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Report of Dr. Avery (assisted by Drs. Hotchkiss and Taylor)

Studies on transformation of pneumococci. In order to

demonstrate the transformation of pneumococcal types, the {following
minimal requircments must be supplied: (1) pneumococci of a compstent
R strain inoculated into {2), a medium adequate for growth, containing
(3) anti-R agglutinins, (4) a factor contained in serous fluids, «nd in
addition (5) a specific transforming principle. A proportion of the
pneumococci growing in this system are found to be in ths smooth phase,
which hav: been "trensformed" to the specific sarological type that had
served as source of transforming principle. It has been the objective

of recent work of this leborutory to achieve maximum definition of the

‘chemic:l and biological nature of these five factors, and the mode of

their interaction.

In recent studies progress in this direction has boen made by
the application of two principles: First, in ths dstailed investigation
of any single fector, this éomponent is mede the limiting one in the
system by. supplying the other four components in the optimal form ond
quantity insofar as this is knowm. Secondly, the success of transforma-
tion is judged semi-quantitatively by observing the rate of eppsarance,
and quantity, of the transformed cells produced. These principlss have

made it possible to assess on a quantitative basis the effect of chemical

procedurss end treatments that are reflected only ambiguously in an all-
or-nons end point titration. This approach has led to cortain findings
which will be discussed first in terms of the transforming principle,
then of the serum factor, and finally with respect to the interaction of

thess two factors.




Chemicel nuture of the tronsforming principle (Dr. Hotchkiss).

Although previous work of this laboratory has strongly indicated that the
purified transforming principle of pneumococcus is & highly polymsrized
desoxyribonucleic acid, chemiczl charccterization of ths matericl wis
still in meny ways incomplete. Chemical analysis has thzrefore been
updertaken of an initial concentrate (containing ¢oproximately 300 milli-
grons of the finelly purified material) representing a pool of several
lots of active transforming matericl derived from 225 liters of Type I11
sncumococcus culture. The meterizl wes investigated throughout, and
especiully ¢t the loter stuges of o rather extensive purification pro-
cedure.  The cnalytical data are fruitful in suggesting further possi-
bilities for purification, but they will be summarizad insofer eas they
have throvm light on ths noture ol the material.

The purified material finally reocoversd shows activity at
0.01 pg peor cc., and 0.07 ug per cc. is epproximately the level which
consistently gives transformation in 50 percent of the tests in a system
optimum in other respects. It is of especi#l interest that du¥ing the
treatments which this active materisl hes received, its amino acid
content {determined by & method to be described later in this report)
has steadily fellen until less than 0.5 percent of the nitrogen present
is amino acid nitrogen. Although a pfotein material of exceedingly
high activity might still be present, it appeuars quite unlikely that
non-specific fractionation procedures which are successfully removing
protein matericl in general should simultaneously be causing enrichment
of o hypothetical-active protein. In ths last stage of the purifica-
tion, the cmino acid content was reduced by one half. Accordingly,

while awaiting further development of this work, it is possible to state
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definitely that a highly active purified trensforming principle contains

not morec than 0.6 percent of its weight of protein, and gives promise of

being rendered still more neariy free of a proteinaceous constituent.
Other analytical data indicate that certain steps in the

purification zre highly effective in removing inert material, Total
nitrogen, orgcnic phosphorus, and ultraviolet-absorbing constituents are

removed ropidly during treatment with ribonuclease, and then fcll more
slowly toward an apparently steady vzlue during many reprecipitations.

As should be expected, the nitrogen-to-phosphorus ratio demonstrates
neither sensitivity nor reliability as an indication of protein content,
but fluctuctes considersbly during the processing. In the final product,
however, this ratio does have the vclue 1.72, close to the "theoretical"
value 1.69 calculated for & desoxyribotstraenucleotide.

In contrast to the constituents just mentioned, desoxyribose
wes but little diminished during the purificution process, nearly all
of that present in the original crude prepar~tions being found in the
highly purified product. Furthermore, the greatly diminished levels of
nitrogen, phosphorus and ultroviolet-absorption which remain now bear a
ralation to the desoxyribose content. However, therratios aré not in
ell cases precisely thé same as those of thymus desoxyribonucleic acid.
In particular, the ultraviolet-absorption per unit of phosphorus is
about 5 percent lower than that of the thymus preparation.

