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THE INlIlf3ITION 0'P DEOXVRIB0Nl.JCLP..ASE I f3V HY01mXYBIPHENYLS 

LaboratOl:V of Chemical Bioomamics and Lm,n:ence Padiation Laboratnrv, 

Universitv ofCalifonua, Berkelev, Calif. 94720 (U. s. JI .• ) 

DN.2\. extracted with certain CX)l"1"'ercial brands of nhp.nol i~ 

resistant to hydrolvsis hv the endonuclease DNAAse I, \vhile DNA 

extracted with other brands, or pr.en.ared blr SodiUl1 chloride 

extraction, is suo:;ceT'tible to h"drolvsis" ':1:he aqent TeSl"'X)nsible 

for inhibition has been shnt"l1 to be an oxidation nroduct nroduced 

in sorre phenols" 'J'he inhibitor has been senarated frnn other 

irrpuri ties in phenol by paner chromatography, and, bv r.1eans of 

infrared and ultraviolet spectrosoor:w, it has been identified as 

o-hydroxvbinhenvl. The kinetics of inhib~tion have heen studied, 

and it was found that inhibition arises from direct action on the 

ONl\ rather thcm on the enzyrre. f'.everal hvdroxvbiphenvls ClriO 

l'bbreviations: sDNA, DNA prepared hv Ni'lCl extractirn ~ pONJ\., 

D~JA nrepared hv phenol extraction: Pu, an unidentified purine: n", 

;m tmidenti fied pvriT1"'id:i.ne: CD, circulAr dichroi~~ SSC, !=:aline 

~;\ x1.\ \Ul' ci tri.lto: pUP, ro1"vinvl ",vrmlidone .. 

* Present address: Depart!!'ent of Chf'.roi.strv, University Of Califrmia,· 

Santa Cruz, Calif. 
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related c<T\pounds helve been tested for inhibi tian, and a theor'l 

of molecular structure versus inhibitory ,effectiveness issuq-

crested frcm this data. F'rcrn studies on the chernicalreversal 

of itmibition, as '-.'ell as, fI'CITI, ultraviolet spectral studies (in 

both absorption and circular' dichroism), it apPears that' the 

mode of action of the inhibitors is hydrogen bondincr to, and 

intercalation be'b ... ~en, the bases of the nucleic acid. 

INTRODUCtION 

Deoxyribonuclease I (deoxyribonucleate oligonucleotide 

hydrolase, EC .3. i. 4.5) is an endonuclease of Irolecular '-.'eight 

30 700 that preferentially hydrolyzes linkages of polydeoxy-

ribonucleotides of the t'{!?C Pu-3'-P-5'-Py. Hydrolysis occurs 

between the 5' -phosphate and the 3'-hydroxy-l to yield oligo­

nucleotides tetminating with phosphorvl groups in the 5' posi­

tion 1. Bivalent cations such as c02+, Zn2+ , Mn2+, Mg2+, and 

ea2
+ are :required for enzymic activity2. 'lbese metals are re­

quired by the erizyrre to maintain disulfide linkages in their 

oxidized fom: :reduction of these linkage~ is acoc::mpanied by 

3 
a loss of activity. Mions such as fluoride, citrate, arsen-

ate, borate, and selenite, ,>Jhich can react with the bivalent 

cations, are known to inhibit the action pf the enzyrre 1. Sev­

eral non-activating cations can displace the activating bivalent 

cations and cause inhibition. These are Fe2+, Fe 3+ , er2+, and 

'" 

'. 
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Ni 2+ (ref. 1). PESTV et a1
4 

have ~hrMn that· Pe2+ can inhibit DNAase 

by the formation of a DNA-Pe COI'l'plex. 

5 LINDBERG has reported the isolation flXJ!11 beef pancreas of 

two oroteins that inhibit DNAcise. An inhibitor-enzyrre cormlex 

of molecular \~iqht 81 600 hac; beEm isolated6 • 

DNAase is inhibited by such r:1rugs as ethidium brotT'ide and 

. . 0 7 actl.nanycll1 • The~e canpounds exert their action on- the ONA1 

one drug rrolecule can protect 40 to 50 base pairs fran the action 

of the nucleac;e. NARINr,8 hac; estabfished the nature of the ethidium 

bromide interaction with ONA as intercalation. 
9 

W}V~mR has pre-

sented m evidence for the intercalation of ethidi urn bromide 

into DNA. 
10 

HOTo'f'l'WJ-oS'IENHOF J\ND l='pISCH-NInGEMEYER have renorted that 

twO- and three-rincrcuinones, sum as <X - and f -napthoquinone, M­

thraquinone, and !,henanthraqui.none, act as inhibitors of ONl\ase, 

while such one-rinq ouinones as benzoauinone, te11.rJ"Ui.none, 5-rrethyl-

toluauinone, and th~one, serve as acti vater.:; of the enzw-e. 

Furthermore, sum phenols a.c; pyrocatechol, hvdroauinone, and 1,2,4-

benzenetriol, are also acti vaters OT the nucleac;e. The~,e authors 

suggest tha.t the action of these COJ'Il!"lOunds i~ on the enzyrre; hON-

ever., no experirrental datt'l has been nresented to supnort ti1.is • 

\.~ have fOl.md that ON]\. extracted with ,1. T. Baker Lioue:f!ied 

Phenol is :resistant to enzymatic hydrolysis, while ONA extracted 

wi th r~allinckrodt Liquefied Phenol, or ON}'. prepared bv sodiun 

chloride extraction is su.c;ceptible to hydrolysis bv the nuclease. 



Evidence ,·,illbe nre!=;ented that the· aqent re!=;ron~ihle ~or inhibition 

acts directJ.v 'l.lT')0n the DNA ~ub~trate, rather than on the enzvrre. lie 

report the isolation and identification of -the inhibitor ~I"CI"".J • or. 

Baker phenol,' ~nd the testinqO~ related cxm'!POundB. ~ctral studies 

.~. and jnvestiqations on the r'evernal o~ inhibition have revealed a 

possible rrode of action of the inhibi torn. 

l''!ATERIAIS l\ND ~IIETHODS 

Bioche~icais and ch~icals 

DNA \\'ac; the A. r.rade, hiqhly polyrrerized, sodiUlT' salt nroduct 

from herrinc:r snerm or calr thymu.<; obtained frCl'!'l CalbiochCIT', Los 

llno.eles, Calif. The deoxvrihonucleosides ,..ere also product<; of 

Calbiochel'T'. Lysozyrre (murBll'idaRe, EX:: 3.2 .1.17) ~'as purchased :From 

the hbrthinc:rton Biochemical Corp., 'Preehold, New .Tersev. The DN.nase 

. used throUahout this work \\'ac; Northington endonuclea~e I fr("fTl beef 
. . 

pancreas. Poly d(A-T), an alternating copolvI'!''er of deoxyadenvlate-

thyr"idvlate, and dried cells of Micrococcu~ lvsodeikticur.; (control 

no. 6162) ~oJere product.<; of Miles Laboratories, Elkhart,Indianna .• 

Polyvinyl nyrrolidone was purchased from the r-€1leral llniline and 

'Pilm Co~., New York, N. Y. ~!ptarn.ine [3-(2-aminoethvl)-indole] 

\01as purchased from the Aldrich Chemical ('..0., MilNaukee, Nis. 7\11 

of the hydroxvbiphenyls and related cornnound~ were obtained from the 

~.., Chemical Co., Midland, ~1id1. Lirruefied phenol was purd1ased from 

the ,}. T. Baker Chen"ical Co., Phillipsburg, New J'er!':eY, and fram the 

r,~allinckroot CheMical ~hrks, St. Louis, Missouri. All other cherricals 

M:~re of reaoent grade. 

.. 
" 

• 
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Bacterinl strains and ar0lM conditions 

1\11 strnins of Escherichia coli uc;ed as sources of DNA "Jere 

derived frcr.1 ,·!ild-tvne 1<-12. All cultures were grown Hith aeration 

at 370 on Difoo-DactoNutrientBDDth (8.0q/1). 

