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The efFectivene&s of a. numtier.of corn pounds as denaturihg' agents: toward DNA :hdfi been meas-
ured.with a specific immunpuheniical'techni<iu& for the'determination of deriatured DNA. In
c&ntrast to t,Be results obtained with bo.vme serum albumih, an uterease m the number :or size
ofalkyl Hubstituents on amides, ureas, carbamates,,arid alcohols: increases denaturtog .effective-
ness toward. DMA. The:;strucfura] modiflcatiQnB wh.ich i.ncrease'deHatoing efi'ecti.veness also
incr.eaiw .adenwie Bolubility;and .decrease py.rophbsphate; solubility m.aque.ous/.sQlutipns of the
denaturing agenta. .Theeffect.aofvar$ations:mtime,temperatMra,.pHripnic:s^^^^
cytesine content of the DNA,. and'' DNA coricentt'fitiofi ofeDNA:d6ttaturaticiri are described. It
..is concluded thatt.he denalwhtg ,agmt$ exa.tttii'iod exert their effect by stebilizing.denatured
DNA relative; to KativeDNA; by decreasing £h6 anti lmcreasing the hydro-
phobSc characier bftKe.solvent..

The experiments reported in; the aecompariying.paper.
(Gordon aad.JeKicks,. 1.963) led to the conclusion that thff:
mechanism 6f denatuyation of bovine serttmalbiuftin by:;
L'ompounds pf the urea cta^ does not involye either.
simple, mancifunctioiial lydrogen bbhdifig:&i" a/hydrb-
phobic interaction, with the. denaturing agent. . With-
o.tber proteins, such ..as pvalt>umin, hydro.phobic.int.er-
actions appear to, play a more important rote. The
avaiiabiliiy of a .Bpe<-'ific immunologic. method (Levlfie
et (((.,19601 for the:nteasu.retriehtofdenatureddebxyn-
bonucleic acid (DNA) prompted us to examine the
effectiveness, of -a, number pf.den^turmg agents, toward;
DNA, to make possible a cQmparispn. of the structural
requirements for the e:ffectj.venes» ofdena tyring ag'ents:
toward DNA and toward proteins.

Ur.ea, gManidmiura '.chloride, salicylate, forma:uoid?,
3iisnethyl sulfoxide, aromatic coriipouHds, large; anioiis,
and a: variety of alcohols are knowtt. to be denaluring
agents for.DNA (.Rice and.Doty, 1867; Qeiduschel!.
and Holtzer, 1968; Mandell and Hersbey, :1860; Mar-
mur and Ts'o,. 1961;^ Hplmkamp and Ta'o, 1:961;.
Herskovita et a/,, 1961; Qeiduschek and Herskovita,
1961; Duggan, 1961; Ts'o etal., 1962a; Hamaguchi
arid Geiduschek, 1962). It had generally been sup-
posed that many of these compounds act-w denaturing
;agerits..by virtue o'f their hydrogen, bbnding propter.ties,.
•but H'has been suggested jn several reports, which ap-
reared after the corn pletibn of most of t.hewQrk-r.epoFfed.
her®! that. the meehanssm of denaturai'ibn of.DNA by
aIeohplSi ditinethylformamide, large anionSf and certain
aromatic compounds involves a hydrophobic interac-
fcion of the denaturing solvent with DNA (Herskovits
vt aS., 1961;. Geiduschek i»nd Herskovits, I961;. Ts'o,
etat., 1962a; Hamaguchi and GeldtiB<;hek, 1.962).

A preliminary report of this work has appeared,
(Gordon et al., 1962>.

MATERIAI;S AND METHODS

DNA.- Becteriophage DNA, kindly supplifd, by
Dr. H. Van Vunakis, was prepared by treatment of
purified bauteriophagi* preparatioiis with 0,001 M
pyrophosphate buffer atpti 9..0 at room temperature
(Van Vunakis and Herridtt, 1962). Three pheriol
extractions at foo.m temperature iGierer and Schramm,

* (Joiiiributiim No. 189, We are sralefu! to t}w National
Sfienci; Foundation, ihf National IhBlitut<»&. or /Health
itirant C-39'75, K.19-10, find ypo.-ial FellowBbip B'r.499>
to J. 0.) anti lo thy Airivrican CarK^r Stwletfy AC'222;' f.ur
firmnciAi support.

195S)'.were .'Msed'to reniov.e:;prbteini The DNA solu-
tiftn was :dialyzed...at. 2-4° agaiaBi- 0,05 w Tria |tris-
(hy<it'o«yniet;yyl)amjnomethane] bufler! m 0.001 lit
E.DTA (ethylenediaminetotraacettc acid) at pH 7.6.
DNA \vaS isbiatKi Tr.oni Botillus su.blilis, Escherichia
colt, Kseudoifwnas MerUjginosa, Serratia mctrcescens, and
Streptomyces v.trvdochromfigene& and Diploffoccus pneu-
mmiae^y. the. procedure.of Marmur (1861) and was:
kindly, supplied by Dr, <J, Mannur, DNA from ..calf
thymus and aalinbn :a'perm was purchased from. the
CaUl'orniaCorppratjon for Biochemical Research and
was,: further .purjfiet}: by::etbanol. and isQpropanol pre-
cipi.tation.,

Reagent8.—&6mpom&s which were not, of reagwt
grade .or which :did.ntft have'melting iwints in agtee'
merit with literature values were recrystalUzed or re-
distilled before use.

