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‘The effectiveness of a number.of compounds'as dendturing agentstoward DNA hds been meas-
ured with a specific’ immunochemical ‘technitue for the v'determxnatlon of denatured DNA, In
contrast fo the results obtained with boviné serum ‘albumin, an incredse in the nuniber or size
of alky| substituents on amidées, ureas, earbamates, and alcohols increasés denaturing effective-
pess toward. DNA. The structural modifications which increase: danaturmg effectiveness also
increase-adenine #olubility and.decréase pyrophasphate solubility in. aqueous. solutions of the

denaturing agents:

The effsctaof variationsin time; temperature, pH;donicstrength, guanosine-

cytﬂsme contént of the DNA, and DINA coneentration oic DNA dennturation are deseribed, It
i concluded that the denaturmg agents examined exert théir sffect by m;abxhzmg denatured
DNA relative to mativé DNA by decredsing the ionssslvating power dnd ‘increasing the hydro-

)hcbxc character of the'solvent..

The experiments reported in the aecompanying paper-:

(Gordon and: Jericks; 1963) led to the conclusionthat the

mechanism of denaturation of bovineserum alburhin-by:
compounds of the urea class does not invelve either.

gimplé, manofunctional Hydrogen bonding o @ hydro:
phobie interaction with the denaturing agent, . With
other proteins, such as ovalbumin, hydmphoblc inter-
actions appear to-play -a more important role.

b(muclelc acid (DNA) prompted us to examing the
effectiveness of 4 number of denaturmg Agents toward:
PNA, to make. possible.a comparison of the structural
requirements for the effectivensss of denaturing agents
toward DNA and toward proteins:

Urea, guanidinium chlomde, satiovlate, formam;ée.
dimeéthy] sulfoxide; afomatic compounds, Jarge anions,
and -asvariety of aicoho}s are known: to be denaturing
agents for DNA (Rice dnd Doty, 18567; Geiduschek
and Holtzer, 1958; Mandell and Hershey, 1960; Mar-
mur, and Ts%, 1961; Helmkamp and T¥'o, 1961;
Herskovits et al., 1%1 Geiduschek and Hetskovits,
1881, Duggan, 1961 Tw'o ¢t al.,, 1962a; MHamaguchi
and- Gexduschek 1962).. It bad ‘genérally beert sup-
posed that many of these compounds act as denaturing
‘dgerits by vittue. of their hydrogen bonding propsersies,.
‘butit has been suggested in:several reports, which ap-
pearad after the compléetion of mostof the work reported.
here, that the mechanism of denaturation of DNA by
aleahols, dimethylformamide; Jarge anions, and certain
aromatic compoeunds involves a hydrophobic intérac-
tion of the dénaturing solvent with- DNA . (Hérgkovits
gl 19615 Gelduschek and ‘Herskovits, 1961; T¥6,
et al;; 196%a; Hamaguchi and Gelduschek, 1962+,

A prehmmary report of this work has appeared
(Gordon et al., 19621,

MATERIALS AND METHODS

DNA.- Bacteriophage DNA, kindly supplied. by
Dr. H. Van Vunakis, was prepared by trehtment of
purified bacteriophage preparations with 0.001 M
pyrophosphate buffer-at pH 9.0 at-room temperature
(Van Vunakis and Herriott, 1962). Three phenol
extractions at toom temperature | Gierer and Schiramm,

* Clontribution No. 189, We are gratefulto the National
Science Foundation, the National Institutes: of Health
(Girant (23975, K.1840, and Special Fellowship B1:499,
to . G and to the American Cancer Soeiety (22221 Tor
firisncial support.

The.
availability of a:specific immunologic method (Levine:
etal, 1980) for the meastrement of denatured deoxyri-

1956} :Weré"us;edt,b-témt)véf‘p'rbtéim The: DNA solu-
tion was dialyzed at'2+4% against 0,05 M Tris {fris
(hydroxymethyl)ammomethane} buffer: in 0.001 ™M
EDTA (ethylenechammetetraacetxc acid) at pH 78,
) : ed from Bacillus sublzlzs, Escherichia
coli; Pséudomonas. ‘Geruginosd, Serratia mardescens, and
Streptamyces viridochiromogeries -and Diplococcus pneu-
moniae by the. procedore of Marmur (1861) and was
kindly: supplied by D J, Marmur. DNA from calf
thymug and salmon spenin’ was purchased from the
California “Corporation for Biochemical Research and
was. further purified by ethanol and 1sopropanol pre-.
clpxtat;on‘

‘Reagents.—Compounds which were not of reagent
grade or which did-not have melting points n agree-
mént ‘with litérature valiies were récrystallized of re-
distilled before use:

Antisera,—Rabbit antiserum to- Ti bacteriophage
INA was. prepared by intravenous injection of.xlums
precipitated: ruptured bactériophage (Levine et al.,
19603, Lupus- erythematosus sera, which contain
antibodies to dénafured DINA (Stollar and Levine,
19617, were obtained through the: cooperation of Drs:
Earl Chapman ‘and Johin Mills of theé Massachusetts
General Hospital,v ‘When tested for activity: toward
42 DNA: ‘preparations, the. -antibodies in these lupus
erythematosus sera’ reacted more -effectively with
d_éha‘tmed. t,h‘ar} native DNA (Stollar- et al.; 1962b}.
The antibodies ifione of the lupus sera used are directed
toward thymjdylic acid sequences (Stollar et al., 1962a).