Extraction of DN1-'. from ba,cteria 

A Irodi fied version' of the extraction techninue of ~~PJ.1URll Nas 

used for obtaininq DNA f.rom strains of §..~. 1\ 500-1"11 overnight 

culture \.ras used as the inoculum for a 4-li~r culture. Cells "/ere 

arum for 5 h and haI"\~sted bv oentrif~atirn at 0
0 

for 20 trin at 

16 300 X q. The cells were suspended in 50 1'1"1 saline-E11l'A (0.15 M 

Na~A, pH 8.0). The cells wem tI1el1 tmated with 20 mg of lvso­

zyrre for 15 min at 37°. Sodium dodecyl sulfate (10 rnl of a 10% (w/v) 

solution) was added, and the su~sion wa":> allowed to stand for an 

additional 15 min at 37°. To insum cortplete cell lysis, the mixture 

was frozen in, a solid 002-isopropanol bath, and tha'oJed. F'reezinq and 

tha\<!ina was repeated twice more. The 1 ysed-cell suspension \o1a":> 

caromed with an errual vol. of liq'l.lefied phenol saturated \ori th Na2EDTA 

(ti trated to pH 7 co 0). After gentle aqi tation bv hand for 10 min, 
o 

the mixture. ,.,as centrifuoed at 32 800 X g ~or 20 min at O. The 

aaueous phase was removed, the DNA precipitated with an equal vol. 01' 

cold 95% ethanol, and collected on a glass stirring rod. The DNJl was 

then transfermd to 0.1 X sse (1.0 X sse is 0.15 M Nael plus 0.015 M 

Na 3Citrate) and ,the sse concentration was brought to 1.0 X by the 

addition of 0.1 vol. of 10.0 X &~. 
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SodiUTl chloride~xtracted DNA fran both E.. ~ and ~". lv!-;~ 
12 

deikticu.c; was prenared by the ~thod of z~r.Q"lI():r.' ~!!.!. • t~e t>1i!-;h 

to thank Prof. I. Tinoco of the Department of CheJT'istrv, U. C., 

Berkeley, for the ~ift of dried cells of~. lvsodeikticuc;. 

DNl>ase as~ays 

The spectrophotanetric ac:;sa~ tedminue of KUNITZ
13 

was the 

procedure used Irost frecrumtlV in this work. DNAase was uc:;ed at 

a fin~l ooncentration of 5 pg,lml (except .where noted differently). 

'IWo assay buffers were used: (a) 0.01 H MgSO 4 plue; 0.05 ~1 Na 

acetate, pH 6.5: (b) O.OOaM MgS04' 0.002 M CaC12 , and 0.02 M 

Tris, pH 6. 7. . Absorbance at 2~0 l!'f \~S rreasured on a Cary Model 

14 Reoording Spectrophotcm:!ter. The rates of hydrolysis with 

buffer (a) were sc:mawhat lc»~r than with buffer (b). 

T"~ have also rreasured the hydrol vsis of DNA by the nucleac;e 

wi th a pH-stat, u.c;ing an instrunent similar to the one described 

by PEANSKY MID szucsl4 • This ac;say relies on the liberation of 

of onelrr:ole bf~cid for every rmle of pho~odiester bonds broken. 

Thus, by recording the aIromlt o~ base of known normality remrired 

to -unaintain oonstant pH during the oourse. of the reaction, and 

}rnrn"ing the total arount of DNA in the reaction mixture I the per-

cent hydrolysis can be calculated. The asnay was carried out in 

0.01 M r1oS04 at pH 7.0, t"ith a final DNAase concentration of 25 

pg/ml. All !'>olution.c; added to the reaction vessel during the 

coune of hydrolysis toJe:Ye previously adjuc:;ted to pH 7.0. A oentle 

stream of nitrogen gas \ATas passed through the reaction ves!'>el to 

dissipate carbon dioxide. ~1tivitv of the instrurrent \-fa!,> such 

,.; • 

., 
~ 

,'( 

• 

• 
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that 0.35 ml of 2. 0 nt~ NaOH Cnrepared fresh everv fe·, dav~} deli v-

ered bv the fl1ic~ter syrincre crave full ~cale deflection. 

Oxidation of phenol 

One liter of licruefied phenol plus 2.0 q of anhvdrouc; "205 

,,~s refluxed for 18 h. During reflux, a steady stream of air was 

passed through the :reflux condenser. After refluxinq, the phenol 

wa~ reTT'Oved bv simple distillation, and the residue was taken un 

Chrcrnatoqraphv 

The inhibitor was separated from the other oxidation products 

of phenol bv chmnatocrranhy on lo1hatInan 3 1+1 paper "r;i th a sol vent 

(to be referred to as the "standard solvent") containing acetic 

acid·- methanol - water (2:25:73, by vol.). 

Physical ~thodc; 

All ultraviolet spectra were taken with the Cary rkxlel 14, and 

infrared snectra,.,i th the Perkin-Elrrer Model 127 Sodium Chloride 

Spectrophotorreter. DNA neltinq profiles were follOt.Jed by increa~ 

in absorption at 260 mp usin<?, a Beckman Model DU Srectrophotorneter 

equipPed \-lith a Gilford MXiel 2000 Multiple Sample Absorbance Pecorder 

and a Haake progrc3lTfT'ed ~rature bath. Circular dichroism l"'€ac;urerrents 

Wl2re made with a Cary Model 60 Spectropolarineter equipred with a 

Cary Model 6001 Q) attachrrent. Hagnetic circular dichroism rreasurerrents 

de ·· .. 1 cribe 15 Wl2re rna Wl. th an mstrurnent preVl.OUS y des d by DRATZ • The path 

lenath for all ultraviolet neasw:ements (absorption anel m) ,.,as one 

cm o Mass spectra were taken using an' A. E. I. MS-12 It'ass spectI'C'r.'eter. 



Pnectra M~mdeterrnined at an ionizinq ,vol taqe of" 70ev and ;m 

ionizina current of 50 pA. The t:eJ:t!oerature of ,the ion sourcie 

varied flXl"'150o to 200
0

• '. Each spectnn was scanried in 7 

sec and recorded on' an oscilloc;:rraph reoorder. 

PESULTS 

Effect or DNAa!';e on the DNA preparations 

It was found that DNA extracted with .1. T. Baker Liauefied 

Phenol (Baker pDNA) was resistant to the action of DNAase I, \<hlle 

DNA extracted ,rl th rAallinckl:odt Liquefied Phenol (r"allinckrodt nDNA) 

was susceptible to hydrolysis. :Fu.rthe:rmore, both cormercial sodium­

salt DNA and DNA prepared by NaCl extraction (sDNA) were readilv 

sU'3ceptible to the action of the nuclease. After dial vsi!'; of the 

Baker pDNA at 4
0 

for three 24 h neriods, each against I liter of" 

1.0 X sse, the DNA was still resistant to DNAase hydrolysis. Table 

I sUJ:!l1"arizes the results of these preli.IT'inary DNAac;e assays. rae 

note that the relationship between hynerchranicity and y::ercent 

hydrolysis (as detennined by liberated acid) is that aoproxi.Jrately 

blice the percent increase in the absomanoe at 260 IT¥. equals the 

percent hydrolysis. 

Under no conditions of t.emperat\lI'e, pH, or ionic strencrth of 

the a!';sav buffer could the Baker pDNA be hvdrolvzed with DNl1ase; 

in addition, ~ kne\-T that this DNA "'as hi~hly !X>lvrrerized (and had 

not been hydrolyzed durinq the extracticn procedure) since it ,,,as 

susceptible to thermal hydrolysis. (accorrpanied~1, 25% hynerchror.'l­

icity) and hydrolysis by prolonged exposure to the nuclease. ~r-

rrore, the corrrnercial or !. ooli sDNAs oould be made resistant to 

". 

., 
.' 

)1 
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hvdrolvsis bv treatina them before the start of the aS5ay ,.,ith Baker 

phenol (DNA at a final ooncentration of 20 \l'f/ITII and phenol at a final 

concentration of 1 ma/n'l for canplete inhibition). A..c; lona as the )"'IR 

of the assay n-ediurn was held c:on.o;tant, at no concentration did ~~ru.lin­

ckrodt phenol af~ord protect.ionof su.c;oeptible DNAs to hvdrolysis. 

F'reshlv-distilled Baker phenol did not inhibit the hvdrolvsis of sDNA. 

HCMever, if the distilled Baker phenol was exposed to air and lioht 

for a period of a few ~ks, the inhilii tor was found once aqain to be 

pre5ent. 