-Antisera. —-Rabbit. antiseruro to T< bactenophage
DNA was. prepared by iritravenoua injection of, alutn"
precipitated: ruptured: ^bacteriophage (Leyiae et al.,
19601, Lugius :eisy-f;heBoatosm sera, which contain
anttbtfdies iio detlaEured DNA (SfoUar and Levine,
.19,61:>i. were obtained '.through the;cooperat.ipn of Di-s.
JESarl Chaproari andilbKn MiUs bf the JMIassachusettg
Genera f; Hospital;. W&en tested for activity toward
4.2 DMA .ppepal-atipns, the antibodies in these, lupus.
wythemaiosus; sera' .reactea txiore eS'ect.iyely with'
denatured. than nat.ive .D'NA (StoUar et ttl., 1962l>'i.
'ThearitibodSesin'cirie^ofthelupus sera used are directied
toward thymiaylicacid Bequences tS.tonaretfl/., 1962a),

Dmatumiion :of DNA was detennined as foUows.i
.0,5 ml of,, an app.ropn.ate dilution of the denaturing
^gent to:b^^ examined in 9,05; M Tria buffer, pVi 7.6,
containing I'D-' M.EDTA (TrlB-EDTA), was placed
in a 1.0 or 2.0 ml glass"8to{)p<aed test tube at room
temperature. Affer: addition of 0.06 ml of DNA (160
jug/mt) the t.ybes were. inverted several fcmies and
placed in a water' t>ath:;at 73. ± 0.1t>. DuriBg incu-
bation the tubes were rriixsd iwo or three times. For
exaiminatipn of Yplatjle denaturing agents, the Btoppers,
were carefully'greaBed, . Control experiments with
methpnpl, the most. volatile of the dettatimng agents
examined, gave the same results in glass-stopptered tubes
arid in sealed vials. After iricubation for 30 tninut.es,
the samples were rapidly chilled in an ice bath and
diluted in cold v.erorial-serum albumin buffer. The
concentration of denatured DNA was then determined
by .the complement, fixation technique of Wasserman
and Levine (1961). th .all experBnente, control.s, con-
sisting of DNA which had been mcubated in Tris-
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EDTA at. 73 ° m the absence of a. denaturihg. agent, as
wefl as DNA which bad been completely denatured by
heattag at 100° in the aaaae buffer for 10 minutes, were
included. In later .experimeato, DNA standayda wlucb
had l>een uicubated witfa 1.0 and 2,0 x ur^ were also
included.

;BB8UUGS

The degaturation of DNA was followed by an tm*
munolo^ic inetiaod which dettrainro only denatured
DNA,. jaresuttnably by reftctipn of antibody %ith the
collapsed,: non.hydrogea-bonded. icegions. of siagte-
strand, dBnatureclQNA^Bven.init&efireseBce of native
•DMA (tw/me • et: at., 1.960;: Muiraliami et ^.,: 1861).
Alter uicubation with the denaturmg agent, usuaUy for
30 mihates at 73" in Tris-EDTA,teuffery/,pM 7.6, the
:DNA .samples. were coaled rapidly. ;:iri i'ce and'the
amomtfrof demtu^ KNA i¥as/5eferinin,ed by syea.saafi-
menfs:. of ^coinplemenfc 'fcca.tion: after. I;400 Silutioa in
cold buffer. This dilution pemutted detettnuwtion of
tfae complement fiMtion.c
antigen exdesa to that of antiiwdy tecess. In later
expffr&nente the chilled asaction nafatur^. were diluted
;1 ifiOQ, in. the sajaie buffer and wmplemen^iBxaiiioa 'wtes.
performed in:dupli(iate at; the equiyalepce:. point and
at.,one pfeiutm/tibe re^ios of antiteoiiywceas.- Ttis
quantity ofdenatured t)NA.iri eacli sainpte was esti*
mated, by cdmpauaon of.the wmplementfixat.iQin curves.
with a califcff&tion curve obtained with tbeiFin&Uy dena*
teed D.NA. For comptement fix&tion anaIysCT,. the
highest oancenta'atlo'ri of denSturtag reagetit, -(after
1:300 or :1:1100. dilution) was analyzecl fdt its effect;
nn conipteiuent. No iTialetiyation/6^ aimptement, was
found with. any of the detiatufin^.r&gents used.. The
immimotogic method, penmite evaluation of deite.to
agents wMchRbwrbafc;280mteand^^
tions from possible.-sohwit effects: on th® absQrbancy .of
native or denatured DNA,

The results of the- complement fixation aasay fw
denatured DNA.m a series otDNA gamptowiilch.:had
•bwn. iricubated with yayious ooncentratloas. of Bexah-
amide at'ys" ace shQwn in Mgure 1, The co.mplement
fixation. cwye for a: sample of .DNA which had "been
completely denatured.by heating, at 10Q0 for; .10 mmntes
is included for.wmpanson. :Tfte ratio: of .the amo.upfs
.of ttermeUy denatutsd DT'IA to b»xaaamMti-treated
DNAwhicKgiye 50% Wtoplementftxationfe
of antibody eaeas.is equal to thie fi'action ofdeBataflred
DNA in the hexa;nami(le:ta?eated.:.sampte ,(Kal«t.:,and.
Mayer, 1861). ]?or AxaiBple,, the: date m: E'igure 1.
show thai; 50% . .coiapfemerii; fixation ;was obtained
with.2,8 mjugQfthfi.rteallyaenatured'.DNA*. The sam®
amount ftf 0 fixation .was otitaine'd. with. 5,4: in^g.of
tbeDNA which had been'incul»ted with 0.19 MJ&exati-
amide, teaifating {hat 52% of ihe DNA bad lieeri
denatwed in this sample.

The effect of t6mper.atu.fe on the denaturation ofTf
bacteriophage DNA, meaaared by. thei Hmuanologic
procedure after coplihg, is shown .in Figure 2. A typical
"me)t;ing .curve" is. obtained with a, 7>«, (temperature
at. which 50% denaturation occurB under the condif ions
.desenbgdj of 75.8°» . In (he; presence, of 1 M •urea the
T» -is lowered 2.8° to 73.00. At 73° therefe etoat.iaUy
no deaaturation of DNA in the abaence of a denaturing
ageat. This temperature was ctabsen for evaliaatiori
of other denaturing agents bBcause it permit.s a aensi-
tive aasay of denaturing eSBctiyeness at relatiyeiy low
CT.ncentrations of denaturing agerii; thus, •the act.iyity
oiF compoundB which, are too insolubje\to p«?rmit study
at lower tempsrafcures ean be mvestigatad. SPurtIier-
more, under these coaditiotM a amaU change a the

801

0.0t 0.02: %03
.M0NA

¥ic. 1,—FixAtioA of coiaplemsaf by T<. .bactenopdage
DNA after ineubation at 7:3" with bexananade: atthe iiidi-
cated concentrations (M)- .and by DNA ae,ustture<i by.heat-
itt^a.t l0011forlO»Bnute8.

