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Report of Dr. Avery (cssisted by Drs. Hot&kiss and Taylor) 

Studies on transformation of pneumococci. In order to 

demonstrate the transformation of pnsumococcnl typos, the following 

minimal requirements must be supplied: (1) pneumococci of a competent 

R strairi inoculated into (2), a medium adequate for growth, containing 

(3) anti-f! agglutininx, (4) a factor contained in serous fluids, and in 

addition (5) a specific transforming principle. A proportion of the 

pneumococci growing in thl 's *ystem are found to be in the smooth pbse, 

which 1~2~3 been "transformed " to the specific serological type that had 

served as source of transforming principle. It hzs been the objective 

of recent work of this lebor~Ltory to achieve mcximum dsfinition of the 

chemicxl and biological nature of these five factors, end thz mode of 

their intaraction. 

In recent studies progress in this direction has bean made by 

the appiication of two principles: First, in the d.2tailed invsstigntion 

of any single factor, this component is made the limiting one in the 

system by, supplying the other four components in the optimal form and 

quantity insofar as this is known. Secondly, the success of transforma- 

tion is judged semi-quantitatively by observing the rate of appearance, 
‘ 

and quantity, of the transformed cells produced. These principles have 

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

procedures and treatments that ar a reflected only ambiguously in an all- 

or-none end point titration. This approach has led to certain findings 

which rrill be discussed first in terms of tha transforming principle, 

then of the serum factor, and finally with respect to the interaction of 

these two factors. 
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Chenic:.l n:,ture of the transforming princi& (Dr. Hotchkiss). 

Although previous work of this laboratory has strongly indicated that the 

purified transforming principle of pneumococcus is a highly polymerized 

dcsoxyribonucluic acid, chemical char:.cterizetion of the mat-sril;l w; s 

still in many nnys incomplete. Chemical analysis has therefore been 

u\lt!,?rtaken of an initial concentrate (containing :.pproximately 300 milli- 

gr:ms of the finclly ;lurified material) ropr csenting a pool of several 

lots of active transforming material tierived from 225 liters of Type III 

,>nsumococcus culture. The mctcrirl was investigated throughout, and 

es:JecitLily ct the lcter stages of G rather extensive purification pro- 

ccdure.' Ths analytical data Lrc fruitful in suggesting further possi- 

bilities for purification, but they will bc summarized insofar as they 

have throy;m light on the nature of ths material. 

The purified matcricl finally rwovwed show activity at 

0.01 w p3r cc., and 0.07 1~ per cc. is c;>proximatcly the level which 

consistently gives transformation in 50 percent of the tests in a system 

optimum in other respects. It is of especial interest that during the 

treatments which'this active material has received, its amino acid 

content (determined by a method to ba described later in this report) 

has steadily fallen until less than 0.5 percent of the nitrogen present 

is amino acid nitrogen. Although a protein material of exceedingly 

high activity might still be present, it appears quite unlikely that 

non-specific fractionation procedures which are successfully removing 

protein material in general should simultaneously be causing enrichment 

of a hypothetical active protein. In the last stage of the purifica- 

tion, the amino 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 transforming principle contains 

not more than 0.6 porcant of its rrcight of protein, and gives promise of 

being rendered still more nearly free of a proteinaceous constituent. 

Other analytical deta indicate tll?t certain steps in the 

purification ~lre highly effective in removing inert material, Total 

nitrogen, orgxic ~hcxphorus, and ultraviolet-absorbing constituents are 

removed rapidly during treatment with ribonuclease, and then fall more 

slowly tonnrd an a:jparently steady value during many reprecipitztions. 

As should be expected, the nitrogen-to-phosphorus ratio demonstrates 

neither sensitivity nor reliability a s an indication of protein content, 

but fluctuates considerably during the processing. In the final product, 

however, this ratio does !~ve the value 1.72, close to the "theoretical" 

value 1.69 calculated for c desoxyribotatranuclcotide. 

In contrast to the constituents just mentioned, desoxyribose 

was but little diminished during the purification process, nearly all 

of that present in the original crude preparations being found in the 

highly purified product. Furthermore, the greatly diminished levels of 

nitrogen, phosphorus and ultraviolet-absorption which remain now bear a 

relation to the desoxyribose content. However, the ratios are not in 

all cases precisely the same as those of thymus desoxyribonuclcic 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 ;'.re of two 

On the one hznd,'it has long been stated that all are divergent kinds. 