In addition to phenol !"urcha:c;ed fran ,T. T. Baker, phenol IMIlU-

factured by the chlorobenzene l"rocess, and obtained from the OeM 

Chemical Co., contains oxidation products that inhibit DN~.ase. However, 

DCY.AT phenol made by the benzoic acid process does not produce the 
. . 

inhibi tory oxidation products ac; :readily as does the chlorobenzene 

phenol. 

r'e conclude that the inhibitOr acts di:rectlv upon the DNA and 

not the enZ',m'e fJ:'OM the follCMin<:r exrerirrent: To one cruartz cuvette 

was added Raker pDNA and DNAase (20 txJlml DNA and 5 pg/ml enzvrre). and 

to a second cuvette wac; added only DNlIase. ~.fter 10 fI"Iln there Nas no 

sicmificant chanqe in the 1\260 nv in either cuvette. COI'lT'ercial .c;DNA 

was then added to both cuvette5 (to a final conoontration of 20 fa/rnl). 

After incubation for an additional 10 )'!'lin, identical increases in ~60 mp 

,vere observed in both ~ttes, indicatinq that the enzyrre "ras still 

active after eXposure to Baker -pDtIA. SiJrilarresults \-Jere obtained 

with this exneriment using the -pH-stat technique •. Fig. 1 illustrates 

percent hydrolysis nlotted aqainst tirre for the pH-stat assay. 
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Isolation and id0ntificntion of the inhibitor 

Sn-all ouanti ties of inhibitor ~re obtained f"mrr Baker nmrl\ 

, bv IY'eans ('If Bio-("'-el P-IO oolurrn chT.rlT'atogranhy. Since the pDNA can 

be hvdrolyzed if it isexnosed to the enzvrre for a oeriod of severnl 

hours (see Fig. 6), the inhibitor muc;t exist in sone form of eouil­

ibrium with both DNA and an inhibitor-DNA oornnlex. JUthouah this 

theorv is sound, and the thr.ee fraction!=: '-'lere obtained fran colurrn 

chromatography, , m!";ufficient auantitie!=: '-'lere reoovered for investi­

gation by e:.ther infrared spectrosCO!:W, or nuclear magnetic resonance. 

In order to produce more inhibitor"than nonnally fomd'in air- and 

liaht-oxidized Baker phenol, the latter was subjected to a vanadiun 

pentoxide-catalyzed ,oxidation. 

Isolation of the inhibitor was acOClt'plished with pat':)er clu:cmato­

graohy. The UV-absorhing and fluore~cing soots were cut out fx:crn 

the dried developed chrcrnatogram, eluted t.n.th rrethanol, and the latter 

reI"'Oved by evanorationtmder reduced pressure at rOOITl temperature. 

The residues were dissolved in 0.01 M NaoH, ad~ur;ted to pH 7 '''ith 

dilute Hel, and tested for enzyrre inhibition. Table II gives the 'RF 

of each of the spots tested, ac; ~'1Sl1 as the reroent inhibition (or 

activation) fxan a hvnerchranic effect ac;say. Also included in this 

Table are the ma~or ultraviolet spectral characteristics of each of 

the spots at pH 7. Por these assavs, percent inhibition is calculated 

froIT" the total hyperchrcrnici tv 10 min after the aOdi tion of the 

enzyrre. 

The activators of DN7l.ase fomd at Pp 0.69 - O. 77 ~vere identified 

as fo110t.11S: A oomparison was made of the ultraviolet spectra of the 
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phenolic activators r:-entioned by OOF'F'MAN-GSTENlIOP )'IND rnISCH-NIr..r.E-
10 

MEYER and that of snot 12. Fig. 2 shows that the ?i max. for snot 

12 ~.ras 277 mp, \·.tlile that fer pyrocatechol was 275 Tn? f'urthenmre, 

\-lith the standard soh~nt pvrocatechol sh~Jed an ~ of 0.69 "Thile 
. ..... J 

the Pp of spot 12 wa~ 0.73. ~one, \or.i th a UV ). max. of 288 
~, . -

. . /. . .' 

mp, sh~~d an Rf' of 0.66 - 0.77 with the standard solvent. Roth 

hydroouinone and pyrocatechol, a~ \~11 ac; !;pOt 12, fluorescea ("'n 

t<hatmm paper ,-d.th tN liqht. From this data, it af1!1eared that snot 

12 \-ras a rdxture of hydrom.rl.none and l'J'1rocatechol. 

Of utrrost i.np:>rtnnoe was the inhihitorv snot at ~O.55 - 0.61 

(spots 9 and 10)" In order to identify the inhibitor, UV, IR, and 

mass spectra have been tak.ei-t. The mass spectrum indicated that the 

rrost abundant parent ion had anrn/e vallE of 186. This could be 

ascribed either to a dihych:oxvbiphenyl or to a rronohydroXydipherivl 

ether. An m/e 278 r>arent ion wa~also found ~ however,. the ratio of 

aboodanceof m/e 186 di.Irer (C12l1.002) to rn/e 278 triJrer (ClaH1403) 

was 50:1. The m/e 170 value wac; also present7 this could corre~nd 

to the rronohydroxybiphenyls. The ratio of abtmdanoe of the m/e 186 

parent ion to the m/e 170 parent ion wa.~ 10:1. 

l-Jhen spot 9 ,.,as rechronato9raPhed "ri th standard sol vent, it 

gave rise to spots 9 throuah 12. If cnoe again eluted and chranato­

graphed, srot 9 gave the sane pattern a~ before. Thus, even after 

chrolT'FrtograT"hv, the cnmrxmnd was not pure. ~not.c; 11 -mn 12 ~<le:re 

possibly deqradation oroducts of the oorrpounds at spots 9 and 10. 
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~evernl hvdrox"biphenvis \\le%'e chrcJTlatOOraphed on paner \-lith 

the standard soh~nt: one CC!"1!"Otmd, £-hydroxvhiphenvl, had an 'Pp 

of 0.54 (cOT'!T.>ared to 0.55 for ~t 9) ~ F'iq. 3 shoor.:; the UV snectra 

of o-hvdroxvi>iphenv-l and sPOt 9 at various pH values. Fin. 4 COlT'-- .' - . . 

pares the JR spectrum of£-hvd.roxvbiPhenvI ~rith that of soot 9. 

This data, coupled ,-dth the fact that o-hydroxvbinhenvl inhibits 
-" .- . 

DNJ\ase, leaves little room for doubt that 2:"'hydroxybiphenyl is a 

major component of snot 9. 

Studies on the inhibi clon of DNAase 

The preparation of laroer aITOtmt..C; of inhibitor by paner 

chromatography (500 rna per batch) perT"itted further investiqation 

of its prOperties. Fig. Sea) illustrates the inhibitory effect 

versus concentration of inhibitor, usmc:, the standard hyperchromic 

effect ac;say. Untreated DNA ,,,as u.c;ed ac; the standard for zero 

peroentinhibition.Fia. 5 (a)sMolS a tYpical saturation curve. 

From mac;s spectral data, \oJe take' 186 as the averaqe molecular 

weicht for the mi:xed inhibitor contained in spot 9.. FrcrT' this 

value, the ratio (IT'Oles of inhibitor/rrole of nucleotides) rray be 

calculated. Fig. 5 (a) is also a plot of percent inhibition against 

such a ratio. A plot of the inverse of percent inhibition aqainst 

the inverse of this ratio (not" moles of nucleotides/mole of inhibi-

tor) results in' two straight lines. '!be point of intersection of 

these lines yields a value for the nurrber of ncles of inhibi tor/rrole 

of nucleotides needed. for cx:rnplete inhibition. Percent inhibition 

may be calculated fran total hvperCh:ranici tv up to a gi '\len tirre (10 

IT'in in the~ assays) after the addition of the enzyITe, or frr.m initial 

.' 
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slopes. For the inhibitor fran Baker phenol the value for rroles 

of inhibitorjIDble of nucleotides needed for complete inhibition 

is 3.5 (Fig. 5(b». This ratio will be used as' a comparative 
c. 

measure of the effectiveness of different inhibitors. 

In the usual assay procedure, the inhibitor was incubated 

wi th DNA for 10 min prior to. the addition of the enzyme. However, 

it was found that maximal inhibition was attained after only 2 min 

of incubation of inhibitor (o-hydroxybiphenyl) and OOA before 

addition of DNAase. 

Fig. 6 illustrates kinetics of hydrolysis using inhibited and 

non-inhibited samples. The initial slope of the non-inhibited sample 

<-
was 2.5 times that of the inhibited sample. At 11 min after· the start 

of hydrolysis, there was a change in the slopes in both samples. This 

suggested that all the readily hydrolyzable DNA had by then been hydro-

lyzed. At this point the extent of inhibition was 35%. Fran 11 min 

to the end of the experiment at 50 min, the slope of the inhibited 

sample was 2.3 t.imas greater than that of the non-inhibited sample. 