Denaturation of  DNA was determinad as follows!
0.5 -ml of an appmprmte dilution of the denaturing
agent to.be examined in 0,05 M Tris buffer, pH 7.6,
contammg 10-+m EDTA Tris-EDTA), was placed
in 4 1.0 or 2.0 ml glasssstoppeved  test: tube at room
temperdture; After addition of 0.05 ml of DNA (160

pg/ml) the tubes were inverted several times and
placed in A water bath at 78 & 0.1% During ineu-
bation the tubes were mixed fwo or. three times, For
examination of volatile denaturing agents, the stoppers.
were- carefully” greased Control experiments with
methanol, the moast volatile of the denaturing agents
exarnined, gave the same results in glass-stoppered tubes
and in sealed vials, Aftér incubation for 30 minutes,
the samples were rapidly chilled in an ice bath and
diloted In cold veronal-serum albumin buffer. The
concentration of denatured DNA was then determined
by the complement. fixation technique of Wasserman
and Levine {19617, In'all experiments, controls, con-
sisting of DMNA which had been incubated in Tris-
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bation the tubes were mixed fwo or. three times, For
examination of volatile denaturing agents, the stoppers.
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methanol, the moast volatile of the denaturing agents
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BDTA at 73° in the absence of a dénaturing agent, as
well as DNA which had been completely denatured by

heating at 100° in‘the seive Huffer for 10 minutes, were

inclioded.  In later experiments, DNA standards which
had been incubated with 1.0 and 2.0 M urea were also
included,

‘RESULTS

The denaturation of DNA was followed by an fens

mutiologic method which: detérmines” only -depatured

DNA, presumably by reactien of anhbody with' the

oallapsed non«hydmgezx-bonded ‘regiong. 'of smgte»
strand, denatured DNA, sven in the presence of native
DNA (Levme et al., 1960 Murakami ef al,;: 1961),

After incubation with the denaturing agént, ususlly: for
30 ininutes at' 73° in TrisEDT, ’uﬁ'er, pH 7.8, the
DNA samples ‘were pooled ra
amount of denatured DNA was determined by measure:

ments. of complement fixation after 1:400 dilution in

oold bulfer. This dilution permitted determination of
the complement fixation curve from:the region of slight
antigen excess to that of antibody exeess  In Jater
axperm)ents the chilléd reaction mixbures were diluted
11110046 the same buffér and complement fixation was.
performed in; dnphcata ‘at-the equivalence pomt and’
at one point i the region of antibody excess. The
quantity of denaturéd DNA in-sich sample was esti-

mated by comparison of the complement fixation curves.

with a calibration curve obtained with thermally dena..
tured DNA. For complement fixation analysw, the
highest concéntration of déngtuving “réagent (after

1:400 or 111100 dilotion) was analyzed-for ifs: eﬁwb

‘on complement. No inactivation:of complertent was
found with any of the denaturing reagénts used. The
fmmunglogic method permits: evaluation of denamrmg
agents which absorb at:260.mp; and avoids.cemplicas.
tions from possible:solvent effects on:the-absorbaney of
nativeordenatursd DNA,

Thé results of the complement fixation assay for’

denatured DNA in ' series of DNA samples which had
‘been incubated with various éoncentrations of fiexan-
amide at 73° dre shown'in Figure 1, The coniplement
fixation. curve for & sample of DNA which bad heen
completely denatured by beatingat 106° for 10 minutes
is included for comparison. The
of thermally denatured DNA o hexanamide-treated
DNA whieh give 50% complement fixationin theregion

of antibody excess is equal to thie fraction of denatured
DNA in the bexanamide treated sample (Kabat and
“Fot #éxample, the ddta in. Figure 1.

Mayer, 19613
show. that 50% complement fixation  wag obtained

with 2.8 raug-of thermaliy denatured DNA.  The same
Amount. of 1" fixation ‘was obtained with 5.4 mpg of
the DNA whicl had been‘incubated with 0.19 a0 hegan.

amide, 'firiﬁ‘i'éating' “that 52% ‘of thé DNA had ‘bean
‘dénatured in this sample.