•'55 85°65. " 75-

Temperotuca

FIG. g.—Thenual stafcllity oiF T< bacteriopli&ge DNA-aB
determined by the tmmanoiogic .aaetlacxl. DNA.WaS! Iucu-
baited at the mdicat.ed .tentjixsra.tjui'e/for 16 imauteB-pHot :to^
assay>as,descrit:>odintlie text. X,m;thispreW)acRtif0.0.5,M
Tris buffer, 0.001 M EDTA, pH 7.6; 6,..bafferptoBl;tlM

concentration of denaturing agent c&usea a large change
in the aiaoimt of DNA deBatuB'ati<>tt,80:tKa:ithereIa-
tive efietttiveness of different compounds isaay Be coitt-
pared by detenntnation of the concentratioB of denatur.
ing agent which gives 50% :denaturatiohofD3SfA arider
the standard conditions.

The effect of time ofincubatw.riat 73° on tfae amount
of denaturation of DNA in various .concentrationB :of
urea is shown in Figure 3, At, any givmippncentt'atwn
of area, the amount of diaiaturation reach&& a <aai-istant
level in 10 minutes, and does not change over the
followjng 30 Bttinutes.l

' Ttw abwnue of a tinie-dependeace for urea donatara*
lion, as well SB the very sharp temperature dependen.ce for
urea denaturatioa, i'ndical.e that dfrcompoflitioh o? uirea. tti
yyanaie and amrrtoni&, whifih occurs ^ery slowly ^t :ihN
temperature, is not Teaponsible for the observeci den&tura
tiou.
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)?Ki, 3,—The efTeu.1. of time <rf tiio.Mbatioh 'at 7iil'pn;the.
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0.15 020O.l0f

lonifr Strength-

Fio. 4, .-The .efffti.t Qf.-inureasing jenic strength.on th6
concentration pf.urea which gtyes 50';t; denfl.t.U(a(.>Qn.o('.Ti
hacteriophageDNA in 0.0$MTns,tO'-aM.,EpTA,^H?,6.
Ju.niu strength: infcreaaed by tliB addi.ticin :of.NaCl.

The timourit of ufea required to give 50%' dehatitU'a-
tlon of DNA at 73" increases with increased Sonic
strength (Fig, 4V, The ionic strength ;of; the Tns"
EDTA buffer, 0,043,, was selected for further experi-
ments. It >s.\vell knowti ttiatthe den.ttturation cifDNA;
occurs more readily at lower ioriic strength (Doty
c( u!., 1959).

The amount of.denaturaiioh of BNA by 1.0 M .uirea
at 73'° »s dependent on the concentration of:,DNA,
with a larger amount of dehaturation observed in the

TABLE I
BFFKCT OF DNA CoNCBMtttATlON.ON DSNATURATION. By

I.OM U.REA AT73'"

DNA
(W,'m\\

0.9
1,8
;J 8
7.5

15.0

30.0

%
Denatura-

tion

7.7
76
70
?
.18

43

Buiyiomtda

mids
Formomid^

5.0 IQOM

• In 0.05 MTris buffer, 0.001 M EDTA.pH 7.6, 30 minutes,

'Q.l 0,2 .0.5- 1.0 2.0 5.0 IQ.OM
Concentration of Reagent

Jpic,. g.—Logarithmlc, plots of the ratio of denatured to
native .Ti hacfetwphage DNA as a function of the cpncentra-
tiori of denaturing agents at 731'. The dashed line;md]Cates.
ths:c0.nsentra(ion of reagent necessary to give 50% de-
naturattori.

more dilute solutions (Table I), We have not at-
tempted to.accftu.ntqyantitet.ively for this coacent.ratipn'
d&pfendeBce. A theor6tjcal treatment by Zunin (1960)
it-idicatea fh&t the conceatra.tiOn dependence of. the
extent of DNA denaturatiprt. should be small. The-
:amoiart. of.d.enat.uratioHof.DNA in 1 M urea was shown
to Ibeihidependentof.gSin a; series of Tns-EDTA
buffers of wvst.sm.t ionic strength, between p13. 6>9
and:S;4.

With..this information available, the foUowing stand'.
ard conditions .were selected for evaluation of the rela-
t;ye effectiveness of different denaturing agents:
Incubation for 30 minutes at 73° in 0.06 M Tns buffer,
,pH7,6,^ontamSng.lQ-)MEDTA, with a constantDNA.
.concentration of ,16 ^g/ml. This concentratSoh of
DNA permits dilution of the reaction mixtures to a
point at whicti the denaturing agent does not interfere
with the complement fixa (.ion assay.

The concen.tratioas.of denaturing agents required: to
give 50% denaturation .of DNA under these conditions
were determined from linear, logarithituc plots of the
ratio :of denat-ured to native DNA against the concen-
tration of denaturing agent. Examples for a series of
amides (A) and alcohols fB) are shown in Figure 5.

The .concentrations of different, reagents which give
50% denaturaUon ofT< bacteriophage DNA under the
standatd assay <;t)nditicm8 are summarized in Table II.
The tabulation of reagents hue been subdivided into
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TABUB II
R'BAGBNT CoNCB.«T&AnOf» (M) OlVINO 50.% DBNATORATION
or T< BACTBaibpMAGB DNAiN ASUBOUS SOLVTION AT 73°,

lonie Strenyth 0.048

Methyl Atook.ol
.Btfaylatcotol
laoprppyl alcoho!
n-Propyl alcohol
AUyIalcoUol
ewSu.t.yl .alcohol
.((rt.Bntylalcob.oi

Dithioglyeol

Cyclohiaeyl alcohol
Sawyl jdcobot
Inoait^l

it

AliiE»hat;ie
3,5
1,2
0,90
0.54
o.sa
0.83
o,ee

.alcohols
laobutyl alcohol
n-Butyl alsoliol
.tent.ASayl stteotiol

Biby)ene.glycol
Olycwol

TUo:«tIcohol8
2.2

:C;ycUc alRohols
0.22
0.09*
l.S<i

OUtoftcyoUc
Aniline
Fyridtoe
Puriae

irormamide
N-Ethyljfpmiamide
.?/,W.l3u(ne'tbylfonn-

wmd^
Acefamide:
JV-Ethyiacettuf&ide
MWBmirt.byIacet.'