Present conceptions of the nature of nucleic acids cre of two
divergent kinds. On the one hand,.it has long been stated thot all are
polymers of one of two simple structures, jrrespective of source. Either
thqy are composed of units conteining one residue each of adenine,

guanine, cytosine, andé uracil combined with four ribose end phosphate




residues; or they have the desoxyribonucleic structure macde up of one

rzcicdue each of adenine, gusnins, cytosine and thymine, with four desoxy-
ribose and phosphete groups. Contrasting with this view is the opinion
that, for example, desoxyribonucleic acids from biologically different
sources possess structures choracterictic of their sources, differing
quantitatively and perhaps even qualitatively from the composition of the
clussical structure. This lotter view cderives its support from a few
observations of ratios of purine boses deviiting materially from the
"theoratical" and in one or two reports of the discovery of unusuel bases
in nucleic acid vreparations. Also, tho conception that the pnsumococcus

tronsformning principle is essentizlly a desoxyribonucleic acid implies

the corollary that even euch such preparation from a distinct ssrologicel
type of pneumococcus musi hive « unigue chemical, or physical, structure.
fnalyses of nucleic acids othsr then those from yeast and calf thymus,
however, have been too scattercd and incomplets to furnish coavincing
evidence for either of ths opposing views.

Vith the aid of a new analyticuzl tool to be described below,
it has been possible to determine quantitatively the individual purine
end pyrimidine bases of the various preparations used in this work.
"Profiles" of three of them afe represented in the accompanying figure.
It may be noted that purified transforming principle, like calf thymus

desoxyribonucleic acid, contzins gusnine (and a-guenine: sse below),

cytosine, acenine, and thymine. Cruder material, on thes othsr hand,
contains also urscil, andé has 2 much smaller proportion of thymine. Most
significant of these preliminary analysss zppears to be the abnormally
high content of thymine, one which clearly indicates that at least a

porticn of the pneumococcus transforming factor must contain two or more
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thymine recidues per tetranucleotide Munit," a definite departure from
the classical structure. This pyrimidine may in part take the place of
some residues of adenine, e purine base, and of cytosine, both of which
apoear to be appreciably below the "theorstical” level. The lower
content of adenine and higher content of thymine, a base of lower ultra-
violet absorption, probably sxplains satisfactorily the low absorption

per unit of phosphorus shown by this nucleic acid as compared with the

thymus preparation.

In terms of total base recovered, it may be noted from the
figure that uracil, a constituent typicel of ribonucleic acids, is com-
pletely removed during purification. Calculations show further that
adenine and cytosine are reduced during purification, but reveal the
noteworthy fact that all of the thymine present in the original material
is recovered in the purified preparation.

In summery, these findings force one to the conclusion that the
effective steps in the purification of pneumococcus transforming prin-
ciple are steps which remove proteins and ribonucleic acid, and retain
slmost without loss the desoxyribose and thymine of the origihal materiel.
The final product is a desoxyribonucleic acid containing typical con-
stituents, but differs from the classical calf thymus desoxyribonucleic
acid in having more thymine, less adenine, less cytosine, and lower
ultraviolet absorption per unit of phosphorus.

Chemical methods for the study of nucleic acids (Hotchkiss).

Two methods which were developed for the study, the preliminary phases
of which have just been summarized, are sufficiently unusual to require
some description.

First, the assay of small amounts of emino acids in nucleic
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acid osreparations is complicated by the fact that adenine partially decom-

poses to give glycine when heated in acid solution. This side reaction
has been controlled by precisely fixing the acid concéntration, tempera-
ture, 'nd time of hydrolysis in an sutoclave. fAdzninz in all its usuel
compounds behrnves ocuantitatively identically since it is very rapidly
liberited ac free base. The other purines and pyrimidines do not give
rise to cmino acids. Undor suitabls conditions only 0.5 porcent of the
nitrogzn of an ordinary nucleic acid is converted to glycins. Using the
aclual adzning contant of the nucleic acid preparation s a bcsis, an
neccurate correction for the cmino acid liboratad from adenine can be
anplied to the total amino zecid detarmined by the Ven Slyke ninhydrin
procedur:.

vzeondly, and of far mor: general intefest, a peper chromato-
graphic method has boen daveloped in this laboratory which makes possible.
the quantitative determination of individual purine and pvrimidine bases
in a hydrolysitz of one or two milligrams of nuéleic ccid.  Brizfly, es
in amino acid chromatography, a moist organic solvent is czused to flow
evenly along & strip of filter papsr becring at one spot the mixture to
be analysed. It is found that a bass the solubility of which in the
organid solvent is high, relative to that in water, trgvals as & well-
defined spot in the moving solvent, and travels mors rapidly ths highoer
its solubility. After a suitablcz timz, ths paper contains scparatzd
narrow bands of individual, highly purified purine and pyrimidine bescs.
Thes: substences are detected by virtue of thoeir ultraviolet absorption
at 260 millimicrons. Bxciszd segments of ths peper strip ar: sozkzd in
watsor and tns solution is exuminad in tha ultraviolst spacirophotomater.