"The affect of témperaturé on the denaburation of I
bacteriophage DNA, measared by the nmmunoiogm
proceduare after ooohng, is shown in Figure 2. Atypical

“melting curve” is oblained with a 7., (lemperature
ab which 50% denaturation nceurs.under the conditions
deseribed) of 75.8%. In the presence of 1 M ures the
T 18 Jowered 2.8° to 73.0°. A4 73° there 3s ssgentially
no denaturation of DNA in the absence of a denaturing
agent, This temperature was chosen for ‘evaluation
of other denaturing sgénts Becatise it permits a “sensi-
tive agsay: of denaturing effectiveness at relatively low
coneentrations of denaturing agent: thus, the activity
of omponnds which are too insoluble to permit study
at lower temperatures can be investigated. Further-
more, under thése conditions a sniall change in' the

dly in fee and the”

o of the amounts:
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¥Fia, 1,—Fization. of’ cumplemen’s by Ty bactenophage
DNA aftér incubation at 73° with hexanamide st the indic
éated concentrations (M) and by DNA denstured by
ing at 100° for 10 minutes,
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% Dencturation
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C." ra b Ty {1 i ihin
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Temperature

16, 2.-—Thermal stability of T bacterxophage DNA a8
deiermined by the immunologic method. DNA “was: ingas
bated at the indicated temperature for 15 minutés prior 1o
agsay, a8 described in the text, X, in'the presence of0.05.8
Tris buffer; 0,001 M EDTA, pH 7.6; O, buffer plus 1:0:m
orea.

concentration of denaturing agent causes a large-change
in the amount of DNA denaturation, so-that the rels
tive effectivenéss of different compounds riay be com-
pared by determination of the concentration of denmtur-
ing agent which gives 50% ‘denaturation of DNA under
the standard conditions,

The effect of time of mcubatwn at 73° ontheamount
of denaturation of DNA in various concentrations of
urez is shown in Figure 3, Atany givenconeceniration
of urea, the amount of denaturation reaches a constant
level in 10 minutes, and does not change over the
following 30 minutes,’

' The absence of a lime-dependénce for urea depatura~
Lion, a8 well as-the very sharp temperaiure depemience for
uren denaturation, ndieale that df»compomtscm of wren to
¢yanate and ammonm, which sccties very ‘Slowly at ihis
tesnperature, ig not responsible for the obsetved denatura
iion,
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“The effect. of-increasing jonic strength on the

Fig: 4,
,mm*entratwn of urea which gives 507 denaturation of T
hacteriophage DNA in 005y This, 10 s BDTA, pH 7 6,

Toniv-strengih-intreased by the: addluon of NaCl,

'The amount 6f ured required to give 56% dénatura-
tion of DNA at 73° increases. with- increaged ionie
strength (Fig. 4). 'The idnic stréngth iof the Tris:
EDTA buffer, 0. 043, was. selected for further-.experi-
ments., [t iswell known thatthe denaturation of DNA
‘seours 'more- readily at lower ionic strength Doty
et ul., 19593,
The amount of denaturaticn of DNA by 1,0 stuiea
at 78° is dependent on ‘the concentration of DNA,
with a larger amount of denaturation observed: in %he

TasLe:1
Erreer 0F DNA CoNUENTRATION ON DENATURATION BY
1.0 UREA AT 737

o
A

DNA Denatura-
{1g ‘i) tior
0.9 ¥y
1.8 78
5.8 70
T.5 AR
15.0 48
30.0 43

« Tn 0.05 M Tris buffer, 0,001 M EDTA, pH 7.6, 30 minuLes,

concetitration of 16 ug/ml.
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Fic., Bi—Logarithmic_plots of the ratio of denatured: to

native it bactetiophage DNAas a funetion of the concentra-
‘tior of denaturing agents;at 73%.

The dashed line! mdlcat.es_
the concentration of réagent necessary to give 509 de-
natiiration,

more. dilute solutions (Table I). We have not at-

‘tempted to accountquantitatively for this concentration
dependeénde;

A theéoretical treatment by Zivam (1960}
indicates that the concentration dependence. of the
extent of DNA denaturstion should be small. “The

-amount of denaturation.of DNAin 1 M urea was shown

10 be independent of pH in & series of Tris-EDTA
buéfers of .constant’ ionic strength, between pH 6.9
and 8.4,

With this inforination available, the following stand.
ard conditions were selected for evaluation of the rela:
tive  éffectiveness of different debaturing agents:
Incubation for 30 minutes at 73° in 0.08 '™ Tris buffer,
pH T:6; containing 10~ MEDTA, with a constant DNA
This ¢oncentration of
DNA, permits difution of the reaction mixtures to a
point at which the denaturing agent does not interfére

‘with the complement fixation assay.

The concentrations of denaturing agents required: to
#ive'50% denaturation of DNA under these conditions

‘were -determined from linear, logarithmic plots of the

ratio of denatured to native DNA against the concen-
tration of denaturing agent. Examples for a series of
amides (A) and aleshols (B) are shown in Figure 5,
The concentrations of different. reagents which give
50% denaturation of T bacteriophage DNA under the
standard-assay conditions are summarized in Table 11,
The tabulation of reagents has been subdivided into
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B TasLe I
REAGENT CONCENTRATION (M) GIVING 509, DENATURATION

or Ty Bacteriorace DNA 18 AqUEOUS: SoLurion AT 73°,
) Iomc Strength 0.043

M o
. Alsphatxc alechols
Methyl aleghol Isobuty! alcohol .48
‘Bthyl'aleohsl 1 2 n-Butyl aloohol 0.38
Taopropyl sleohiol 0.90.  fert-Amyl alechol 0.39:
n-Propyl aleobol- 0.5b4
Allyl-aleohiol .50 Ethylene glycol 2.2
-sex-Butyl aleohsl 0462 Glycerol 18
tert:Butyl.aleohiol 0.66
'I'h]o ‘aleohols
I}ithioglycol
chlm algohols
Cyelobexyl aleohol 0.22 Pheno! 008
Benzyl alcohok 0.09+  p.Methoxyphenol  0.09
Inogitol 1.5%
‘Other cyclie compounds’

