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- THE INHIBITION O% DEOXVRIB(N}CIF.ASE I RY HYDROXYBIPHINVLS

J. M, GOTTESFELD, N. H. ADAMS) A, M, EL~RADRY, V, MOSES AND M, CALVIN

Laboratorv of Chemical Riodmamics and Lawrence Padiation Laboratorv,

Universitv of California, Berkeley, Calif. 94720 (U. S. A.)

SUMMARY

DNA extracted with certain cormercial brands of vhenol is
resistant to hvdrolvsis b thé enaonuclease ﬁNAase T, while brm
extracted with other brands ,i or prenared bv sodiur chloride
extraction, is susceptible to hvdr‘olvs'is. The acent resmonsible
for inhibition has been shown to be an oxidation nroduct 'nroduvced
in sore phenolé, 'I‘he inrﬁbitor ‘has been separated from other
impurities in phenol by parer dlmnatoqraphv, and, bv means of
infrared and ultraviolet spectroscorv, it has been identified as
g_;hydmxszbiphenvl. The kinetics of inhibition ha\é been studied,
and it was found thaﬁ inhibition arises from direct action on the

DNA rather than on the enzyme, Several hvdroxvbiphenvls and

IMobreviations: sDNA, DNA prepared bv NaCl extractien; pDNA,
DNA rrepared bv nhenol extraction; Pu, an unidentified purine; ™v,
an unidentified mrrimidivne: CD, circular dichmis-xﬁ; SSC, =aline
soviiae eitrate; PV, polvvinvl mrfmlidone.

* Present address: Departrent of Chemistrv, Universitv of Califernia,

Santa Cruz, Calif.



related ‘cmpound’s have been tested for inhibition, and a theorv

of molecular structure versus inhibitory effectiveness is sug-

=

gested from this data. Frem studies on ‘the chemical reversal .
of inhibition, as well as from ultraviolet spectral studies (in o
béat-_.h_absvo,rptibnv and circular dichroism), it appears that the
rmode of ‘action of the inhibitors is hvdroqen bondina to, and

intercalation between, the bases of.t_he nucleic acid.

INTRODUCTION _ ‘

| Deoxvnbonuclease I (deo:érfibonucléét’e oligonucléotide
hydrolase, EC 3.1.4.5) is an endonuclease of rolecular weight
30 700 that 'prefemntial_ly hvdrolyzes »li_rlxkbages of polvdeoxv- |
ribongcleotides of the type: Pu-?3'-P-5'-Py. HYdmiysis occu?s
between the 5'-phosphate and the 3'-hvdroxyl to yield oligo-
nucleotides teminatihg with .pho'sphox_vlv gmugﬁs -in‘ the 5' posi-

.1 . '
" tion . Bivalent cations such as Co2+ ’ Zn2+, _Mn2+ ’ Mgz"-' and

2+ o, .y
Ca’ are required for enzymic activ1ty2. These metals are re-
quired by the enzvme to maintain disulfide linkages in their
oxidized form; reduction of these linkagegs is accompanied by

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

3

ate, borate, ‘and selenite, which can react with the bivalent

- cations, are known to inhibit the action of the emml. Sev=-

eral non-activating cations can displace the activating bivalent

cations and cause inhibition. These are Fe2+, re3t ’ Crz"') and



(nef 1), VESTY et al have shown that pe®* can inhibit DNAase

w2+
by the fomatlon oF a DNA-Be coxmlex.
LINDBER(»‘.5 has reported the 1solat10n from beef pancreas of -
two orotems that th.blt DNAase. An mhlbltor—enzvme cormlex
of molecular welcrht 81 600 hau:. been :l.csolated6 |
DNAaqe is :mh1b1ted bv such drtxrs as ethldlum brormde and
actmomycm D7. These ccx_momds exert their act_lon on the DNA:;
one drua molecgie can pmtect 40 to 50 base pairs from the action
of the nuciease..‘ WARING8 has established the nature of the ethidim
bromide _inﬁeraction with DNA as intercalation, WACKER® has pre-.
sented (D evidence for the intercalatioh of ethidium bramide
into DNA, | |
Iiomm:;osmrdp AND vasca-NmGEmYEém have reported that
two- and three-ring cuinones, such as %- and ¢ -napthoquinone, an-
th;aqnﬁnone, and phenanthfamrlnone, act as inhibitors of DNAaée,
while such one-ring quinones as benzomnnone ’ tolurmihoﬁe, S-methvl-

toluouinone, and thvmoquinone, serve as activators of the enzvre,

‘Furthermore, such phenols as pvrocatechol, hvdroauinohe, and 1,2,4-

benzenetriol, "are also activators of the nuclease. These authors
sugeest that tbe'action of these ompound}s is on the enzwé 7 hotve
ever, no exrerimental data has been présented to suprort this.