polymers of one of two simple structures, irrespxtive of source. Either 

they ere composed of units contnining one residue errch of ndenine, 

guanins, cytosine, and uracil combined with four ribose and phosphate 
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residues; or they have the desoxyribonucleic structure made up of one 

residue each of adenine, guanine, cytosine and thymine, with four desoxy- 

ribose and phosphate groups. Contrasting rkth this view is the opinion 

that, for example, dosoxyribonucleic acids from biologically different 

sources :?ossess structures characteristic of their sources, differing 

quantitntively anti perh;Lps even qualitatively from the composition of the 

cl::ssic::l structure. This ktter view derives its support from a few 

observations of ratios of purine br.scs devkting materially from the 

~~t~-,eor~ticcltt and in onn I I or two reports of the discovery of unusual bases 

in nucleic ;~cid preparations. Also, th:: conception that the gneumococcus 

trxnsformin; principle is essentially a desoxyribonucleic acid implies 

the corollary that even each such preI)nration from a distinct serological 

type of pneUlococcus must kve L uni.qlie chemical, or &sical, structure. 

Lnalyses of nucleic acids other than those from yeast and calf thymuc;, 

however, have been too scattered and incompietc to furnish convincing 

evidence for either of the opposing views. 

Uith the aid of a new analytical tool to be described below, 

it has been possible to determine quantitatively the individual purine 

and pyrimidine bases of the various preparations used in this work. 

"Profiles" of three of them are represented in the accompanying figure. 

It may be noted that purified transforming principle, like calf thymus 

desoqribonucleic acid, contains guanine (and n-guanine: see below), 

cytosine, acenine, and tmmine. Cruder material, on the other hand, 

contains also uracil, and has a much smaller proportion of tkrymine. Most 

significant of these preliminary analysis appears to be the abnormally 

high content of thymine, one which clearly indicates that at least a 

portion of the pneumococcus transforming factor must contain two or more / 
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thymine residues per tetranucleotide "unit," a definite departure from 

the classical structure. This pyrimidine may in part take the place of 

some residues of adeninc, r" purins base, and of cytosine, both of which 

c$.jear to be appreciably below: the "theoretical" level. The lower 

content of adenine and higher content of tbmine, a base of lower ultra- 

violet absorption, probably explains satisfactorily the low absorption 

per unit of phosphorus shovm 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 typical of ribonucleic acids, is com- 

pletely removed during purification. Calculations show further that 

au;nlne and cytosine are reduced during purification, but reveal the lr * 

notemort@ fact that all of the thymine present in the original material 

is recovered in the purified preparation. 

In summary, 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 

almost without loss the desoxyribose and t&mine of the original material. 

The final product is a desoxyribonucleic acid containing typical con- 

stituents, but differs'from the classical calf thymus deswribonucleic 

acid in having more t@n@ne, less adenine, less cytosine, and lower 

ultraviolet absorption per unit of phosphorus. 

Chemical methods for the study of nucleic acids (Hot&kiss). 

Two methods which were developed for the study, the preliminary phases 

of ahich have just been summarized, are sufficiently unusual to require 

some description'. 

First, the assay of small amount:; of amino acids in nucleic 
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acid :>rcnarations is complicated by the fact that adenine partially decom- A 

poses to give glycine when heated in acid solution. This side reaction 

his been controlled by precisely fixing the acid concentration, tern&Era- 

ture, -sl!C:, time of hydroljrsis in an autoclave. hC.znin2 in all its usual 

compounds bels-.ve:, quantitatively identically since it is vnry rapidly 

lib5r:-teC a.2 free base. The other purinos and pjrimidines do not give 

rise to ariiin0 acids. Under suitabl:; conditions only 0.5 percent of the 

nitrogen of an ordinary nucleic acid is converted to glycinc. Using the 

::c:;~l. adsnin> content of the nucleic acid prsparntion as n basis, an 

:Lccur;?te correction for the tmino acid libsratnd from cdsnins can bz 

a"pli%l to t/h: total sr:,ino acid dotsrnincd by ths Vr:n Slyke ninhydrin 

proctidurj. 

Lcondly, and of f&r mar- general intcrcst, a pzpzr chromato- 

graphic method has been clnvclopad in this laboratory which makes possible. 

the quantitativs determination of individual purine and pv;imidine bases 

in a hydrolysr‘jt? of one or two milligrams of nucleic acid. &iafly, as 

in amino acid chromatography, a moist organic solvent is caused to flow 

cvonly along E strip of filtar paper bearing at one spot the mixture to 

be analyscd. It is found that a base the solubility of which in the 

organic' solvent is high, relative to that in watar, travels as a ncll- 

defined spot in the moving solvent, and travels more rapidly the highsr 

its solubility. After a suitable tims, th:: paper contains szpnratzd 

narrow bands of individual, highly purified Purina and pyrimidinc baszs. 

Thes-2 substrnces are dotectod by virtue of their ultrcviolct absor$tion 

at 260 millimicrons. E<cis:d sagmcnts of tha prp;'r strip ar::: sonk:>d in 

natzr n.nd t'n; solution is tixr:min2d in ths ultraviolet spzctrophotomztzr. 