Aniline’ .08 1,4-Dioxsne 0.64.
Pyridine .08 y-Butyrelactone 0.58
Puriné ¢.13 3:-Amirictriazole 042

Amzdes
Formanids- 1.9 ! ‘Butyramide 0.48
N-Ethylformamide 1.0  Hexavamide 0.17
N N-Diméthylform: - 0.60 o

‘aride. )

Acétamide 1.1 Glycolashide 1.3
N.Ethylacetamide. 0.88  Thivacetamide. 0.92
N N.Dimethvlacet-  .0.80. =Valerolactam 0,34
amide
Propionamide 0.82

Ureas.
Urea 1.0 Ethyleneurea 0863
Carbohydrazide 1.0
1,3-Dimethyliren: 1.0 Thiourea 0:41;
Ethylure& 0.60 Allyithioures 0.28
tertButyluten “0.22  Ethylensthioorea  0.32

B Carbaniates
Vrethan: 0.50° N:iPropylurethan 0.24.
N—'Méthyihxethan _'0.88
Other x:ompoundb

O‘yanOguamdme 0,21 Avetoniirile 1.2
Sulfariide 11 Tween 40 >200%
Glycine 2.2 Triten X-100 >106%

-»Based on-a single experimental point, '

chemica] groups:and arranged. in approximate order of
‘increasing denaturing sffectiveness within sach group..
Replicate determinations indicate the accuracy of the-

‘nethodt6 be within approxmxately +=10%.

In the series of aleohols, effectiveness asa tienat\}.rant
hicreases with ineressing chain length in the. series
methyl -ethyl, n-propyl,. and n«butylaleohol: Branch-
g of the:alkyl chiain decrensen the denaturing effective-

ness and increases the solubility in water of the denatur-

ants, as compared to the strgight chain somer.  Mask-
ing: of the hydrocarbon cham i glyeol, dithioglycol,
and glycerol, as compared to sthy! and propy | aleohol,
‘decreased devgturing effectivencas.. Cyclohexyl aleohol
gives 50% denaturation at-a concentration of 0.22 M
compared t0.0:33  for the longest chain ahphatm aleo-
holstudied, n:buty)l alecohol. Thisincredse in effective-
ness i3 approximately the amount, expected for the
addition -of two carbon. atoms® to nsbutyl aleohol,
Apdin, masking of the hydrocarbon. chain in cyclo-
hexyl aleohol by hydroxyl substitiients, ag in inositol,
matkedly reduces activity..

Pheaol,. p-methoxyphmml benzyl alechol, aniline,
Py riding, and purine are the most, effective denaturants
examined. Nonaromatic cyvclic-and hetérocyclic com-
nounds show moderate denaturing aetmty

11 the amide series, formamide causes 50% denatura-

effective: as- acetamide.
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tion of DNA at a concentration of 1.9 M. As in the
aloohol series, lengthening of the alkyl chain in the
series formamide,. aeetamzde, propionamide, butyrarms
ide, and hexanamide increasés denaturing effectiveness.
Substitution of methyl or ethyl groups-on the nitrogen
atom inereases the sctivity, compared to the parent
compound.  The five-carbon cyclic amide, dwvdlerolae--
tam, Is more effective than the fourscarbon straight
chmn amide, butyramide, but is less éffective than the
six-carbon straight chain amide, ~hexgnanide,  Thio-
acetamide, as compared to acetamide; isless solublé in.-
water and is.a better denaturant,

In this series, as well as in the otheér series of com-
pounds examined; denaturation is vot: due to a decrease
iis'the concentration of water in the solutions.containing
denaturing agent. Not cnly i§ there no. correlation
between: the amotnt of dératuration and the concens
tration of waker'in the solutions; bit the eoncentration
of water in solutions of the more effective denaturing
agents i considerably: higher than in solutions of the
less effective compounds:

Urea is more effective than fermamlde and i€ as
Large alkyl sibatibuents on
the mtrogen atomg-of urea Incresse effectivenessaga
denaturant in the series 1,3-dimethylures, ‘sthyluréa,
sthyleneures, and t-butyluxea. Amino-substitution on
both nitrogen atoms of trea {scarbohy&razxde) does not
alter the activity, The sulfur analog of urea, thwurea,
is-a more efféctive denaturant than urea and 35 less-
soluble in water.

