns; but with Mn*?

used &3 an =luant aDP can

be displaced from a cation =xchange column ahead of admixed ailP., Under
the same conditions a hydrolysis of aPS occurs, nrobably catalyzed by the
mangznese ion, Continuous flow electrophoresis, while converient, can te
used only fcr servarating small quantities of aMP and «PS,

Yeast inorcanic ryronhosnhatase 1is rerorted to be chiefly acti-
vated by Mg+2, with slight activation by in*? and Co*? (60). a pyro-
phochatase activated by zine ion has not beean reported. The Zn+2 activated
releass of Py from inorganic pyrophosphate, which was reported on in this
thesis, with pH 5,5 supesrnatant enzyme is therefore cf interest, This y=ast
enzyme fraction catalyzes only small amounts of Py release from PP in the
presence of Mn*z, but catalyzes much gresater amounts in the cvresence cf
Mz+t2 or Zn*?, Although a zinc activated PPase is thereby indicated, the
extract has not been fractionated furthar with the ourpose of separating
2n+2 deperdent activity from Mg+2 dependent activity,

Very recently “chlesinger and Coon (¢7) also reported a yeast
pyrophosrhatase rrapar:ztion hich catalyzed the release of Fj from PP with
either Zn ion or Mg ion as the activator, Furthermcre, they found that

the same preparation possessed nucleotidase activity; however, nuclectides

ware hydrolyzed at a very much slowsr rate then was inorzanic vyrorhosphate.

b




SUMMARY

I, Th= deoxyribonucleic acid (DNa) mediated genetic transforma-
tion of bacteria was discoversd over 15 years azo., There have also heen
some reports of the arparent genetic alteration of bacteria and yeastshy
ribonucleic acid, Transformations by DNa have not been demonstrated to
occur in other organisms with the exception of the recent report of
Cprenoarth's on ysast transformation (43)., In the writer's exverimants
the zenetic transformation of yeastswas attempted utilizing adenine mutants

of Succharomyces, The results of a single exneriment are reportad in which

adenine requiring cells were tre=ated with a crude axtract of adenine inde-
rendent cells, The treated cells, shaken for ? hours with the crude ex-
tract, showed a greater number of cell reversions to adenine indenendence
than those not so treated, These preliminary results suggest tkat for further
axpsriments on ysast transformation, the mutants at ths adenine loci in

Saccharcmyces may nrove useful, The adenine dependent, red ricmented mu-

tente may be treated with extracts from the white, zdenins requiring proto-
trophs, plated cn aderineless medium, and the colonies appearing, which
represant reversions to adenine indenendence, counted after only a feaw days
incubation, 4s a further check, the colconies which represent reversions
or transformations must be white and not red.

& procedure for extraction of nucleic acids from ye=astsis described
in which an aceton» nowder in a sodium chloride - sodium Jodecyl sulfate
solution is stirred st a high speed with glass beads. Following remcval
of orotein, the extract cen bs eanriched in deoxyribonucleic acid by rre-

ciritating ribonucleic acid with a calcium chloride solution,

11, adenosine dinhosnhate sulfurylzze hzs teen ranorted to cccur
in yesst a2nd to catzlyze tha2 thosvhorolysis of =zdenosine nhesrhcmulfate (aPS)

33
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to zdenosine dinhcsohate (.DP) an? inorsanic sulfats,
&.,) aPS + P, ———>&DP + SOZ2

The present exreriments wer=z desicned to test for tha cccurrence of the

back rsaction by makins use of the ability of molybdate to serve as an

analog of sulfate, Since the resultart nhosphato-molytdatae comround might

ha avrected to be unstable the reaction expected was:

2 S uP + P, + MoOZz

b.)  wDP + lcOy
although & molybdate dependent enzymatic cleavage of P; from «DF was ob-

tained, a still larger release of P; occurred whenever the snzyme fractions

were incubated with ATP, In the presence of adenylate kinase, pyrcrhos-

'l':““_—" T e T’n—w

phatase, and &TP sulfurylase, phosphate can be relsased from aDP, It was

not possibla to eliminate this means of Pj release from sDP by the substi-
tution of manranese ion for magnesium ion nor could any of the thrse enzymes
be removed from the enzyme preparation. Thus the ability of 4DP sulfurylasse,
frem beker's yeast, to catalyze reaction b could not be established, indi-
cating eithar the failure of MOOZZ to substitute for sulfate or the irre-
versibility of aDP sulfurylasse,

During the course of the experiments a divalent zinc ion activated
enzymatic release of phosphate from inorganic pyrophosphats was observed.
The presence cf a yeast pyrophosrhatase is therefore sugcgestsd which may
be differentiated from previously reported ryrorhosphatases on the basis

of its activation by divalent zinc,
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