Thz figure alrsady reforred to shows the rosults of thris such analysocs,

R
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in which megnitude of absorption is plotted against position zlong the
paper strip.

This procedure is mors indirsct then the gimple color reaction
by which emino acids are detected, but it has the enormous cdvantaze tha£
it is quantitatlive., In addition, experience has shown that individual
knorm buases rmay bz idgntified positively on the brgis of absorption at a
few sclected wave;cngths. Speetrally osure adenine, urcceil, thymine, and
cytosine hrve been repeutedly isolated from complex nucleic zcids in
thos: regions of the paper strip cerrying meximal absorption. Guenine
cen ©lso be recovered in o virtually pure state in most instances.
Furthermorc, in case¢ th2 positions of two substances on the paper do
overlay to a certain degree, thz individuzl substances may be quanti-
tatively determined in any binury mixture that may bs encountered in
practice. This determinction cen be cccomplished by meking absorption
measuraments et three or four wavelengths so chosen that quentitative
wceuracy is maximel. In addition, specizl advontage is taken of charac-
teristic shifts in absorption occasioned by the addition of alkali. The
total absorption dus to a given base is an accurate measure of the total
umount of that base present in the originsl mixture. R=scoveries from
known mixtures hove been within 10 percent of the theoretical.

Applications of this analytical tool, othsr than that aiready
given, huve appeared curing the testing of the method. The nucleosides,
cdenosine, guanosins, cytiding, and the desoxyribosides of thymine and
guznine have been isolated ac successfully upon paper strips as have the
baszs themsszlves. Partial hydrolysates of nuclzic acid cen bz studied,
and for example, it has bean shovm that on zcid hydrolysis guanine ond

zdenins are most repidly split from yeast nucleic acid, followed by
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urceil ond lostly, cytosine. It is anticipatad that the study of enzy-
matic digests should rsvecl something of th~ structurz of the nucleic
recids, and also th: noture of the enzymatic degradations catalyz2d by the
nucleosos.

Finally, any atypical bases presant in o specific nucleic acid
should bs recognizabla on o pap:r strip chroms togram. The {igure shows
two such basss, "u-gusninz" and "i~cytosine." Thz2 former, judgz=d upon
its rbsorption spzctrum is closely related to guenine, and is tentatively
regardsd os an avtifect formed only in the hydrolysi: of certuain prepera-
tione of nucleic zcid. Its neturc is under further investigation.
‘I-cytosine is clearly releteé to, yet distinct from, cytosine, ¢nd it has
boon obtained reopuatedly ¢s 2 minor constituent of hydrolysates of 2
preperction of calf thymus nuclaic wcid. It has not boen identified with
any known compound as yet, but ths following cuggestive obsarvations
might be mentioned: (1) The graater mobility of u—cytoéine than cytosine
in butyl alcohol suggests alkyl substitution. (2) The sbsorption spec-
trum stonds in the same relation to that of cytosine us the spectrum of
thymine (5-methyl-urecil) doss to that of uracil. (3) Johnson end Coghill
in 1925 cleimad to have isoléted small cmounts of 5-methyl cytosine from
the nucleic acid of the tubercle bacillus. Identification of these un-
usuzl boses which have been revenled on the puper strip chromatogrem is
being sought, sincz it should throw further light on the chemical struc-
ture of certzin nucleic acids.

Biochemical studiss of the sccessory serum factor (Yotchkiss,

Taylor, cnd Avery). In ths przceding report from this laboratory it was
indicated thot serum 2lbumin of bovine or human origin can replace humen

serous fluids as an accessory factor (factor 4 in the list enumercted
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zbove) in the transforming system. This fact did not at first appesar
reconcilable with the observation thzt serous fluids in genernl were of
extremely varizble potency ana that normel sera were ﬁsualxy ineffective.
The activity of serum albumin may, however, be obscured by
certain interfersnces. The effect of excessive umounts of the albumin
itsel? wiill bs ciscussad in a later section of this report. Ancther kind
of interference is found when certain inhibitory substances are added
together with clbumin, Up:ll amounts of lauric or oleic acid cen inhibit
transiorm tion in a system cont:rining [ifty times their weight of elbumin.