Th-; figure alr,oady refzrrzd to shows th;! rssults of thrsc such enalys>s, 

i’ 
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in which mqnitude of absorption is plotted against position along the 

paper stri:,. 

This procedure is more indirwt then the simple color reaction 

by uhi.cll amino acids are detected, but it has the enormous advantage that 

it is quantitz~tiv~. In addition, experience has shown that individual 

knorrn b:,ses ~~;ay be identified positively on thz b:::i:: cf absorption at a 

fen selected wcvcl?ngths. Sp3ztrally ;>ure ndenino, ur:.:cil, thymine, anti 

cytosine h-.:5 been repeatedly isolated from complex nucleic acids in 

thos:: region:; of the papt:* strip ccrr;*ing maximal absorption. Cuanine 

ccn rlso be recovered in a virtually sure state in most Instances. 

Furthermore, in casl; the positions of two substances on the p,n.per do 

overla,, to 2 certain degre;:, thz individual substc?nces mzy be quanti- 

tatively determined in any binL]y mixture that may b; encountered in 

practice. This detzrminction cr-n be ~.ccompiished by making absoqgtion 

measurements at three or four wavelengths so chosen that qucntitativa 

;:ccurccy is mnximcl. In rdditior ,, spe+zl advantage is taken of charac- 

teristic shifts in absorption occasioned by the addition of alkali. The 

total absorption due to a given base is an accurate measure of the total 

amount of that base present in the original mixture. Recoveries from 

known mixtures have been within 10 percent of the theoretical. 

Applications of this analytical Lool, other than that already 

given, have a ppeared during ths testing of the method. The nucleosides, 

adenosine, guanosine, cytidine, and the desoxyribosides of thymine and 

guaninc have beon isolntod a:, successfully upon paper strips as have the 

bases thornselves. Partial hydrolysates of nucleic acid can be studied, 

and for exnmplo, it has been shown that on acid @droPJsis guanine and 

adenine- are most rapidly split from yeo:>t nucleic acid, folloand by 
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uracil 2nd Lastly, cvtosine. It is anticipated that th2 stu&J of cnzy- 

matic digests should reveal something of the structure of the nucleic 

:.cids, and also th, nature of the enzymatic degradations catalyzed by the 

nuc1~x.s 2s. 

Finally, any ntypio:;l bnscs present in c. specific nucleic Etcid 

should be rccognizablr: on c. pa~:r strip chrom?togram. The figure shows 

two such bases, l'~-gucnino't and "p-cytosinc." The former, judged upon 

its xbsorption spectrum is closely rslatcd to gucninc, and is tentatively 

rcgxded ;1s un Gitifact formc2d only in th c hydrolysi;. of certain preprra- 

tion:: of nucleic xid. Its nr.tur.2 is under further investigation. 

,L-cytosine is clearly rclctcd to, y2t distinct from, cytosine, rnd it hz~s 

boon obtained rcp~atccily LS :: minor constituent of IlydrolJsntes of 2 

preparation of w.lf tQymus nuci>ic acid. It has not bxn identified 15th 

any .known compound as yet, but. th,I: fo.Uor~inC ;uggestive observations 

might bc mentioned: (1) The gr-x&r mobility of p-cytosine than cytosine 

in butyl alcohol suggests alkyl substitution. (2) The absorption spec- 

trum stands in the same relation to that of cytosinc as the spectrum of 

thymine (5-matwl-urccil) does to that of uracil, (3) Johnson and Coghill 

in 1925 claimed to have isolated small amounts of Nnet&l cytosine from 

the nucleic acid of the tubcrclc bacillus. Identification of these un- 

usual bases which have been revealed on the paper strip chromatogrcm is 

being sought, sincn it should throw further light on the chemical struc- 

ture of cartr;in nucleic acids. 

Biochemical studies of the ~cconso~ serum factor (I?otchkiss, 

Taylor, and Avery). In th2 prxeding ragor% from this laboratory it was 

indicated that serum albumin of bovine or human origin can replace human 

serous fluids as an ~~ccessory factor (factor 4 in the list enumerated 
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above) in the trcnsforming Uqstem. This fact did not at first appear 

reconcilable with t,he okzrvztion thzt serous fluids in gcnerzl B!ere of 

F:xtrmeljr vzir.bl.e >ot$ncy nnCi tk.t normal ser2 Wer3 LiSllCllly ineffective. 

Tii2 activitjr of zrum albumin may, however, be obscured by 

certain inte1Terences. The effect of excessive amounts of the albumin 

itself viii! 55 c;.i scusszd in a Later section of this report. Another kind 

of interference is lound when certain inhibitory substances are added 

r,ogether witi clbumin. ;:m: 11 amounts oi lauric or oleic acid can inhibit 

t,rnnsi'orm',tioc in a system cbnt:ining fifty times their weight of :!lbumin. 