:<u»ide
PtoptOitfabvSe

:Urea
Garbofaxdrazide
l,3.Dlmethy!u»ea
Bthyliu-sa.
tect.Butylufea

Urrihaw
•fi- M B'tkylurettiaa

Oyanoguamdine
Sulfataide
Cilyciwe

0.08.

0.08
0.13

Pbenol
.p.Msfhoxypfaanol

compouads'
1,4-JDioxane
•y»Butyrblacto)[<e,
S-ABCuaotri&toI.e

.AmMfes
r.9
1.0
0.60

M
0.. 88:

,0.80:

0.62

B.utycaraide
Hexanamide

Qlycoiafiiidc
Thii&aeetjtftiide-
S-VaIerolactam

!:Ureas-

X..O-

1,0
1.0
0,60
0.22

Bthylsndurea'

Thiburea
AUjdthioutea
EtfiylenStt-aourea

CftrSamates
o.so
0.38

.?Pi:®pylureihan

Other compounds
0,21
t.l
2.:2'-

AcirtOnitriSe
Tweeri 40
TritbhX.IOO

M

0.45
0.33
0.39

2.2
1.8

o:w
0,09

0.64
0,55
0,42

0.46
0.17

1.1
0.52
0.34

0.53

t); 41,
O.S8
0.32

0,24

1.2
> 20%
> 10%

«:Bassd on ftBMigle expemnental point,

:cheaucal groups'ang. arranged .mapproxuaaN order of
increasing denaiwiHg.effectiveniess.within each group.
Replicate dfiteiminattoas ifadicate the.awiu-acy of the
method -to be within apRroximately ±16%.

In {to wnesofalcphpls,:eiifect}vene® as a denaturant
increases with tota'.eas&g chialh :iertgth in the. series
methyl^ethyl,: n-propyl,. &nd n.butyl alcohol, Branch-
mg of the atkyl ehaia decreases .11;he.d«natiu'.ing effective-
ness .and ihcreaserthe soiubility m water .of the deTiatur-
1 ants, as: compared to the;siraightchai.n:feotn6r. Mask.
ing of the hydifoeatbon cham m glyc&l, dfthioglycol,
and glycarpl,-as comparedto ethyiand propyi. alcohol,
d'Bcireases aeaaturing egfectiveaete. eycl&hexyl alcohol
gives 60% denaturat.tbn at a co.ncen&ation. of 0.22 M
.compared to 0.33 M for ,t.h& longest chain aUphatic alco-
hol Studied,: n.-butyl .alcbhbl. This:increase in efl'ectave-
ness is approximgtely the ainoim.t: expected for the
addijaoji of. two carbon Atotns to n-butyl Aicohol.
Again, -masking of the hydrocaTbon chain in cycio-
faexyl alcohol by 1-iydroxyl sulist.ituente, as in i&bsatol,
markedly redacies activfty.

Phenol^jo-methoxyphenoi. benzyl alcohol, aniline,
yyridnw, and pufine are t.he.mpst effecUve denaturants
exatnined. Nonaromatic eyclic and lietorocyclic coro-
pounds show moderate denatu.riBg activity.

.In the amide series, formaiaid®:causes &0% denatura-

tson of DNA at a concentration of 1.9 M. As m the
alcohol series, lengthening of the alkyl chain in the
series formamide,. aoetamide, proBionanude, butyi-atii-
ide, and hexanamide increases denaturing effeoti'veriess.
Subafcitution of iBethyl or ethyl gro.ffps:c>a the nitrogen
atom :mcreases the Activity s coaipared to the frttrent
compound. The five*cat''bon eyclie titnide, 5«valerolac»
taan. Is m&re effective tban the tom'-carbon atyaight
cham .amide, butyramide, but is less effective than:(he
sut-car&on stmigKt chain .amide, .hexdnamide. Th»6-
acetamSde, as compared, to. ac8tamide,.i8:le8&.solBbl6. m
water and isa better. demt.uranfc

In thia series, as well as in ^ the .other'series of co.m-
pounds examined, (iena't.uratibn ja rsot due to :a 4®cr«ase
iii the concexrtrfttion ofwat®r:iatfae:a6lutiom.eonta{hbg
deftattUTOg agent. Not' only is there no correlaticrn
betweeri- the amomit of dpriaturatititt a.nd .the. cohcen-
tratiba of water in: tlte solutions,. bui the con.cenii'ation
of water m gplutians pfthe.moi'eeffectiy.e denssturuig
agente. is considerably:: higheir •than •!&:solutt0ns. oiE^'ktifl
te&effectiye compo.tmds,

U)"®a is more e.ffec(tve:tban forxnamide :.aBd is as-
.effective as aCetamid®. Largs -alkyl .subatituenta on
the nitrogen atoms of area increase: effectiveness: as 'g
d&natgrant in the series l.S-rfuaet.byli.u'ea, :ethylurea,
ethylenewea, and Mmtylfcrea. Amiao su'bsfcitation on
both nitrogen atoxns of'<xrea.,(Carb<>.hy<3r;».zifie3 a.Qes-not
alter the aCtavity. The sulfur analog of urea, thiom'ea,
is a more effective denatiyant. than wea.and is^less
soluble in water.

Substitution of a methyl or propyl group onthftmtro-
gen atom of ureth&n again1 results 111 an increaae. m
denaturteg effectiveness. T'urthenaerej' tbe ptesence
of the ethoxy eubstituent. oncarboa,; in urethan, m-
creases effectiveness of the'amid& group sswmpsscedto
a hydrogen or amino-.sufcstitHent, in: fomiansids wd
urea.

AmQRg the -miscellaneoas compQundSi: flyanoguaBi*
dine is highly effecti've. Sulfamide, a structural analog
of urea which is mactive as a denatwi&y agerii.toward
bovine Berum alhumin, shows afi actiyits Bimilar to
that of area toward DNA. . The noriSiOtuc, defergehts,
Tweep 40 and TOfon X"100,.are,not-efftetive denatur-
arits in the highest;.concentration tfatfid.