It is not known whether the fatty ncids sre themselves toxic or whether

(%]

they combine with the albumin rencering its chemicsl groups uncble to
enter into some othar comtinution escential for transformation. Serum
globulin fractions generully live ¢ similer inhibitory effect not clecrly
due to their content of fotty ccids.

45 w result of such inkibition, normal sera and many propare-
tions of rlbumin zppear to be licking in activity. By fractionstion,
however, active clbumin mcy be recovered from sera which are themselves
inzctive, and the only active fractions are those containing albumin.
Moreover, when serum frictions are tested quantitatively in o transform-
ing system adequate with respect to the other factors, it becomes
evident that further treatment of the albumin preparztions is often
necessary %o bring them to full effectiveness. Treatment with trichloro-
acetic acid, or heating in zcid at pH 2.5 have proved to be useful for
this purposs. These procedures ere such that globulins «nd probably
most low-moleculer contcminants are removed, but the albumin itself is
not noticeubly damaged. Bovine placma albumin, hanted in acid solution,

has bsen udopted as the preferred source of accessory serum factor for
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o system in vhich the zctivity of transforming nucleic acid can b

(&)

quantitatively studied.

These facts, anc further observetions that human scrum zlbumin,
purified by coverzl reerystullizations or by o ki-hly solective s2palt -
tion us : mercury derivative (in the laboratory of Professor B. J. Cohn),
sre highly ective ss acesssory fuctor, appour to >xpiiin negative or con-
flicting rasults obtained with cruder nroparstions.  Cerum albumins are
tle only highly elfecctive matoricls knodwn, but their cctivity ic moske

in mony Scro end serum propariions.

Intercction of corum albumin znd transforming principle

(llotchkiss and tvery). Iruncformation also fails if excesszive wmounts

1

of un active aibumin soluation ar: cdded to the normal system. This
interfersnce can be shovm to be dus to o slow inzetivation of transform-
ing principle oa incubction witt albumin. .woller vroportions of albumin
will heve this effect if incubated with transforming srinciple in the
absence of other components of the system. At low temperatures or in the
presence of salt, this inactivation is diminished.

\hether this rather striking loss of activity of the nucleic
acid is due to a depolymerization, binding of its active groups, or an
oxidation, etc., is not known. Its interest here lies in the fact that
it is conclusive evidencz that two important components of the transform-
ing system under sowe conditions interact. Further, the interaction is
& slow, epparently stoichlometric racetion. ¥han the ratio of albumin
to nucleic zcid is high cnough, ths cetivity of the latter is complately
lost aven in the presence of the other componznts of the transforming

2
N

system. . Vihen, on th: other hand, salt concentration is raiscd in the

normal system in cn ctiempt to roprass ¢11 possibility of intorection,




transformation also fails. These observations are compatible with the
conception that some reaction of albumin with nucleic acid is important
for the success of traznsformation, but that in its later stages, the
reaction leads to inuctivation of the transforming principle.

The essimilation of amino sacids and of nucleic acid constituents

by resoiring staplylococei (Hotchkiss). In a previous repcrt it was

stated that weshed staphylococci, when supplied with glucosz znd amino
acids, do not multiply, but synthesize and accumulate cell protein. The
energy furnished by the oxida’ion of glucose is an cssential factor

making possible this synthesis. £n attempt has been made to learn vhether
glucose brazkdown could zlsc freilitatz the coupling of vurine znd pyri-
midine besec to sugar and shocphate with formation of nucleic zeids. This
it is able to dc, at o further interesting requirement must be nmet befcre

nucleic acid synthesis oceurs. A "nucleic acic lsck®™ must be developed,

v

which may be done in at least two weys: (1) the cells may bs allowed to
respire in the absence of cddzd substrate, in ihich cucz they siowly

destroy thzir alreedy existing store of nucleic acid, without losing

<
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protein, or (2) the cells may be given amino acids together with the
glucose, in which case they build up protein, to which, apprrently, newly
form=d nucleic acid may be anchorsd. It is fe]f that studies of this
kind reveal. something of the integration of chemicel proceuses in normai
growth in general, and of ths sequence of evenis that are very likely

occurring during pneumococcus transformation, in jerticular.
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