Ve have found that DNA extracted with J. T. Baker Linuefied
Phenol is resistant to enzvmatic hydrolysis, while DNA exfrécted

with Mallinckrodt Licuefied Phenol, or DNA prepared bv sodium

chloride extraction is susceptible to hydrolvsis bv the nuclease.
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' Evﬁ.dehcé wil‘l be presented that the aqént resronsible .For" inhibition
acts directlv uncn the DNA substrate ,' father than on the enzvme, Ve
rerort the isolation and identification of -the inhibitor from .J. T.
Baker phenol, and the Vtestihq_o.f" related compounds. Chcctral studies
" and. investigations on the reversal of inhibition have revealed a

possible mode of action of the inhibitors,

MATERIALS AND METHODS

Biochemicals and chericals

 DNA was the A Crade, 'hithl‘v Oolvrf’enzed , sodium salt m:oduct
from herrin& sperm or calf thvmus obtained from Calbiochem, Los
Anceles, Calif, The deOXVribonucléoéides were also products of
Calbiocher, ‘.Iy.;ylsoz_{rrre (muramidase, EC 3.2.1.17) was pur‘chaséd from
the Worthinaton Biochémical Corp., F‘i'eghold ’ 'New‘defsév. The DNAase
- used thinuqhouﬁ ‘thi.‘s work was Worthianon éndonudease I from beef’
nancreas, 'Pély d(A-T), an alternating ccbolvn_ef of. deoxx}adenvlate¥

thymidvlate, and dried cells of Micrococcus lvsodejkticus (control

no. 6162) were product.s of Miles Laboratofies, Elkhart , -Indianna,
Polyvinyi m&mlidone was purchased from the feneral 2niline and

Pilm Com.,.New York, N. V. Trvotamine [3-(2-amincethvl)-indole]

was puréhaéed from the Aldrich Chemical Co,., Milwaukee, Wis, | All

of the hydmmxbiphenyls and related commounds were obtained from the
Dow Chemical Co., Midland , Mich., Licuefied phenol was purchased Fmr“
the J. T. ﬁaker Chemical Co., Phillipsburg, New Jersev, and from the
Mallinckrodt dwemical_‘.«brks, St. Louis, b‘lissouri. All other chemicais

were of reacent arade. - ' o



.
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Racterial strains and arcwth conditions

All strains of Escherichia coli used as sources of DNA were

derived ‘rom \~.?ild-tv_rae K-12, All cultures were grown with aeration

~at 37° on Difco-Bacto Nutrient Broth (8.0q/l1).

Extraction of DNA from bacteria

A modified version of the extraction technimue of MARMURI was
used for obtaining DNA from strains of g_. ' 99_]_._1_. A 500-ml overniaht
culture was used as the inoculum for a 4-liter culture. Cells vere
arown fo‘rvs h and. harvested bv oéntrifxigaticn at Oolvfor. 20 min at
lé 360 X g. The éells 'vzeré‘smraendéd in 50 ml.saiine-EUi‘A (0.15 M
Na,EDTA, pﬁ.S.O)L. The cells were then treated with 20 mg of lvso-
zyre for 15 min at 37°, Sodium dodecvl sulfate (10 ml of a 108 (w/v)
sblution) was .added , and &e'susmnsi@ was allowed to stand for an
additional 15 min at 37°. ’l‘o ins‘urev wnpigte cell vlysvis>, the mixture
was frozen' in’ av solid Cbz-isopropanol bath, and ‘thawed. Freezing and
thawing was repeated twice more, The lvsed-cell suspension was
combined with an equal vol, of liquefied phenol saturated with NayEDTA
(titrated ‘tova 7.0). After qentlé agitation bv hand for 10 min,
the mixture was centrifumed at 32 800 X g for 20 mir_l‘ at Oo. The
acqueous phase.' was removed, ‘the DNA precipitated with an equal wol, of
cold 95% ethanol, and collected on a glass stirring rod, The DNA was
then transferred to 0.1 X SSC (1,0 X 'SSC_ié,O.iS'M NaCl _plus_ 0,015 M
Na 3Citrate) and the SSC coxjxoentrétion was brought to 1.0 X by the

addition of 0.1 vol. of 10,0 X SSC,
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. Sodium chloride-extracted DNA fram both E. coli and M. lvso-
| _ » 127
deikticus was prevared bv the method of ZAMENHOF et al ., Ue wish

to thank Prof. I. 'Tinocp of the Department of d'lervistxx}, u, C.,

Berkeley, for the gift of dried cells of M. lysodeikticus,

DNAase assayé 1

The sﬁéctmnhotmetric assay technimue of kunrrz3 was the
proceduré used most f-‘rem:entlv in this work, DNAase was used a£
~.a final concehtiation of 5 Pa/inl (éxcebt ‘where noted differéntly); -
| Two assay buffers were used: ~ (a') 0,01 M Mgso4 plus 0.05 M Na
acetate, pH 6.5; () O.OOB‘V;MY MgS0,, 0.002 M CaCly, and 0.02 M
Tris, oH 6.7. ,.Absorbance at 260 ™1 was measured on a Carv Model
14 Recording ':nectrop}mta-eter The rates of hydrolysis with
buffer (a) were scmewhat lower than with buffer (b).

ve have also measured the hydfdivsis of DNA bv the »nuc.l'eas.e
with a pH-stat, using an instrument sinﬁlar to the one described

by PEANSKY AND szucst?