It, is not known whether th5 fatty ~!.cids ~.rf: themselves toxic or whether 

they combine with the r,Dumin renGc?ring its chr,mic;.l groups unzb3.z to 

enter into SG;II~ othsr coml,inztion 13 seen?521 for transform::tion. Serum 

globulin frxticns gcner:;ll;i i~.v~. :, simil:.r khibitory effect not clerrly 

due to their content of fctty rcids. 

I':s tl result of such inhibition, normal ser;l 2nd. m?.ny $-c,;j:u*z- 

tions of ::lbumin eppear to IF l.:.cki.n;: in aztivity. Q[ fra.ction~.tion, 

however, c.ctive <!lbliili.irL May be recove, V *ed from sera which are themselves 

inactive, and the only active fractions are those containing albumin. 

Moreover, when serum frt.ctions tire tested quclntitatively in r! trnnsform- 

ing system adequate with respect to the other factors, it becomes 

evident.tkt further treetment of the albumin preparations is often 

necessary to bring them to fu3.1 effectiveness. 'Treatment sith trichloro- 

acetic acid., or heating in ccid at pH S,5 hue proved to be useful for 

this purpose. These procedures are such tI>:.", globulins i-ad prob:.bly 

most ion-molecula conteminnnts 1ir-3 rcl:Io-Jc=d, but the albumin itself is 

not noticesbly d;mr,ged. Bovine plaem:; albumin, k!-ated in acid solution, 

GELS b.::en Aopted 2s the ilr&erred SO!TCB of accessory serum factor for 



interferwce can ix shown to bc (!uc: to c slox inactivation of trnnsform- 

ing princi;>lC on incubr tion xitii albumin. ~.r:.r:Ll~:~ i)ro,jortions of albmin 

sill 'h2ve ttiis e!'lect if incub:tzzd with tr;:nsfornlillc ;)rinciplc: in the 

absents of othnr components of the system. At low tsm;;errtures or in the 

presence of salt, this inwtivstion is diminished. 

Khethar this rether striking 10s s of activity of ths nucleic 

acid is due to a depolymsrization, binding of its ective groups, or an 

oxidation, etc., is not known. Its interest here lies in the fact that 

it is conclusive evidence tlat, two import?*nt components of the transform- 

ing system under some conditions interact. Further, the interaction is 

2 slor:, ~.px.rznt.ly stoichiometric rzction. F:hzn thz ratio of albumin 

to nucl4c acid is high xough, th: r.ctivity af th+z lc,ttGr is compl&& 

lost i?v2n in the pri;:aencc of th2 othx components olr the transforming 

system. Ghm, on th.: othor h:-,nd, sz3.t concentration is rnisx? in the 

normal system in zn r.ttcrript to rqxsc s cII possibility of intxection, 
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transformation also faiis. These observations are compatible v;ith the 

concept&n that some reaction of albumin with nucleic acid is important 

for the success of transformation, but that in its iater stages, the 

reaction leads to insctivntion of the transforming principle. 

The essirnila-Lion of amino acids and of' nucleic acic? constituents ------ m----e---. 

2 1*es9irinf: Jt:i$i&oCoCci (f!otcllki:;3). --__ --- In a pr?viour. report it was 

stated tkt washcc! staj3&lococci, v;!len supplied. Fit.5 glucose; ?.nd amino 

acids, do not multi:Gy, but zynt!xs.ize and accumulate cell protein. The 

energy furlii shed -UJ the oxid.a'.,ion of glucose js tin essential factor 

making possible this synthesis. hn attempt has been made to lenrn vihether 

ghlcose brxktiotin could zlso f:,ci3.itatn ihe coupling of yurine zd pyri- 

midino b~sez t.0 sugar tind :I 0,; h .-~h~<c v.4til formation of nucleic acids. This 

it i:: abl? to do, but ;: i'urth~r interestin: requirement zust be met befcre 

nucleic acid synthesis occurs. A "nucl::ic acir: 1x1~" must be developed, 

xhich may be Cone in at le:,st two r:c:ys: (I) ths calls may be allo.;&! to 

respire in the absexe of :-:dG3d substrate, in i:hich c;!~s they sionly 

destroy their alreaL? existing store of nucleic acid, without losing nny 

protein, or (2) the cells may be given amino acids together with the 

glucose, in which case they build up protein, to which, apparently, nsvrly 

formed nucleic acid may be anchored. It is felt that studies of this 

kind reveal something of the integration of chemical. proce:ises in normal 

growth in general, ancl of the sequence of events that are very likely 

occurring during pneumococcus transformation, in Acrticulnr. 
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