The stability of a series :.pf different DNA molecules
toward heat denaturation .masaaes: '.with :::increa8i»g
guanine .plus cytosirie content•of tlie DNA (Maii'mur
and Doty, 1969). The amounts of urea.of pyridine
required to give 50% deriaturation of .DNA: isylated
from T< bacteriopbage, Dlplcicoc{!ug^neuMonwe,Bwfl-
lus subiilis, calf thyBius, Eschenjehisi cati, .Serrdtw
mwcescensf Psettdonwwis iCterugttUisa, andStreptefnyces
viridochmmc'genes were d^tefrnineel. Instead: of. anfi-
T< DNA, however, the': antibodies ::present m -lupus
erythemafosus sera were use<Lto estimate den&tia'atiop .
As shown in Flgwe 6, 'the stabilities-of these djffere»t
DNA molecules toward denaturatio.n: by urea and by
pyridme increases withtecreasHig guanine plus Ayiosine
content of the DNA.:

The. nnmimplogic method measures the amount of
denatured DNA after rapid, coplirig. 'Ehe::resultsob-
tained after rapid cooling are slightly different from
those obtained by ineasuj-sment of the. propertafts of
DNA at ambient temperature; f.e.. there. s? two
stages in denatwatton, oae of -which is" measured at
ainbient temperature and isrpversibte on quick cooling,
and a second stage, which is .irreversible on quick, c&ol-
ing (Dotyetat,, 1959; GeiduSchek, 1961}, ln;or<lert,o
determine whether the resulte.. obtained, for. t.l»eff'e<it
of different types of denaturing agents on the second
ntage of denaUu-fltion, tttftasured afiw rAo'.d COO.Kng,
also apply to the first type of denaturatkw, a series of
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Ro. @;—The conceritTatioas.of.nrieaQoxeF Bcale) 0);pyri-
dinft, (upper seal?) wqtiu'ed/.to give! 50% denatiuatiqn of.
DNApreparatlAnswMchyaiym their ^Aiuneplw^
content. •,,ui?:.^thiB;deruituting agent;. ,.0, pyiiclins ais the.
.denaiuring agent', 1, T< bflcteriophage;. ?,,: .Diplwwccfis
pnettmonioe;. S., S, s4Ati7w; 4, c&lf ?ymu8; 6, E.wli C;
: 6, JS> c<»?.B; 7, [SermtM .nfameseeM,.. .8, fs. aerugntwu; 9, S.
viridoduvmogenes.
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FIG,. 7,—Thermal atobaSty ofT<:bactwiophage DNA aa
determined by the (elativechangfr.of optical tiBtwity;in0.9S w.
Tris.buffer, O.QOlM-BIDTA, pU 7.6, at280 Wn at the indi-
cated tompeiatUKee,. compared to: 25°, X, DO a.dditionB; •,
0.33.Mft-tmtyl:8Llcpbol; A, Q.SO M (-bytyl alcohol; o, l.pM
urea.

measurements was carried ourt in which the change in
.abswbancy of DNA on denaturation W&H measured at
ambient; temperature (Doty et al., 1959'i, As shown
in Figure 7, the Tu for DNA denaturation msasured
in thia way is 73.7", 2a lower than the T» observed

TASUS III

RENATUBATION OpTtBAGTKRIOPHAQE DNA
Optical. Assay

Denaturing Agent

.None

1,0 M urea
O.W M t-butyl alcohol
0,33 M n-butyl atcohol

Relative Abaorbaacy at
260 m^'

Ambtent, Renatured,~iv"~'

: 1.38
1.38

.1.39

1,40

87°»

1.. 03.

1:. 04
i,?-

X,?

Xmmunologic

None"- (100 •s)
,2.0 M urea
t.Q M Uuourea
1.2 M nrrth&n
1.2 M tbnoacet.waide
1.5 M dimflt.faylfonnamide

Assay
% Denatured KNAAfter

Xnoubatioa for 30 Mia-
utesat

:QtUC}(-
Cooled

100
too
100
100
.too
100

: TO*
Inctttiated

at551><

28:
38-
Sf
40
42
38

« Absorbaney relative to a eon-trol DNA solutioti •mim:
tamwl at 25°; corrected for the volume expsueion of water.
6 ONA.was healted slowly to 16" ia,t.be ptseeoce M.reag-wri;,'
Solid NaClwaa added to 0.3 M and the ablutton was'allowed
to: cool slowly to 57 ° ovei 45 auautes; : thefiiial resding was
obtained after 120 mroutes. No gigmfipant change in
Optical density o<>cw»'e4 umnedlatoly •a£tw the addition of
NftCl, . 'DNA CuUy dena.t.uteiiintb^absoneeoft'wgr^ttt
by baiIiDg for 10 :mi&ute8, •i Denatured,. Samples. wera
tiialyiEed at 65° 'for 120 minutw BgAUist 1.00: vol.nunes. of:'s
aoKution containlBg 0..6 Kf NaCl ptua the .original coUMnt.ra-
tion of denaturuig agent.

by the.na.naunolpgjc method after qBick-cpqUng ;(l?ig.
2). Three: .denaturing .agents, n-buty.l .alcohol, f-
bytyl alcohol, aad wea, were examine atconcentm-
tions which give the same amount of denaturatiori,
60:%, m the standard unmuin6Iogi6 assay, As sUown us
Figure 7, these c&ncentrations of denaturants ateo.
have identical effects on the lowering of the T», meaB-
sred spectropbofcometrically at ambient temperature.
Ttiis suggests that the results obtained by the imrhuno-
.logic assay are sunilar to those obtawed by measpre"
ment of denaturatipn at ambient texnperature,, except
that in the latter case the efiects are observed'at a
temperature which is about 2? lower.