The final period of hydrolysis in the non-inhibited sample probably 

indicated the hydrolysis of non-Pu .- Py linkages. In the inhibited 

sample, hCMever, the hydrolysis of the unprotected Pu - Py linkages. 

as well as non-Pu - Py hydrolysis probably occurred during this 

pericx1. The greater slope in the inhibited sample might indicate 

that as soon as Pu - Py linkages l;>ecame unprotected, they were hydro-

lyzed by the enzyme. This would necessitate an appreciable rate of 

dissociation of inhibitor-DNA canplexes. A reasonable m:xiel to explain 
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such a phenorreI1on miqht be one in which the inh:ihitoT. wa~ camlexed 

to the DNA bv Irean~ of m'-d~ bonding. (~rhaps to the bac;e~) • 

If the inh:ihitor does indeed act directlv upon the DNJ\, one 

would exnect that the amount of inhibition would decrea~e ~~ the ON]'1, 

concentration is increased while the inhihi tor and DNAa!'le concentra-

tiC'lns are maintained at ronstant levels. This is indeed the case 

(Pig. 7). 

r10lecular structure versus inhibi torveffecti veness 
« 

:F'ia. 8 illustrate!'=: Tleroent inhibition versuc; roncentration for 
. . . 

three h~droxybiphenvls: ~hydroxybiphenyl'; ~hydroxvbiT:"henyl, and 

2 ,S-dihydroX'rbiphenyl. Table III lists several inhibitors and re­

lated canpoundc;which do not act as inhibitors. A value is given 

for the relative inhibitory effectiveness of each of the compounds 

(see previous section and Piq. 5). 

The results show that a free hydroxyl is needed for inhibition 

since both biphenyl and e-ethoxVbiphenyl did not inhibit at any 

concentration' tested. '!he froSt ef~ecti ve inhibitors are those ,.n. th 

a hydroxyl qroup !!!'"' to the phenyl gJ:OUp: 3,4-dihydroxvhiphenyl and 

l~hydroxvbiphenyl are the best inhibitors tested to date. The 2,5-

and 2,5' -dihydro~rbiphenvls were s~,tlat poorer. The ~hydroxy­

biphenyls were much poorer inhibitors than the rorr:e!';pOJ'ldinql!!," 

derivatives.F'Urthe:crore, the ~hydroxybiphenyls ~1ere either the 

noorest inhibitors found, or were totally non-inhibitory. A p­

hvdroX'1l qroun placed ('In an originally unsubstituted !,henyl aroup 

rendered the oriainal In- or n-hvdroxvbiphenvl non-inhibito:rv. Little . _ tiI...' .. ' • . 

or no inhibitor" activity \-las cb;erved with the cvclohexvl phenols, 

• 
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and, !"3irrdlarlv, no activit" was seen with 4-!-butyln'!rocatechol. 

pyrocatechols and hvdro::ru.i.nones to be inhibitors of DNAase I. 

Table III al~o qi ves data for the diphenyl ethers as inhibi torn 

of DNAa~e. Onlv the 2,2'-dihydroxydiphenvl ether is a strong inhibi-

tor, and should be rornpared with the marked inhibitory effectiveness 

of 2,2'-dihydroxybiphenyl. On the whole, heMP-ver, the biphenyls are 

rrore effective inhibitors than the dif'henyl ethers with hydroxyl 

qrouns in i&ntical posl.tions. This is true for m-hvdroxvhiphenvl 
. , --
versuc; !::,"phenoxvphenol, as \\ell as for 3,4-dihydroxybiphenyl versuc; 

2-hydraxv-4-phenoxyphenol. 

Node of dissolution of hydroxybiphenyl:'$ 

The n-ethod of dissolvin9 the hydroxyhiphenyls is crucial to 

inhibitory effectiveness. For best results, ~ first dissolved the 

COIT'pOunds in dilute alkali (0.02 N NaOH), and imnediately adiuc;ted 

the rH to 7.0 with dilute acid (0.1 N Hel) , and finally diluted to 

the desired oonoentration with assay buffer. ~ found that if ~ 

first dissolved the hyd:ro~iphenyls in organic solvents (~. 2,., 

acetone) and then diluted with buffer, ~ saw a JM.rked decrease in 

inhibitory effectiveness. Table IV surmarizes these resultc; for 

3,4-dihydroxybiphenyl. 

t-;e SUqqest that the solvents react with the hvdroxvbiphen"ls to 

fonn derivatives that are non-inhibiter-v. To test this hypothesis, 

we dissolved 3,4-dihydroxybiphenyl in acetone and then diluted with 

assay buffer. l\e then tried to extract the derivatives fran aoueous 
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solution withdiethyl ether •... After extraction, We evarx:>rated the 

ether, dis sol ved the residue in acetone, and ran mass spectra. 

Parent ions with rnje values greater than 186 were found in these spec­

tra. The nVe values ·of 238, 250, and 265 were the ItDst predaninant. 

None of these parent peaks are found in the mass spectrum of 3,4-

dihydroxybiphenyl. These data support the ooncept that solvent and 

biphenyl reactedtofoI]t\ a non-inhibitory derivative. 

Dissociation constant for the inhibi tor-f.NA canplex 

Based on neasurements of initial rates of hydrolysis of sOOA 

by INAase at several inhibitor concentrations, Lineweaver-Burk plots 

were made of the reciprocal of (uninhibited rate minus inhibited rate) 

versus the reciprocal of the inhibitor ooncentration for a number 

of inhibitors. Table V list the dissociation constants for inhibitor-

OOA canplexes for several inhibitors. Treat:nent of the eXperimental 

data by the algebraic nethod of WEBI¥-6 gave similar values for the 

dissoCiation constants. 

Base composition of the DNA substrate and the efficiency of inhibition 

of hydrolysis 

The relative effectiveness of none of the inhibitors changed con­

sistently when the nean base ~ition of the DNA substrate was 

varied. A titration of each of the major inhibitors was perfonned on 

each of three DNAs of different mean base oarrposition: M. lysodeikticus 

sodium chloricle-extracted rNA, 29% (A+T); oarmercial herring spenn 

sodium salt DNA, 55% (A+T); and potassium salt poly d(A-T). Table VI 

records foro- and ~hydroxybiphenyl and for 2,5-: and 3,4-di.hydroxybiphenyl 

i·i· . 
~ 'II 

! 

-,I .. 
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'" 

the moles ofinhibitor/rnole of nucleotides required for complete 

inhibition. lfthe inhibitors act byoamplexing with the bases 

of mA, we conclude that the cx:.I'Ip)unds cc.rnplex with guanine and 

cytosine pairs just as well as with adenine and thymine pairs. 

Reversal of inhibition 

By studying the chemical reversal of inhibition, we hoped 

to gain sane insight into the node of action of the hydroxybipheny Is. 

We studied reversal of inhibition by the polymer 'polyvinyl pyrrolidone 

(PVP), a substance knc:1Nn to abs~rb hydrogen bonding material17 • A 

series of assays was perfo.z:ned using DNA (25 lJgjml), DNAase (5 llg/mJ) , 

and ~hydroxybiphenyl (3.10.5 ~; this concentration of inhibitor gave 

approximately 40% inhibitiOn. All assays were run spectrophotaret­

rically in acetate blffer (pH 6.5). Two controls were run: a nonnal 

hydrolysis (non-inhibited) of DNA by DNAase, and a normal inhibited hydroly­

sis. DNA was incubated with m-hydroxybiphenyl (3 ml total vol. in all 

assays) for 10 min at roan ta:nperature. PVP (1 g) was then added, and 

the solution was mixed throughl y. The milky suspension was clarified by 

centrifugation, and the supernatant was assayed withOOAase: normal (37%) 

inhibition was found. In another experiment, the inhibitor was first treated 

with PVP ( 1 g in 2 ml) in the absence of DNA, and the solution centrifuged 

as before •. DNA was added to the supernatant at roam temperature, follow-

ed 10 min later by INAase: no inhibition of hydrolysis was seen. When 

DNAase and inhibitor were first incubated together for 16 min at roan 

temperature, the solution treated with PVP and centrifuged, and DNA 

':' 



-18-

then added to the supernate, no inhibition was observed. These 

results clearly indicate that the inhibitor interacts directly with 

DNA and does not affect the enzyme itself. They also show that the . 

inhibitor can either be inactivated or. removed fram solutions by 

the action of PVP. If ~ assume that pVp reverses inhibition by 

absorbing the inhibitor by the fonnation of hydrogen bonds, we may 
.. . 

infer that in the absence of PVP the inhibitor fonns· hydrogen bonds 

with the nucleic acid and thus protects it frcm hydrolysis~ Table VII 

summarizes the results of these assays. 