Substitution of 4 methyl orpropyl group on: thenitro-
gen atomn of wrethan again résults i 40 incredse in
denaturing effectiveness:’ Furthermore, the presence
of the ethoxy substituent on-carbon, in wiethan, in-
cresses effectiveness of the amide gr up as compared to
a hydrogen or amino substituent; in formamide and
Wres.

Among the ‘miscellaneous compounds, ¢yanoguani-
dine is highly-effective. Sulfamidé, a structuralanalog
of urea which is inactive ag a denamrmg agent toward
boving serum albumin, ‘shows an acmvzty mildr to
that of urea toward DNA, Thé nonionic defergents,
'I‘ween 40 and "Triton X:100, aremot effective denatur-
arits in the highest concentrahon tested,

The stability of a series:of different DNA molecules.
toward heat denaturation incresses with ‘increasing
guanine plus cytosine-dontent-of the DNA (Ma
and Doty, 1959} The amounts of ured. or pyridine
reqiired t6 glve 50%- denaturation‘of DNA-isclated
from ‘T bacteriophage, Diplococcuy preumoniae, Bacil-

dus subtilis, calf thymus, FEicherichit ¢oli, Serrativ

marcescens; Pseudomonas ceruginosay and. Streptomyces
viridochromoegenes were determined.  Instead of anti-

Ty DNA, however, the aniibodies pregent in lupis
By themamsus sera were-used toestimate denaturation.

Ag ghown in: Figure's, the stabilities: 6f thése differert
DNA molecules toward déenaturation. by urea and by
pyridine Intredses with irereasing guaning plus:eytosine
contéut of the DNA..

The immunologic method measures the amount of
denatured DNA after ripid cooling. ‘The-results obe
tained after rapid cooling are-slighily different from
those obtained by measurement of the properties of
DNA at ambient temperature; 7., thers are two
stages in denaturation, one of which. is- measured at
ambient termperataré and is ‘reversiblé onguick cooling,
and a second stage, which i3 irfeversible on quick cool-
ing (Doty et al., 1959; Geiduschek, 19815,  Inorder to
determine whetber the resuits. obtained for the effedt
of different types of denaturing agenis-on the second
stage of denaturation, measured affer ranid caoimg
also apply to the first type of denaturation, & series of
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Pia, T.—Thermal stability’ of T bacleriophage DNA s8
dstermined by the relative change of optical density in0.05 M
Trig. buffer, 0.00L v EDTA, pH 7.6, at 260 my at the indi-
cated temperatm‘es, compared 1o 20 . X, no addxtxoms, »,
0.33 31 n-butyl aleohol; A, 0.60° f-butyl aléohal;
ured.

measurements wag carried out in which the ¢hange in
absorbancy of DNA on denaturation was measured at
‘ambient temperature (Doty et al., 1959% As shown
in Figure 7, the T, for DNA denaturation measured
in this way is 73.7°, 2° lower than the T}, observed

G, 1.0

Biochemistry

Pasrw 11T
RENATURATION oF Ty BacTeERiOPHAGE DNA
Optical Assay
Relative Absorbancy at
26D mpe
Ambient, Renatured,
Deéngturing Apent 787 5700
None 138 1.08:
1.0 M urea 1.38 1.04
0.60 M t-butyl alcohol .1.39 1,08
0.33 » n-butyl aleohol 1.40 1.06

{mmunologic Assay
% Denatured IDNA After
Incubation for 30 Min-

utes 't 73°
Quicks Incubated
Cooled at BEod
Noge* (1069 100 925"
2.0 ¥-ured 160 8-
1.0 & thioures 100 %
12 sturethan 100 40
"1:2 M thioncetamide 100 42
1. 5w dimethylformanide 100 38

+ Absorbancy relative to a control DNA-solution min.
tdined at 25°; corrected for the volume expansion of water,
¢ DNA was heated slowly to 78° in the presence of reagent,
Solid NaCl'was added to 0.3 M and ¢the solution wasallowed
to-cool slowly to 57° over 45 minutes; ‘the fisal reading’ was
obiained after ‘120 minutes. No “gignificant change in
cpttcal density oceurred xmmedmtely after the addition of
NaCl,  «DNA fully denatured in the absence: of reagent
by boiling for 10 ‘minutes, + Denstured samples were
dialyzed -at 55° for 120 minutés against 100" volumies of a
solation containing 0.5 % NaCl plus thie original eoncentya.,
tion of denaturing agent.

by. the. immunologic method after qmck»wohng (F‘xg

2): ‘Three -denaturing agents, n-butyl -alcchol, &
bityl aleohol; and urea, were examined ab concentra~
tions which give' the ‘same amount of denaturation,
£0%, in the standard imfmunologic-assay, ~Asshown in
Tigare. 7, these concentrations of denstirants a]so
have identical effects on the lowerinig.of the Ty, meas-
nred spectrophotometrically af arablent’ temperamm

T'his suggests that the results obtained by the immuno-

logic assay- are similar to those obtained by measure-

ment of ‘denaturation at.armbient temperature, except
that in the latter case the effects are observed:at a
ternperature which is-about 2° lower,

The thermial denaturation of DNA, of bBoth:type 1
and type IT described above, may be partly or-com=
plebely reversed. by slow cooling ot incubation in the
pressnce- of salt at 55° (Marmur and Lane, 1960,
Doty et al,, 1960; Levine et al., 1960), As:shown'in
Table 111, renaturation can also be observed after
compléete. denaturatlon in the presence of & number of
the denaturing agents described - above, ag meéasured
both by change in absorbancy and by the immunologic

assay.