TUe thi»mal demturatioh of DNA, oT t»t;h:tyt»'I
and .type II described above, may be partly or;coTO-
pletely reversed by slow coolmg or Incubation in the
presence of salt at 55° (Marrour and Lane, I960;
Do.ty e(:afc, I960.; Levine etal.,, 1960), As:shown;:m,
Table III, renaturation can also be observed after
CDftipleU! denaturation in t-he presence of a number of
the denaturirig agents described above, as measured
both by change in absorbancy and by the immunologic

In Table IV are shown the results of a study of the
solubility of tetrasodiuxa pyrophosphate and of adeB-
toe, .in a series of aqueous solutions of dehaturaht?.
The concentTaiion of denaturanfc tn the adenine series
is 1 (A and in the pyrpphosphato series, the denatyrant
is 3 d. The solubility of pyrophosphate decreases with
increasuig chain length or alkyl substitution on the
nitrogen or oxygen atoms of the compounds examined.
For example, the solubility of:pyrophosphate in solu-
tions of alcohols progressively decreasaes in the series.
:methyl, ethy], and propyl alcohol. PyTOphosphate
sol.ubiUty is decreased sUghtly lees by re-propyl alcoh.ol
than by isopropy) alcohol, although n-propyl alcohol
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TABLE IV
SOLURIUtt OP TCTRASOBIUM PTBOPHOSPHATB AND ABENINS
AT 37,0 ± 0.5° i.N Aqusous SOI-UTIONS or DiBNATUMNa

AGBNTS

Reagent

%0<»tttrol
Ur-ea
CarboKydriraide
i8tl»ylu)-«i
.Thioum
Urothsm
:JV.Mstky)uic<!tban
.MPwpylcarbamate
Wtbyli -alcohol
Btbyl alcohoL
Isopcopy) alcohol
(t-BropyIalcohol
'fert-B.tityl. alcohol
laobytyliateohol.
n-Butyl alcohol
fcXwyl Alcohol
AUylalcahol
.BtKyleMeglyeol
SSycwol
JPottiuunjde

. N.N^'Bwstfifh^fow^vm&B.
,?/,;?Diethylfoifritamid<i
Acetamtds
Pyopionamide
Butyrartude
^yi'Kiuw
Dioxaae
Acet.oni'trile
S.Ammoti'taiBole
GIycine

Pyro.
phosphaUs
Soiubaity"

w
0..3106
0.. 21.5.
0,182
0...052

0,224'
0.0.57
0.048

0.124
O..0@i2
0.039
0.054
0.031

0.064
0.188
0.211
0.166
0 043
0.018
o.m
0.105
0.066,
O.OS&
0.030

0,264

Adenine
SolubUity*
iw x 10')

1:64 •<
'1.77

2.01
2,25

2,71

3.42
-1..69

1.77.
2.02
•Z.2/8

2.18
:2,;7l
i2;84
2.67

1..68

;1;54
2,77
3.35
2.06
2.28
3,01

:2.96

2.03
2.79

'.The conceatratioa oif reagent^in .aqu<tous Boluiion ww
.3:, Mf .Stwpt. S3 aQted.. Tetrasddtu.tn pyrophosphate •was
:d<!tte()u»<>das.uprganie.pho8ph.ato gfte acifi byd.roiyBis,
EqmM.ferated by yigorous sha}ting.:;for 72 hoiwwfth exceBB
'pyrppB.osphaU;: 48-hour .analyaes generally agree to withiri
:g%.. .Solu,b»Ut.iei)'.::(i? repyodu.ta.ble (.0 .A6.%. t The .con.

icenlBati&u 'of roa'gianfc.ta Aqueous oalution waa I x. The.-
soliibHity ofadenine was detonniaed Bpcctrophotometrically
.at;.26(!/'u^):aft»r.dy.utioa,:utilizing,amolar extinction ewf-
:fi(;wnfeofl3.3 X lO.r'XDawaon etoi;., 1869). Afiguotswer^
.at»»ly»e^ at .48 hoara and every 24 succeeding hours unti.t,
two au^essliye; 4e<ter»»i&a'tioB8 agreed -within 1%, The.
yH:.<sf.a'water ..solution Batyrated with adenine was 6.49..
.'JSxpienmentol value, Intetpolat.ed. lifceraturp 'value
'•0,M-'H. :(Mwc&. Ind.ex, 7th ed,, .Mwtc aftd Oo,, Rahway,
New iTe)W®,,l9eO,'p, 1026). "'tit.eKktim value »• 0,665 X
:l8-' amt,.26» .anii.18.6; x 1Q-* M.at^OiO" (Dawaw ft o^,,
fl959)» -«2.a « S0l»lt)on> ^2.&:M:ao1ution.

'is^ a better..denaturant. In different groups of com-
poundSt thiot»re6i,.urea,'and formamide are better dena-
iurantetMan:mettiyl alcohjol, altbougti the sOluNllty .of
pyrpphosphafe in the presence of the former compounds
ishughw.,

Th* soIubUfty ofadenine is increased by alkyl sub.
stitetion.sn sittogett, oxygen, or carbon (extension of
ttie chain') to a. gjven series of compourids. Both the
solubiUtyOf adenim. and the denatuying eflfectiveinfcss
.toward DNA inerease to the series methyl, .ethyl,.
prdpyl, and n-bjtttyl alcohol. Branched chain alcohols
are'less affective denaturants and are less effective in
.solu.bilizmg'adenine than their straight-Ghain isomers.

.DISCUSSION

AccQrding to the Watson-Crick model, native DNA
has a high density of negative charge on the outside
and has its r&Iatively noB-polar bases on the inside of a