In order to detennine to which part of the DNAnolecule the 

iinhibitors bind an experiment was perfonned in. which pyrophosphate, 

deoxyribose, and the deoxyribonucleosides were used to reverse inhib-

ition. Neither pyrophosphate nor deoxyribose reversed inhibition 

produced by any of the five inhibitors listed in Table VIII. However, 

the nucleosidesmarkedly reversed inhibition (Table VIII). The 

assays were perfonred as follows:· Three oontrOls ~re included: 

(a) DNA was hydrolyzed with DNAase to obtain a nonnal non-inhibited rate; 

(b) DNA was exposed to DNAase after 10 min pre-incubation with an 

inhibitor; this gave a IlOll1lal inhibited rate for that concentration 

of particular inhibitor; (c) DNA was exposed to a nucleoside for 10 min 

prior to assay with the nuclease. These controls were perforrred for each 

nucleoside and for each inhibitor listed in Table VIII. The last pro­

ducts produced by the action of Lt'lAase (nono-, di -, and trinucleotides) 

inhibi t the action of the enzymel; however, we found no inhibition by 

I,· 
.1 
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the monodeaxyrilxmucleosides. '1\-.0 types of experimental assays 

were carried out: (1) DNA was incubated with inhibitor for 10 min 

prior to tl1e addition of a nucleoside. '!he sanples were assayed 

.ircnediately after addition of a nucleoside; (2) the inhibitor was 

incubated with the nucieoside for 10 min before the addition of DNA. 

Again the DNAase assay was l:Jeg'w1 i.mred.iately after the DNA was added. 

Table VIII shows the results of assays of the second type for fiVe 

inhibitors and four nucleosides. 

In general, the second assay procedure prcrluced more rever-

sal of inhibition than the first. This might suggest reversal of 

inhibition by the fonnationof an inhibitor-nucleoside carplex; 

however, no physical evidence could be found for the existence of 

such a canplex. TN and IR spectra of inhibitors and nucleosides in 

equim::>lar concentrations were the sums of· the spectra for the different 

ccmp01mds taken individually. In support of the contention that nucleo­

side-rnA canplexes are foJ::Ired, we have denonstrated.by rreans of circular 

dichroism that the nucleosid.es do ccrnplex with DNA. Fig. 9 ccmpares the 

CD spectrum of herring spenn rNA alone with that of herring spenn rNA 

plus deoxyadenosine (approximately 1 mole of deoxyadenosine per mole 

of INA nucleotides). The nar:t'CMing and decrease in intensity of the 

positive Cotton band, together with the widening and increase in intensity 

of the negative Cotton band, is typical of OOA canplexed with a planar 

molecule which has intercalated between.the bases of the nucleic acid. 

Similar CD spectra are seen with intercalating canpounds such as ethidium branide 
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or lysergic acid diethylarnide9• We recall that ethidium branide' 

inhibitS LNAage7 by intercalation8- 9• If we may conclude that 

. the nucleosides reverse inhibition by displacing the inhibitors 

fran their site of action, ~ may then infer that the inhibitors 

also intercalate between the bases of OOA. 

Using rrolecular models of OOA and several hydroxybiphenyls 
. . . . . . . 

\'IE! have. found the structures carpatible with such a mechanism for 

the inhibitors. Fran the models, it appears that the unsubsti tuted 

phenyl group could intercalate between the nucleic acid bases, and 

that the hydroxyls on the other phenyl group could fonn hydrogen bonds 

with the bases. It seems m:>st likely that a ~hydroxyl vtOuld fonn 

a hydrogen bond with the carbonyl of thymine, While an £-hydroxyl 

'WOUld fonn a hydrogen bond with one of the ring nitrogens of a purine. 

If a E:""hydroxyl were to fonn hydrogen bonds, interCalation by the 
. . 

unsubstituted phenyl group would be inp:>ssible. 

Physical evidence for the existence of a DNA-inhibitor complex 

(i) DNA melting profiles: The Tm of Baker pDNA fran ~ coli (in 

0.02 M Tris, pH 6.7) is 75.5°, while that for sDNA fran !:.. coli (also 

in Tris) is 70°. When 3, 4-dihydroxybiphenyl is added to the sLNA to a 

concentration that gives 100% inhibition of· DNAase, the Tm increases 

to 75°. The slope, of the nelting curve for the pDNA is 0.005 (M260 m~/tP) 

at the T while the slope at the T for smA is 0.035. When inhibitor -m . m 

is added .to the sDNA, the slope drops to 0.019. Ler:man18 has shown that 

the binding of cationic acridines to rNA effects an increase in the 

/' 

" 

.. f'I 

,. 
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T of the nucleic acid. A 20° increase in the T is reported for m m -

9-aminoacridine and streptanycin. The intercalation of acridines 

into DNA has long been established19• 

(ii) Ultraviolet absorption spectra: When inhibitors were 

incubated with ccmrercial DNA, only slight changes in the W-absorp-

tion spectrum of . the DNA were observed. When ~hydroxybipheny 1 or 

3,4-dihydroxybiphenyl was incubated with synthetic poly d(A-T), a 

marked change in the W-absorption spectrum of the polynucleotide 

was observed. The "max. far poly d(A-T) is 263 roll; in the presence 

of m-hydroxybiphenyl (3.7 ncles of biphenyljnole of nucleotides) 
.0 

there was a hypsochranic shift of 60 A. Fig. 10 illustrates the 

W-absorption spectra for poly d(A-T) in the presence of ~hydroxybiph­

enyl. All spectra are corrected for biphenyl absorption. In general, 

for both ~hydroxybiphenyl and for 3,4-dihydroxybiphenyl treated poly 
>.. 

d(A-T), we observed an increase in the ratio (absorbance at max./ absorb-

ance at "min.) and a decrease in the ratio (absorbance at \nax./absorb-

ance at 280 roll). 

( ; i i ) Circular dichroi~ and magnetic circular dichroism: Fig. 11 

illustrates the CD spectra for M.lysodeikticus SDNA and for~. lysodeik­

ticus sDNA in the presence of ~hydroxybiphenyl (one role of biphenyljrrole 

.' < of nucleotides), as well as their,difference sPectrum. We observed 

a slight decrease in the positive Cotton band accanpanied by a ccmplete 

loss of the negative Cotton band. Fig. 12 illustrates the CD s~tra 

for ~.coli Baker pDNA, sONA, and sDNA in the presence of 3,4-dihyroxy­

biphenyl (0.23 nole of biphenyljnole ,of nucleotides). Here, upon the 
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addition of inhibitor to sONA, we observed a one-third, decrease in the 

strength of the positive Cotton band and a marked increase in the 

negative Cotton band. The difference spectrum for the ~.lysodeikticus 

sDNA and sDNA. plus inhibitor is OCItplex; two positive and two negative 

'bands are found. The major positive band is ,the mirror image of the 

negative Cotton band of the~. A negative band peaks at the, 

sarna wavelength as the positive Cotton band of the sONA (266 mp). The 

two other bands peak at 252 rolJ (for the negative) and 278 roll (for the 

positive), respectively. The difference spectrum for the E. ~ stNA 

and sIliA plus inhibitor shc:Ms only a singlet peaking at the same 

wavelength (and with the same sign) as the negative Cotton band of the 

mAo 

mA in the presence of lyser<Jicacid diethylamide exhibits the 

sarna changes in m as does E. coli sJ:NA in the presence of 3,4-dihydraxy­

biphenyl. The negative, Cotton band of DNA is also strengthened bY the 

presence of ethidium bramide9• We have pointed out earlier that both 

of these canpounds are known to intercalate between the bases of DNA. 