In Table TV are shown the resiilis of'a study of the
solublhty of tetrasodium pyrophospliate and. of aden-
ine, in a series of aqueous solitions of denatirants.
The concentration of denaturant in the adenine series
i35 1 M and in the pyrophosphate. series the deraturant
i83 M. Thesolubility of pyrophosphate decreages with
increasing chain length or alkyl substitution on the
nitrogen or oxygen atoms of the compounds exammed
For example, the solubility of pymphosphate in -solu-
tions of alcohols progressively decreases in the series
‘methy], ethyl, and propyl aleohol. Pyrophosphate
solubility is decreased slightly less by n-propy] alcohol
than by isopropy! aleohol, although n-prapyl alcohol
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TasLe IV

SoLuBLITY oF TETRASOPIUK PYROPHOSPHATE AND ADENINE
AT 37.0 & 0.5 N AQUEOUS SoLUTIONS 0F DERATURING

AGENTS
Pyro-
_phosphite  Adenine.
, Bolubility! Solubility*
‘Reagent (1) X 10%)
HyO ¢ontrol 0,310 1.544
Uréa , 0,215, 1.77
Carbohydrazide 0,182 201
Ethylurea 0.052 2.25
Thiourea 0.224¢
Urethan. 0.057 2.71
NiMethylire than 0.048
N:Propylearbamate ) 3.42
‘Methiyl-aleohol 0,124 1,59
Ethyl slechol’ 0.082 177
Tsopropyi alcohiol 0. 039 2,02
n-Propylalcohol 0,054 2,26
TerButyl aloohol 0.081 2,18
eobiityl alcohol. 2M
n-Butyl sleohol 2:84
Ayl alcohol 287
Allyl aleshol 0,084
Ethylerie glycol 0.186 1:88
Giyeerol 0.211
Pormarnidé 0188 154
NNDimethylformainide. 0043 277
N N-Diethylformamide. T0.018 3:35
Acetamide’ 0:177 2:06
Propionamide 0.108 2:26
Butyramxde 0. 05687 3.01
Py 0.059
0.630 2.98
Adetonitrils 2,08
B-Arminoteingole . . 2.79
Glyeine &, 264

'The roncentration of reagent in aguecus. solution was:

3 M, except. 43 noted:. Tetrasodium pyrophosphate -was
;determmed a8 morgamc phosphaie after acid hydroiyms
sl -

our armlyses genedally agree to within
29 Solubilities™ are: reprodamble fo- 64, +The con.
centration of feagent in dqueous solution was 1 w,
solubility of adenine was determined spectrophotometrically
-t 260.amy; after dilution, utilizing.a molar extinction cosfs
fﬁmen oF 13.3 > 103 (Dawson et-af,, 1959),

two sudcessive determinations agreed within 1%
pHof &’ water solution saturated with adenine was 6.49,
¢ Bypetimental walie; Interpolated literaturs wvalue =
0,29 m {Merck- Index; Tth ed,, Merck and Coy Rﬁhwayg
N, ragy, 1960, p.°1026), *Literature value = 0.665 %
wt.26° and 18,5 X 10F wat 100° (Dawson Fo al‘,
2.9 ¥ solution, 42,6 M-solution.

1959).

48 u better denaturant. In different groups of -com-
ponnds, thiourea, vrea, and formamide are better dena-
turants than methyl alcohol, although the solubility of
jpyrophosphate inthe presence of the former compounds
is Kigher..

“The solubility of adenine is increased by alkyl sub-
sfitution-on nitrogen, ‘oxygen, or carbon {extension of
the ¢hain) in“a glven séries of dompourids. Both the
golubility- of adenine and the derzaturmg effectiveness
toward DNA inérease in ‘the series methyl, ethyl,
propyi and -A-batyl aledhsl "Branched chain alcohols
are less effective denaturants and are less effective in
solubilizing adenine than their straight-chain isomers.