©
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dpuble-stranded helix which is held together by hych'o"
•gen bonds. %^n;d6natarati6n ther<a;.ia a; partial or:
complett separai&h Qf^^^sm^ (Ma'uwf^a.ivi't.^t^,
1960; Doly-ci* ffl; IMO) snth a,»suiyng..de:ff?ase,in.
tbfi density Of negative.. charge .(AsCbfi et at., tWl) 'Euxl
.an iac^B^ .Bxposu».:o£;the hydyqph^ tiases tft the
solvent, AB'QveranspUfied, iughly.^temat.ic.'i'ieprwen-^
totioii of naMva double fitoraad and of fully denatured
Mngte;stauid DNA is shown fa Figure 8.i D^aatura.
tfortVfiQ. befavored by sO.lv^ht' changes wKich deatal>$-
Usse hijgh charge densify (i.^,,},sdlven1a\ofi$'w-iQn-s0lvai-
•tag pwftyr,^ yvhich cotnjpouftds ofMgh; chgrge .density
eihjbtt a relatively, high activity coefficient). and wl»ch
stabilize the exgosed lb?»es (i.e>r "hyarophebic*' 'BOI-
vents, in which thftrion-polae DNAbases exUbitarela-
:tlve!y.low::aetiy.ity coefliciwt)., Th:es'6 two proi^rties
'of the Bohteil tuay. be .expected .to cBaage in a .similar,
but not identiMl, maimei? with clungesfc
tmn of'^hiB8<a<'etit.Acidi.k&fiat&ctQrs which could
favor 3enat(iratien include.scfch specific ihteractions as
hxdrogea Uxmiii.ttg of.t'he. spiYenttQtteexpOsedlias^s.and
molecular compound- ionit.attov which may involve a
"fMtgft-tttnwtex" mtemcy,oa:,ftf-:the •y-«lectrcm:: system
of the aromaiio teses with the solvani (Weil.Malherbe,
1946; Booth and Boyland, 1963^;

T^traSodittm pyrophbflphate is; a compoanti of high
charge density, and coriattions w&ich dsstatiiBaie this
fnplecnle {(.<?.,;• increase' ih^ acti'nty': coaffictent) IWould
be expect^:; to/desfaMMze/t&a high cK&Ege.aemi^
native- DNA, cpmBarejd,. to denat?ed DNA, Ttiis
destabiBssing. effect was;, measured l>y; exaroiriing the
effipct; of a wriwof'denAtuTihg agcnta. QB t.he soluNUty
of fetrasodiui-u :py»c>pteosphate> Sinw the: acblvity of

* A dwusaioa .of. the .:dstaUed structure of the:, various
forms: of. partly Ah3 ftlUy, ;denat!BJf<ed;.DNA,iB./ beyoad: the
scope .of this :paper, but uay. be f()yad in a^rByieW by.
Mawnw (•(:<»?. (in pWiw).:; »s ar» concemad .kerfe.only with
the differeuce 1ft p»ppe»ti<!»' B^tweaw ;natil>;e,,DNA aBd,"the
variidua fornis of detiatut'ed DNA, aU: Of wKicfc may be
eapectod to Axhibitii to • a: greater^ OB. .lasaer e.ttettt:, & .tie.
crsaaed charge AnBity ;and..incr8ased,!:e.xp.o8ure of hydrp-
phobjiQibaws to :the:soil.ven't, :wMpare>d to cative DNA.
11 may; Ibe note<i. .that rapidly; leversible tileoatu.ratjon
(measured .ai./auttwent t^mpar&ture. Fig. 7) and (iena.tura-
tion. which is H-revewiible oa. rapid cooling' exbibit similar
geaait.iyUy:to solvent changes; thyae two t.ype8,oi> denatura-
tion presumabiy ip.volve.dtfferent- degrees »f atrand separa-
lion. The, temperatyxe raiW over: whisih -denaturation
occurs is small for T< bacteriopiiaigei DKA, refleciing (.he
high cSsgw.e yf. homogftneity of these .preparations; the
fact that: temperatures exiist at which <iei>aturatioo is only
paftiai ,may be inteTpreted in. terms of facomplet® strand
septU-Ation , due. to inhomogeneity. of the sta'ands, or SB
t.erjms of a mobile equ-ilibriuni in •n'bich, at any Tnoment, a
constant fraction of the UNA ia.tilenatui-ed. Both of these
formulations, are .consistent with tbe: time-mdepende.ni;e
ofdenatyration (Fig. 3).
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0,35Qh

-0.3' -2 .-.i ' A " ;1 ,£ ' ,S ' .4 ,S ,6

-Log ConceBlr8ti()n(M)gi»ing.SO% penBfumitpn.

F(oL:9.—Iw'garitbmicpl6t'oy (he d6naturmg effective
of a;8«rieso('cdrnp6und» toward DNA agaihsit the effect of
1.0 M aqiutionaof-the same compounds on the activity coeffi-
cient of.Qdeni.n.te, from thB; solubflfty ctntei of Table IV, *,
alcohols;: &; ureaa and carbamatea; .ffi.anndes; :X, either
ccinipOynds..

the solid phase is Niristarit, & dfecrease in solubility
cornasppnds, to. an: increase in activity coefficient, »';e.,
a''aestabil&tioh*'of the compound,-wh
ablyWa.8Cr>b'edtp:;its.bjghly.:ionic.c.haracter, As might
be. expwted, thea.ddS.mn of ftlky.l substii.uents, or .an
jncreawi: in th® chain length-of alfeyl groups oh the
compounds sxa.mihed destabiBzes pyrORhosphat.e (i,£.,
mtt&ses itffacfrvxiy/coeiffisient) in; aqueoius solutjcais of
the compounds, Such struciyral changes.max also,
tiberefore, ,te 6x:pectod fao decrease'the stability of the
high ,ch.arge; density:of hat.iveDNA relative to dena-
tured BN;A: jn aqueous aolutiQOB oif the: corn pounds.
.It is of'particular inteest that wea. deereaSes the ion-
solvating ability of- water toward pyrophosphate in
'spite, .of the.:'fact that ure^. has a higher dietectnc cdh*
stant than watpr; this. is another example of the &e-
quently observed ppor :correlat]6h between dielectric
constant ^and ipn-solvating ability (Painberg and
Winst.em,: 1966;. Kosower, :195.8:).