The nono- and dihydraxybiphenyls absorb ~ in the same region 

as DNA; however, in pure solution the biphenyls have no apparent m 

activity. on the other hand, in the presence of the nucleic acid, 

we cannot detennine whether changes in the CD up:m addition of in­

hibi tor to DNA are due to real changes in the CD of the nucleic acid 

or to the addition of a rNA-induced biphenyl ciJ::cular dichroiSm to 

the m of the DNA. Free hydroxybiphenyls have no POlnt of assyrnetry 

and, therefore, no CD; if our nodel of inhibitor action is correct, we 

:-" 
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"lMJuld expect tllatthe unsubstituted phenyl group of the hydroxy­

biphenyls "lMJuld be subject to hindered rotation upon intercalation. 

This hindered rotation "lMJuid bring about an assymetrythat "lMJuld 

be accanpanied by CD acti vi ty. To give us sare idea of the fX)ssible 

magni tude of' this DNA-induced a:>, we looked at the, magnetic circular 

dichroism of 3,4-dihydroxybiphenyl. We found onl¥ a weak fX)sitive CD 

band below 260 roll with the external magnetic field. This magnitude 
, , , 

of CD activity could not account for the differences between the CD 

of DNA and that of DNA plus inhibitors; we therefore conclude that 

the observed changes in CD are real changes in the spectrum of the 

nucleic acid. This data, in addition to the reported CD spectra of 

r:NA plus intercalating ccmpounds,lends support to our theory of 

inhibitor action. 

We have also looked at changes ~ in the circular dichroism spec­

trum of DNAase in the, presence of DNA and DNA <X:IJlPlexed with an in­

hibitor. DNAase has a strong negative CD band between 210 and 220 ffilJ. 

Fig. 13 illustrates the C) spectra of DNAase in the presence of DNA, 

and in the presence of INA ccmplexed with 3,4-dihydroxybiphenyl, and 

the sum of the C) spectra of DNAase and INA taken indi viduall y. All of 

these spectra were taken, in the absenre of activating bivalent cations. 

In the presenre of !:NA, the strong C) band of the enzyine is redured 

by one-third. On the other hand, if the INA had been treated with an 

inhibi tor before the addition of the enzyne, we did not observe any 

loss in the C) activity of the DNAase. If the OOA had been carplexed 

with a poor inhibitor (such as £,,"hydroxybipheriyl), however, we ~till 
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would have observed a reductiOn in the CD band of the enzyne. 

This strongly suggests that both inhibitor and enzyme c:orrpete for the 

same site on the substrate, and in the presence of inhibitor, the enzyne 

is blocked fram this site. 

Tryptamine as an inhibitor of OOAase 

,.Wefound that tryptamine inhibited DNAase while tryptornan did not. 

Fig. 14 is a plot of percent inhibition versus the ratio (noles of 

tryptamine/nole of nucleotides) •. By holding the concentrations of 

tryptamine (S.lO-5M) and wAase (511g/ml) ~tant, and varying the 

concentration of rNA (fran 5 to 40 llg/ml), we found that the anount 

of inhibition increased inversely with the DNA concentration. This 

indicated that ·inhibition arose by action of tryptamine on the nucleic 

acid. 

We must conclude that the presence of .thecazboxyl group in 

tryptophan prevents the amino acid fran acting as an inhibitor of 

DNAase. The negatively d1arged phosphates of the nucleic acid might 

repell the acidic group of tryptophan. In the case· of tryptamine, 
. .. - . 

however ,the phosphates might attract the amine and stabilize a 

tryptamine-DNA· c:x:xrplex. "\' .... -

We found that the CD spectra of herringspenn DNA and that of 

herring spellll DNA in .:the presence of tJ:yptophan (one nole of trypto­

phan/rrole of nucleotides) were identical. ~ have been unable to record 

the CD spectrum for herring spenn OOA in the presen~ of tryptamine (at 

a concentration of amine that would exhibit enzyne inhibition) due to the 

high extinction coefficient of the drug in the· tN-region •. 

DISCUSSION 

It is canm:mpractioe to distill phenol before using it to 
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extract nucleic acids fran micro-oIganisrns. We have found that liquefied 

phenol, as supplied by certain manufacturers, contains impurities 

which render extracted DNA reSistant to hydrolysis by INAase I. The 

variety of inq:>urities present in a particular brand appears to depend 

on the manufacturing process used. 
. . . 

At least one group of inhibitors, the nono- and dihydroxy-

biphenyls, has been f01.md in liquefied phenol produced by J. T. Baker 

Chemical Co. These inhibitors clearly act by ccmplexing with the DNA 

substrate, and do not directly affect t:he enzyroo. Our evidence suggests 

that the hydroxybiphenyls act by fOIming hydrogen ronds with the nucleic 

acid bases, accx:xrq:xmied by intercalation of the unsubsti tuted phenyl 

group between them. Polyvinyl pyrrolidone, which is known to absorb 

hydrdgen-bonding material, can prevent inhibition, presumably by 

sequestering the inhibitors nore effectively than DNA. Deoxyrih-

onucleosides can also prevent and reverse inhibition, probably by 
( 

canpeting with the inhibitors for intercalation sites on the DNA. 

Circular dichroisn measurements have shown that rothdedXyriOOnucleo-

sides and hydroxybiphenylsintercalate into INA. 

The requirements for inhibition arocmg the hydroxybipheny Is 

include roth a free hydroxyl group and an unsubstituted(or ~sub­

stituted) phenyl group. Thus, neither biphenyl itself, nor p-ethoxybip­

henyl, exhibit inhibitory action. The presence of certain bulky qroups 

precludes inhibition, probably by preventing intercalation as a result 

of steric hindrance. For this reason neither 4-t-buty Ipy:rocatechol nor 

cyclohexylphenols .. show inhibition. Cyclohexylphenols, in addition, do 
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not possess the sane electronic structure as hydroxybiphenyls. 

pi -cloud interactions between the nucieic acid bases and the un-

substituted phenyl groups of the ¥roxYhiphenyls are apparently 

required for inhibition. 

The intranniecular position of the ¥roxYl group detennines 

inhibitOl:Y effectiveness. Hy~l at the !!!,,"position is the mJst 

effective, followed by those at the £- and E"" positions, in that 

order. Experiments with space-filling mJlecular rrodels explained 

this effect. A ~hydroxyl can readily fOIrn hydrogen bonds with the 

carbonyl of thymine, or with the ring ni trogens of a purine. This 

is more difficult to accanplish with an o-hydroxyl, and intercalation 

proves· to be· impossible when the ¥roxYl .gro~ is £"" to the tmsubsti­

. tuted phenyl group. 

M:asurercents of enzyme kinetic~, and the. characteristics of 

circular dichroism spectra, have shown that the· en~ and inhibitor 

compete· for· the same site on the substrate. The active sites of both 

DNAase and· RNAase are known to oontain histid:ine20,2l. We note, in 

addition, that four tryptophan residues are present in DNAase22 , rut 

none is found in RNAase23 • Trypotophan is essential to the enzyrre 

acti vi ty of LNAase: N-brarosuccinimide, which destroys tryptophan 

residues, strongly inhihitSDNAasel • Further, the hydroxyhiphenyls 

which protect DNA fran hydrolysis by 00Aase are without effect in 

protecting RNA fran :RNAase. This data, in addition to our belief 

that it is the indole nucleus of ergot alkaloids (~. g., lysergic 

acid diethylamide) \-trich intercalates between the bases of tNA, 

I , . 
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leads us to conclude that the tryptophan re,sidues of DNAase inter-

calate and i'lct as anchor noint..c:; which hold the enzvme to the sub-

strate. It seem:; likely that the hvdroxybiphenvls, ethidi\F1 

brOYT'ide and actinomycin D are able to inhibit DNAase bv preventing 

this intercalation into DNA of the tryptophan residues of DNAase, 

thereby olwiatinq the anchorinq effect. Tryr:>tarrine has been fotmd 
. . 

to inhibit DN]\ase, and it does RO by action on the substrate. 
. . 

l<lthouah this I110del of DNAase action is for the r.arent unproven, 

such evidence as we have so farohtained is entirely in its favor. 

The work reported in this paper ,"as su:rported in nart by the 

United StateR AtoJ"'lic Enerq" Cor.'JTIission, and in nart bv the National 

]\.eronautics i'lndSnace AdrI'inistration (NSr, 101-(1). "'e grateful1v 

acknaw1edqe the assistance of Dr. Ronald Cape , Dr. Donald Grav, 

Mr •• Terrv Han, Dr •. John Sutherland, and Professor I. Tinoco, ,:Tr. 