Discussion

According to the Watson-Crick model, native DNA
has . high density of negative charge on the outside
and has its relatively non-polar bages on the inside of a

an increased exposure O

The:

Aliguots - were
1 5t 48 hours and every 24 succeedmg houm until.
“Ths,

‘of tetrasodivm pyrophosphate:
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Native

Denatured

Ficurz 8

double-stranded helix which iheld together by hydm-
gen bondé: Upon' denafuration theve i a partial or

complete separation of twe. mands (Marmur and Lane,

1960; Doty et al., 1960) with a resulting decrease in-
the density of hegative charge (Ascoli ¢t al., 1961) and
the hydrophebic bases to-the
solvent, An aversimplified, highly schematic represens.
tation of native: double strand and of fully denatured
sitigle strand DNA 8 shown in Figwe 8.t Denaturd-

“tion will be favored by solvent: chianges which destsbi-
'hze high charge density (e, solvents of low foncsolvat:

which compounds of high chatge’ densxty
ely: hxg h activity coefficient) and which
gtabilizé the exposed bases: (i.e., “hydrophobm” #ol-
vents, in-which the. mon-polar DNA bases exhibit arela-
tively low activity coefficient). These two properiies

of the ‘solvent: fuay be. expocted to change in & smazlar,

but not identioal, manner with changes o the composi-
tion of ‘the solvent, Additional factors which could

favor denaturdtion {nclude such specific interactions as

hydrogen bonding of the solvent to the exposed basesand
moleculat compound. formation, which may involve a
“oharge-transfer” interaction:of the w-electron:systems
of the arormitic bases with. the solvent (Weil-Malherbs,
19465 Booth and Boyland, 1953}

Petrasodium pyroplicsphiate is & compotind of high
charge denmty, and conditions which destabilize this
molecnle (Le,, increasé the activity coefficient) ‘would
be expected: to Qestabilize the high' charge density of
native: DNA, compered. 1o ‘denatured DNA, This
destabilizing effect was measured by exsmining the
effect of 3 series-of: demxturmg agenty on the solubility
Binee the! getivity of

* A discussion of. the detailed structure of the; varipus
forms of. pattly and fully: dexatured. DNA s beyond. -the
scope of this paper, but may be found in a-review by
Marmyr-et:al.-(in press); - ws are céncerned here.only with
the difference i propertids Hetween native DNA and the
vavious forms .of denatured DNA; alb of whichk may be
expected -to exhibit; o e greater or lesser extent; a de-
creaged charge: dem;xty and.. mcreaseé ‘axposure: 0of hydro-
phobic: bages 1o the :salvent, . :compared 1o native DNA,
It may be notéd that  rapidly. reversible denaturation
{measured al ambient tembperaturs, Fig. 1) and denatura-
tion whieh is frreversible on rapid.cooling-exhibit sivailar
sensitivity'to solvent changes; these-two types.of denatura.
tion presumably involve different degrees of strand separa-
tion, The temperature mnge pver. which densiuration
occurs is small for ‘T4 bacteriophage DNA, reflecting the
high degree of homogeneity of these preparabmm, the
fact that temperatures exist at which denaturation is only
parlial may be interpreted in.terms of incomplete strand
separation due to mhomoganeﬁy of the strands, or in
lterms of » mobile equilibrium. Jn which, &b anv moment, 8
constant. fraction-of the DINA is denatured. Both of these
formulations are consistent with the: time-independence
of denaturation (Fig, 3).
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g, 9. —Liogarithmic plot of the denaturing dfidotiveness
of wseries of compoiinds toward DNA against the effect of
1,0 m solutions of the same compounds-on the acthty cosffi-
cient of ademnel ‘from the solubzlnty data of Table 1V, e,
aleohols;. ©) Uread and carbamates; o, amides; X, other
mmpaunds.

the solid phase s constdnt, & decrease in golubility
corresponds. to anvincrease in activity coetficient, fe.;

a “destabilization’of the compound -which may reason-
ably beaseribed to its highly ioniccharacter. Asmight
be expected, the-addition of alkyl substituents.or an
increase i the chain lengthof alkyl groups on the
compounds sxamined destabxhzes pyrophosphate (e
incredsss ity dctxvzty coefficient) in aqueous solutions of
the compounds: ‘Such siructural changes.may -also,
therefors, b xpected: to decrense the stability of the

high .charge. denszty of native DNA reélative to dena-

tured DINA in.aqueous solutions of the: compounds.
It 16 of particular interest that urea decrenses the jon-
solvating ability 0f water toward pyrophosphate in
‘spite of the fact that urea has & higher dielectric con-
staht than ‘water; this §s.another example of the fre-
guently obgerved poor ‘corfelation between dielectric
constant and lon:sclvating ability iFamberg and
Winstein, 1956; Kosower, 1958).

‘Herskovits cef al, {19619 have conélnded that the
electrostatic free energy of DNA s lower in mathanol
‘than in: water,. bécadse of the. lirge amount of don
paiting which oceurs in_ this, solvent, However, the
molar free eriergy-of jons and lon pajrs must be greater
in alebhol wsolutions than in water, bécatise their
generally low sohibility means that they exhibit in-
creased activity coefficienta in alcohol, compared to
-aquecus, solutions: DNA is no-exesption to the: gener-
alization that the: stability of charged compounds is
decredsed. (1.0, the actwnt;y coefficient s intreased?’
in alcohol mlutxona, since-denabured DNA-is insoluble
it alcoho}'in the pressnce of a-low condentration of salt
tHerskovits ¢t al., 1961). Thus. the activity coefficient
and_molar. free energy of DNA avre higher in algohol

than in water, in.spite of the exposure of non-polar.