Herskoyits :et ul, (1961').. hay<B conclude4 that;; the
electrostatic free energy °f DNA is. lower in methanol
.than .in. vyafer,. because of the large amount of ion
pairing which oceurs in. this. solvent. However, the
tnblar; free energy1: oi ion's arid ion pairs must be greater
in alcohol solutions than in Water, beeause theh-
generally low so.tu.bility; means that they exhibit, :'in-
crcased activity coef&cierits in alcohol, compared to
:aqueouB, solutions. DNAis ito excopt.ion.to the.genet^
aUzattoil that the stability- of charged Cofnpouods is
decreased (»,e., the activity coeffieient is increased i
in alcohol solutioil8,. a'tnce.;:denai;ured DNA is msolubte
iri alcohot in the presehcepf.a: low concentration: of salt
(Herskovits et a2.,, 1961). Thus* the activity coefficient
and, molar. free; energy of DNA are higher i.n alcohol
than in w.ater, in spite of the'exposu-re of non-polar.
bases to the.solvent on: denatuiratton, Ths soiubility
is decreasfed by the addition of salt, which must in"
crease fho amount of ion paJEhlg. This behavior indi-
cates that the .jxior lon-aalvating power, of alcohol and
related solvents decreases the stability of DNA in
these solvente, relative to water. In this connection
it, is of interest that.. native DNA, with its. high charge
density, Is insoluble, but denatured DNA is soluble in
dimethyl yuUbxicit:! •Helmkarnp and Ts'o, 19611. It,

ia concluded that the decreased ioa-solvating power of
the solutions of denaturing agerits exammed is one fac.
tor contributing to tUeiy denatu.ring effect.

The increase, in denatimng effectiveness with an in-
crease.ih the nUTtiber,6r size of alliyl BubfitUueotsm
the alcohol, amide, urethan, and urea s6ri<a6fdenatur-
ingagentsis conststeril with a. contribution of nonspe-
cifichydrophoblc interactions, to :DNA:denatuiratio;nby
these compounds. This effect arises by a stabilization
of denatured DNA, reiative to: native DNA.. becasseiof
exposure ofthehydrophobic bases to :f hesolvent;in
denatut-ed DNA. That such an sffe.ct confr}butB'a:;to
DNA denaturation is'indicated by :the incrsased solu-
bility of adenine in solutions of denat.imng agenta.
Inci'cates'in the uumber or size of'.alkyl su'bstikuents
increase the .:s<)lubU.izuig' effwtiveitesa of d&nattiiriagi.
agents to*ard adenme i.Table.iy:) and, in (;pnt.rasfc,:?tp
the situation -with tetrasodium pyrojaKQsphate, tfaa-Bi6
even a moderately goc>d:cprretat.io.]a among different
groups of compounds l»twwo':denaturing effecfciyeness
and effect; on adenine solubility {Pig. 9). Again: ifc 18
of interest, thdt area, in spite of te^gh^it»te"'h»!taent,
Increases adenme solubility. :Ttius, Bfifect.ive dfehatur-
ing agents'mctease the; s.ta.biBty and/clecrs^se Qte
activity cosfficient and free. energy . of aderiina aiidi
presumably, of the exposed bases pNenatui-edD.t'TA.

Herskwife st .at. (1961), Geidusc.hefc^jid.Hsr&ovits
(1961), Hamaguchiand Qeiduschek (19.62), iBft.d Ts'e
et <tl. (1962a) t'iav6mdepend6titly'bl>t:amed, evidence
favoring a hydrophobic mechanism for DNA denatura-
tion by alcohols. dunethytforBi(»?!dei large ariiotiB,. and

.aromati'c compounds, and! Ts'o et ,cri. ,;(t962b); ;has fur-
ther shown that a series of ar<nauti<; epmppunds in-
creases the solubUit.y, and tKeref'or® the ataNU(;y,:,o£
several DNA bases, Although it is possibte that/aro"
matiedenaturantsareaoret'ffecBvethaBaKphatisd^ttB-
tyrants because of an interaction with the aromafi(i
DNA bases through sbme sort. of w-electron/ittter&rtiw
(Ts'o etal., l962a), our.data.db.notprovide.anys&ong
support .fo.r sucK:: a .hypothesis. Although :aromatic
dtenat.urants are generally somewhat more efi'ecttye
than aliphatic analogs, the difieiencfea. are not great.
Hexanamide, cycloiiexyl .alcohtil and f-butyluiie^ are
only two- to three-fold.lsss effective than most aromatte
compound&and are more :effective than S-aBninptnazole.
These data 'do riot exclude a spectal/mechanism. for the
action of arpmatiic .TOmpouxids, biutth.ey .indicate::'tha.t
any such roechaTi.ism (io.es not ma.ke. a very large^^ia.--
tnbui.ion in addition to tHat,- which is expected frbth
the rionspeeifio hydrophoN<i cbaracter of the arornatic
compounds we have exammed.

The results of this and other studies provide ;»o evt-
dence that hydrogen botidnig between aenaturihg agi6n't
and DNA contributes to t,he denatyring effectiveness of
the cOTnpownds exatnined. The high denatwing »c-
tivity of compounds containing-no acidic protons.and
the increase in activity upon- Bubafitution of av. alfcyl
group for hydrogen rule out hydrogen bondtog :by
proton donation from the denaS.uring' agent. The
absence of any correlation betweeirbasicity and dena-
luring effectivenessand the activity of compounds, such
as dioxane and awtonitrUe, wb.ich are cpnsider.a'bly
weaker bases than water rule out; hydrogen bondfaig
in which the demfcurmg agente act as proton acceptors.
Blfunctiorial 'hydrogen bonditi& is ruled out 'by the
activity of compounds which contain no acid5& protons
and only a siisRle basic site. ;F'urt.hfymore, sincts the
results appear to he adequately accounted for by the
decreassed ion-so]vating properties and the increased
hydrophobjc character »rf tha solut.ions pf denaturing
agents, compared to wal.er. there is no reason to invoke
other mechanisms, such as hydrogen.bond ing,
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It should .be emphasized that the forces involved
ia the denaturation of DNA are not necessarily the
same as tbftje which are miportant in maitttainiUig the
sfracture of native DNA,l: Aithough it is quite, likely
that'hydi-opholric forces contribute to the atabflity ;of
native DNA :(Herskpv]ts et ai., 1961), the effeottveness
of faydrophobic denaturing agents, dow not prove:'tbia
hypothesis and, ui parttadar,:the. conciwioa that bydro-
gen Itoading of DNA to the denatarmg agent doe»:jnot
cptttribute,s$gi)lfi:ca'Ktiy to. the denatixring activity of
the compounds examined does not imply that hydrogen
bondiug ii8;.not mpoTtaa-t; in iBiamtainihg the s<;ructur&
of nativeDNA.
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