All the hydroXybipheny1s and related cx::t!1pOunds were qenerou~ly 

gi \len to us by the Dow' Chemical Canpany. 
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Tf\BLE I 

EFF'Ecr OP DEOXYRIBONUCLEASE I CN THE ·mA PREPARATIONS . 

Both the pH-stat and hvperchromic effect assays were perfoIIred as described 

in MATERIALS AND ME."l'HODS. Data frc:rn both assay systems were taken 10 IT'in 

after addition of. the enzyrre. 

DNA 

E. coli sDNA - -

Hyperchrnnic effect assay 

Increase ~ ~60 !!J! 
unotl hy2rolVs1s (!T 

* 19 

Cormercial herring soenn 
sDNA 18 

Baker pDNA 0 

Dialyzed Baker pDNA 0 

Mallinckrodt pDNA 19 

pH-stat assay 

Hydrol vsis (!) 

* 37 

0 

0 

38 

* Values for all a.c;savs are + 10% (standard error for individual trials). 
~. -
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TMLE II 

OYIDJl.TICN P:R()I)UCI'S OF PHENOL ISOI...Al'En DY PAPER QIID"A'lT.Y.;Pl\PHY 

Inhibitions rrcasurcd in a DNl\a~assay usinrr O.lT1"l o~ a 1:10 dilution 

of each of the chromatoaram spots (eluted and dissolved in \.,rater) in 2.0 

rnl of reaction IT'ixture ccntaininq!SDNA (20 pq/Jr~)and OOAase(5.0 pa/tT'l) 

in buffer svsteIn(a) • 

Soot .1):. . Inhibi tim (%) Ultraviolet sneCtra (!2!!..2.> - - . -
A'max. '/Imin. 1\ at 1\ 
-(~) -(~ ---ma;(. -

Origin 0.00 15.7 276, 260 0.152 
282 

1 0.02 23.2 259, 246 0.262 
270 

3 0.20 31.5 262 236 0.145 

5 0.36 17.6 252 225 0.283 

7 0.42 25.1 258 238 0.482 

8 0.48 15.7 246 235 0.138 

9 0.55 40.9 247, 232, 0.174, 
283 270 0.105 

10 0.61 100.0 247, 233, 0.393, 
282 270 0.228 

* 11 0.69 +2.5 278 256 0.172 

* 12 0.73 +10.1 277 256 0.588 

13 0.77 * +23.3 277 256 0.3l7 

* Activation (%) • 
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Tl\DLE III 

F\1OLECULAF m'RUC'lUPE VERSUS Efo'F'ECTruENES~ J'l...c, lNIImrro~ ()P DN~. HVOR0LYSIS 
BY DN1\ase I ' 

CC'lIT1!"'Ound 

r.nnohydrox'Ibiphenvls 

n-... 
Dihvdroxvbi~henvls 

3,4-

2,5-

2,5'-

2,2'-

3,4'-

4,4'-

Ratio, JTY')le~ of inhihi tor to 
rroles o~ rtucleotide~, needecf70r 

l1fo percent irihilii tion -

0.69 

1.46 

47.7 

0.65 

0.96 

3.5 

3.5 

non-inhibitory 

non-inhibi torv 

Otherhinhenvls and related OOIT1f?PtD'lds 

biphenyl non-inhihitor", 

e-ethoxybiphenyl 

4-!-butylpyrocatechol 

4-phenylpvridinol 

CyclohexYlph~.nols 

,£-cvclohexylphenol 

4-~'clohexvlpvrocatechol 

3-cyclohexylpvrocatechol 

4-cvclche~'lresorciml 

non-inhibitory 

non-inhibitory 

45 

15.6 

non-inhibitory 

non-inhibitotv 

non-inhibi tqry 

.. , 

'I '. 



TARLE III (Cont'd.) 

,;:'.It Hvdroxvdiohenv1 . ether.:; 

r,.., 

~. ' . 

2,2'-dihvdroxvdipheny1 ether 

!!!,"phenoxypheno1 

2-hydroxv-4-phenoxypheno1 

-33-

2.6 

10 

non-inhibi tory 
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TABLE IV 

~VDE OF DISSOLUl'ICN OF' THE lI'IDOOXVBIPJlENYLS 

All ac;savs perfonred spectroohotaretricallv in assay buffer (b) _ The 

concentration of herrin~ spem sDNA waR 50 pcr/r'1l in all asRays. 3,4-di­

hydroxybinheny1 wac; 5.10-5 
M mall inhibited trials. '!he final cnncen-

tration of solvent for both inhibited and non-inhibited a!;Ravs. was: 

6.6-10-2 M dimethylsulfoxide (D'1SO) 7 8.8.10-2 M di.rrethy1fomamide (Dr-IfF): 

8.5.10-2 M acetone. 

Rate of hydrolysis 
Mode of dissolution 

6 A260~ Inhibition (!) 

Control Inhibited 

Alkali 0.440 0.020 95 

DM...c)() 0.645 0.540 16 

D.'1F 0.402 0.380 6 

Acetone 0.380 0.325 15 

r: 
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TARLE V 

DI8SCCIATION CCNST7\NI' mR 'IUE INHIBrroR-DNA CCM>LEX 

Dis~ocintion constante; calculated fran Lineweaver-Burk plote; of < rate 

of uninhibited DN1\ hvdrolvsis - rate of inhibited 00'7\ hvdmlvsis) -1 vs • 
. ... . ' ."-

(inhibitor roncentratioo) -1. 

Inhihitor 

Inhibitor isolated fran 
Baker phenol <i..!:..- spot 10) 

3,4-dihydroxvbiphenyl 

~hydroxybiphenyl 

~hydroxybiphenyl 

E,-hvdroxyhiphenyl 

Kd (rroles/l) 

-5 
1.2-10 

3_4-10-6 

-5 5_9-10 

1_3-10-3 

2_5_10-3 



TABLE VI 

t-1EAN BASE rorosITION OF' THE DN1\. VERSUS EFFEC'rIVENEfiS OF' THE MAJOR INHIBI'IURS OF HYDroLYSIS 
BY DNAase 

Inhibitor 

3,4-dthydroxybiphenyl 

. !!!"'hydroxybinheny1 

2,5-dihydroxybiohenyl 

o-hvdroxvbinhenv1 _... _.. oJ 

Moles ~ inhibi tor/rrole £f nucleotides 

needed ~ oonplete inhibi tion ~ hydrolysis 

M. 1 ysodeikticus 
- OOA 

Herrmq soom rNA --- Po1v d(A-T) 
----. .... --

(29 % (J.\.+T)] -- - [55% (l\+T) J -- [!.QQ!. (A+T)] 

1.1 0.65 0.94 

0.87 0.69 0.63 

1.34 0.96 0.85 

1.7 1.46 1.76 

',>" l ;:. 

I 
W 
C1' 



o 

'" 

\7 

TABLE VII 

REVERSAL OF Th"HIBITICN BY POLYVINYL PYRFOLIlXNE (PVP) 

Assays perfonred ac; described in text. 

lv1.ode of assav Initial Rate of Hvdro1vsis 
~;..;;;.;;;~-- .. -----

1. DNA + DNAase 

2. DNA + inhibitor incubated 10 min, r:NAase then added 

3. DNA + inhibitor incubated 10 min1 PVP added, the 
mixture rentrifuged and DNAase added to supernatant 

4. ·Inhibitor + PVP incubated 10 rrin: the mixture rentri­
fuged and DNA added to suootnatant, 10 min later 
OOAase added 

5. Inhibitor + rNAase incubated 10 min; PVP added, 
the mixture centri fuged and DNA added to supernatant 

( . A260 ~.in) 

0.217 

.0.124 

0.136 

0.209 

0.226 

t't -~ :~ 

Inhibition 
(1) 

0 
1 

43 
\.i.l 
-...J 
I. 