‘bages to the solvent on denaturafion, The sohibility
is dedrédased. by the additipn of salt, which must in-
crease the amount of ion paiping: This behavior indi-
cates that the poor jon-solvating power of aleohol and
related solvents decredses the stability of DNA in
these solvents, relative to water. In this connection
it is of interest that native DINA, with its h:gh charge
density, is insolubly, but denatured DNA is soluble in
dimethy! sulfoxide -Helmkamp and Tes'o, 19611 It

Biochemistry

is coneluded that the decreased mn—mlvatmg power of
the solutions of denaturing agents examined is one fac-
tor contnbutmg to their denaturing effect,

The increase. in denaturmg effectiveness with an in-
erease.in the number.or size of alkyl substituents in
the aloohol, amide, urethan, and urea sevies of denatur-
ing agentsis consistent with 4 -contribution of nonspe~
cific hydrophobic interactions to DNA' denaturation by
thesa compounds. This effect arises by a-stabjlization
of denatured DNA, rélative 1. native DNA, because of
exposure of the. hydrophob)c bases to the solvent.in
denatured DMNA. That such an- effect contributes:to
DNA denaturatlon ig"indicated by the increased solu-
bility of adenine in. solutions of denaturing agents.
Increases in the number of ize of: alkyl substituents

increase the solubilizing’ effectiveriess of denaturing

agents toward adening {Pable 1V) and, in contrast'to
the situation with' tétrasodiam pyrophasphate. thers is

.even a moderately good:correlation among’ dxfferent

groups of compounds between denaturing sffectivensss
and effect on -adening solubility (Fig . Agmn it is
oftiriterest that ared, inspite of its hig) 5
increases ‘adenine solubahty ‘Thus; sfféctive denity
ing agents increass the stabzhty anci ‘decraase the
activity cosfficient and free evergy of adening and,
presumahly, of the exposed bases of denatured DNA..
Herskovits ¢ .al. (1961}, Geiduschek and Herskovits
{1961, Hamaguchi and Geiduschek (1962); and Ts'o
et al. (1962a) Have independeiitly obtaired eviderce
favoring a hydrophobic mechanism Tor DNA dénatura-
tion by alcohols, dimethylformamide; large anions, and

_aromatic compounds, and: Tg'o et’al, (1962b) has fur-

ther shown that:a serjes of aromatic compounds ins
creases the solubility; -and therefore the stability, of

‘several DINA bases, Although it4ds pogsible tha Args

nratic denaturants are more éffective than gliphatic deha-
turants bacanse of an interactiori with the aromatic
DNA bases through some sort of r-electron mteractmn
(Tx'o efal., 1962a), our data. do not provide any-strong
support E‘or such. a hypothesis. Although aromatie
denaturants are. generally somewhat more. effective
than aliphatic analogs,- the differences-are not. great.
Hexanamide, cyclohiexyl alcohsl and r-hutyiurea are
only two- to three-fold less effective than most aromatie
compounds and are morg effective than -aniinotriazole:
These data do not exclude 2 special miechanism for the

action of aromatic compounds; but. they-indicate that

any.-such mechanism does not make a very largescons
tribution in addition ‘to' that-which is-expected from
the nonapedific hydrophiobit ¢haracter of the aromatic
compounds we have examired.

The results of-thigand other studies provide no evi-
dence that hydrogen bonding between denataring agent,
and DNA contributes to the denaturing effectiveness of
the .compounds examined., The high denatunng -ac-
thty of mmpoundq containing-no acidic protons and
the Increase in activity upon substitution of an alkyl
group for hydrogen rule out hydrogen bonding by
proton donation from the denaturing agent. “The
absence of any correlation betweén basicity and dena-
taring effectiveness and the activity of compounds; such
as ‘dioxane and ncetonitrile, which are considerably
weaker bases than water rule out bydrogen: bonding
in which the denaturing agents act as proton acceptors.
Bifunctional Yvdrogen bonding s ruled ouf by the
activity of campo\mds which contain no acidic protony
and only ‘a single basic site. Furthermore; since the
resalts appear to he adequately accomted for by the
decreased ion-solvating properties and the inecreased
hydrophobic charaster of the solutions of denaturing
agents, compared to waler. there is o réason to invoke
other mechanisms, such as hydrogen bonding;




Vol. 2, No. 1, Jan.-Feb., 1963

It should be emphasized that the forces involved
in the denaturation of DNA are not necessarily the
sams as those which are important in mamtmmng the

structure of native DNA.¥  Although it is quite likely:

that hydrophobic forces contribute to the stability of
native DNA (Herskovite et al., 1961), the effectiveness
of hydropbobic demzturmg agents does not prove this
hypothesigand, in particular, the conclusion that hydro-

geiy bonding of DNA to the denaturing agént does not:
contribute #ignificantly to. the denaturiing activity of
the compounda examined dogs not imply that hydrogen,
bonding is.not important in mmaintaining the structure’

of native DNA.
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