37 

o 

o 



-38-

Tl>.BLE VIII 

REVEPSAL OF INHIDITICN BY TfJE NUCLEX>SIDES 

All assay mixtures contained sDNA (20 pg/rol), DNAase (5 llq/ml), and acetate 

buffer, pH 6.5. Conoentration.q of all nucleosides were 3-10-5 M. Percent 

reversal of inhibition is defined as 
(% Inhibition - % 1nhibition with nucleo!;ide!;) • 

100 X (% Inhibition) 

Inhibitors 

3,4-dihydraxybipheny1 

2,S-dihydroxybipheny1 

~hydroxybipheny1 

~hydroxybiphenV1 

E-hydroxybipheny1 

Peroemt 'reversal of inhibition - -, '!?z:. ~ nucieosides 

de dG dA dU 

94 0 47 0 

97 2 100 68 

16 0 22 0 

100 70 56 100 

37 10 29 55 
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CAPTION~ ro FlroRES 

Fiq. 1. ~rirrent to sheM that DNAase wac; still active after 

exposure to J. T. Baker nhenol-extracted nN.rs.. ~t tiIre zero, pDNJ\ 

'-'las added to the reaction vessel at a final amc:entration of 105 

pa/ml, andDNl\.ase to R. final amoentration of 25 pg/ml. After, 

24 min , cx:mrercial sONA was added' to a final concentration of 30.3 

'\la/rue Extent of hydrolysis 'Be; detennined with the pH-stat. Af'ter 

48 min, 37% of the !';DNA had been hydrolyzed whIle, in. a ~rate 

rontrol, only 0.2% of the p~ had been hydrolyzed by 48 min. In 

another control, the extent of hydrol~is of sONA alone after 24 win 
, ' 

of e:xposure to DNAac;e was 37%. . % hydrolysis pDNA, alone ( ..... ), and 

% hydrolysis of sDNA in the pm.<;ence of fi)NA (-<r). 

Fig. 2. Ultraviolet absoJ:pt.ion SpectIaof paper c:hraratoqram soot 

12 (- -) and pyrocatechol (-.:.....), in water at pH 7. 

F'iq. 3. Effect of pH on the ultraviolet absorption spectra of 0-
, -

o 

hydroxybipheny1 (--) and paper chromatoqrarn spot 9 (-), in ''later 

at Ca) pH 11 fob) pH 71 ee) pH 14. 

Pig. 4. Infrared snectra of ~roxybinhenyl C---) and chrctl"atooraM 

spot 9 (-) in CC14 , ,odtha CCl4blank. Spectra taken with cells of 

3 rrm thickne!';s and a slit setting of 50. 
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C7\rYrIONS m Flf1:,mES (2) 

Pia. 5 (a). Peromt inhihition plotted a<:rain~t the con~ntration o~ 

inhibitor fran paper chronatoqram R}")Ot 9, and 'aga:in..c;t the ratio (rroles 

of inhibitor,lIrole of nucleotides). 5 (b). [Percent inhibition]-l nlotted 

aaainst [noles of inhibitor/rnole of nucleotideSl-
1

• For details, see 

text. 

Piq. 6. Kinetics of hydrolysis usinq inhibited (~) and non-inhibited 

( ~) sarrples. DNA concentratiOn of 20 ~/ml and OOAase concentration 

of 5 }lq/ml in both ca~es. Ch~togi-aphically nurified inhibitor at 1.0 

pg/rnl. At 10 min, the degree of inhihition wns 359;, while at 50 min it 

t-,7as 17%, and ,at 4 h it wac; only 3.5%. Initial 'slope of the non-inhibited 

sample was 2.5' ti1T'es that of the inhibited semple. Tenninal slone of the 

jnhibited sarrple was 2.3 tines that of the non-inhibited saIll'le. Slones 

. gi \len on graph. 

Fiq. 7. Concentration of sDNA plotted against percent inhibi ticn for an 

exoeri.ITent where inhibitor and DNAase concentrations were maintained at 

25 p9/ml in all trials. Assays were perfonned at pH 7 u..c;ing the pH-stat. 

Inhibition values calculated for 10 min after addition of the enzvrre. 

~, 

.,' 

'. 
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CAPTIONS 'lD PlrTTRES (3) 

'Pia. 8. o-Hvdroxvbiphenvl (-....... ) I E,-hydroxvbiphenyl (-0-), and 2,5-

dihydroxvbiphenyl ( .. ) as inhibitors of DNAase. ::=:nect:rophotrnet:dc 

aSSRvs run at a DNA concentration of 20 pg/ml and aU DNAase conrentra-
4" 

I 

tion of 5 pq/ml, in buffer Ca). Inhibition IT'easured 10 min after 

addition o~ the "eM'!I'Te. 

Pig. 9. Circular dichroism" spectra for. herring ~nnsDNA (40 pq/T"l) 

alone (--) and in the presenoe of 0.1I't1" deoxyadenosine (-). Snectra 

taken in 0.02 11 Tris, pH 6.7, and reported in tenns of ellintici tv (e). 

Si<?11al to noise ratio averages better than 9: 1. Snectra corrected for 

nucleoside rotation in Pure solution. 

"" " 

Piq. 10. Ultraviolet absorption spectra for: pOly d(A-T) alone (- ); 
" ~ . " " 

nolv d(A-T) with 6.0·10 M m-hydroxybiphenv1 (---): and polv d(A-T) -
,.nth 1.0.10-5 ~1 ~hydroxvbiphenyl. ( .... _.). Spectra taken in 0.1 ~., Na 

acetate plus 0.01 M Mq'S04, pH 6.5, and corrected for biphenv1 absorotion. 

Polv d(A-T) wa!'; 8.8 pg/ml,or 2. 7.10-5 M in nucleotides in all saJmles. 

Fia. 11. Circular dichroism snectra ~OT. M. l~odei"kticus snNl\ alone 
"" -

-5 " 
(-), and in the presence of 7.5·10 H~hydroxybinhenv1 (_._), and 

their diffeI'P..nce spectrum (--;. ~. 1vsodeikticu.c;sDNA was 25 perml, 

or 7.5 ·10 -5 M in nuc1eotides. ~ctra taken in 0 ~ 1 M Na aoot'1te phtc; 
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CAPTIONS oro FIOJRES (4)· 

o • 01 !\1 ~qro 4' pi~ 6.5, and correCted for biphenyl rotation in nure 

solution. ~ignal to noise ratio aVerages better than 12:1. 

Fia. 12. Circular di.cl'll'OiSl'\ sPectra for. E. roli Baker nheno1~xtracted 

DNA (--~) ,for ~. ~ sodiun chIoride-extracted DNA alone (-), and 

in the presp.nre 'of 2.4-10-5 
.M ~,4-di~'droxvbipheny1 (-.-). Conoentra-

-4 
tion of DNA in all sarrpl,es wa..CJ:'Cl1'Prox:i.lT'a.te1V 33 pg/T!'l, or 1.1.10 M 

in nucleotides. Spectra taken in 0.02 M Tris, pH 6. 7, and rePorted 

in tenn.'S of ellipticity (G) _ Spectra oorrected for biphenyl rotation 

in pure solution. Siqnal to noise ratio averages better than 10:1. 

. . 

Piq. 13_ CDsnectrum of ~rring ~rrT\ sDNA plu.c; DNAase in·the ~ce 

of bivalent ca.tions (-- -), and the sun of the ~ctra of sDNA and DNAase 

taken individually (-.~). Spectrum ofsDNA ."retreated with 4. 75-10-5 ~~ 

3,4-dihvdroxvbinhenyl in the preSence of DNAase (-) _ DNA in all saTflrlles 

was 25 pq/ml,or 7.6.10-
5 

M in nucleotides, DNAa<se in all sarrples was 100 

-6 pa/ml, or 3.3·10 ~_ Snectra taken in 0.02 M Tris, pH 6.8. The biohenvl 

showed no CD acti vi tv in pure solution 1 ho;'Jever, in the oresence of the 

biphenyl, the CD ~ctrum of the nucleic acirl sha.;ed 0. one-third decrease 

in both the posi ti \Ie and negative Cotton hand'S. ~ctra reT)()rted in terrrs 

of elliptici tv (e). Above 210 rnp, the signal to noise ratio averaoed 

better than 10:1. 

;;.. __ f' 
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CAPTIONS 'IO PIroR&~ (5) 

~,- 'J;'ig. 14. Trvotamine a~ an inhibitor of DNAase. Plot of percent 
~ .. 

~ , inhibi tion vers~ the ratio (roleS of trvntarnine,lrrole of nucleo-

tides) • Percent inhibition calculated fror.'l initial rates in a 

spectmphot.oIT'etric a.c;sav perforroed· in buffer system (b). , 
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LEGAL NOTICE 

This report was prepared as anaccount of Government sponsored work. 
Neither the United States, nor the Commission, nor any person, acting on 
behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the informa­
tion contained in this report, or that the use of any information, 
apparatus, method, or process disclosed in this report may not in­
fringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages 
, resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any "employee or contractor of the Commission, or employee of 
such contractor, 'to the' extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro­
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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