. This assay relies on the liberation of
of 6neirf;t">ié"-c€sf' ‘acid for everv mole of vhosphodiester bonds broken,
Thus, bv reéording the Mt of base of known normality recuired
toﬁnaintain constant pH durinq the course of the reaction, and
knowing the tbtal arount of DNA in the reaction mixture, the per-
oenﬁl hvdrol_véis can bhe éalculated. The assav was carried out in
0.01 M MaSO, at pH 7.0, with aw final DMAase 'oonoentration of 25
pa/ml. All solutions added to the reaction vessel during the
course of hvdrolysis were. previously adjusted to pH 7.0. A centle

stream of nitrogen gas was passed throuch the reaction vessel to

dissipate carbon dioxide. Sensitivity of the instrurent was such-

o -



that 0.35 ml of 2.0 mM NaOH (brepared fresh everv few davs) deliv-
ered bv the micmréterrsyrinqe gave full scale deflection.

Oxidation of nhenol

One llter of lmuefled phenol plus 2.0 g of anhvdrouq \/205
was refluxed for 18 h, During reflux, a steadv stream of air was
passed thmuqh the ieFlux dondenser. After mflux:.na, the phenol
was removed bv emple distillat.mn, and the resndue was taken up

in CC14.

Chrcmaﬁoqraphv _

| The inhibitor was éeparated from the other oxidatidn ‘products
of'phenol by cﬁhmnatoqréphy‘ on'Whatman'S MM paper with a‘ solvent
(to be referred tob as. the astandafd soivent") cqhtaininq acetic
acid - methanol = water (2 25¢ 73 by wol.).

thsmal rethods

All ultraviolet spectra were taken with the Carv Model 14, and
infrared spectra with the Perkin-Elmer Model 127 Sodium Chloride |
Spectrophotoreter. DNA melting profiles were f&;llmed bv increase
in absorjotioﬁ at 260 T ﬁsinq a_Beckman Model DU Spectrophotometer
equipped with a Gilford Mndel 2000 Multiple Sample Absorbance Recorder
and a Haake prograrmed temperature bath, Circular dichroism measurements
were made with a Cary Model 60 Spectropolarimeter equipred with a
Cary Model 6001 CD attachment, Mammetic circular dichroism reasurerents
were made with an instrument pxeviously described by 'DRATZlS,' The path
lenath for a]..l, ultraviolet measurements (absorption and CD) was one

cm, Mass spectra were taken using an A, E. Y. MS=12 mass spectroreter,
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Srectra were determined at an ionizing voltage of 70 eV and an
ionizing current of 50 pA,  The temverature of the ion source
was varied from 150° to 2_000. . Each qpectmm was scanried»in 7

sec and recorded on an oscilloeraph recorder. S

PESULTS

Effect oF DNAase on the DNA oreparauons

It was found that DNA extracted w1th J T. Baker Lmrueﬁed
Phenol (Ba_ker pDNA) was res:stant to the action of DNAase I, while
DNA extracted with Mallinckrodt Liquefied Phenol (Mallinckrodt nDNA)
‘was susceptible to hydrolvsis, | Furthermore, both comrercial sodium-
salt DNA and DNA prepared bv NaCl extraction (stNA) were readilv
suséeptible_ to the action of the nuclease, After dialvsis of the
Baker pDNA at 4° for three 24 h nenods each acainst 1 liter of
1.0 X GSC, ﬂxe DNA was still resistant to DNAaqe hvdrolyslc;. T_able
I surmarizes the results of these pzel:mmanr DNAase assavs. We
note that the relatlonshlp between hvnerchrcmlc:Ltv and percent
hydrolvs:.s (aq detezmlned by ln_berated ac1d) is that a:oproxmatelv
twice the peroent increase in the absorbance at 260 m\J_ equals the
percent hydml;?sis. 7

Under no conditions of‘ temperature, rH, or ionic strenath of
the assav buffer could the Baker pDNA be hvdrolvzed with DNAase;
in addition, we knew that this DNA was hiehiy polvrerized (and had
not been hvdrolyzed duﬁnq the extraction procedure) since it v.;as
susceptible to thermal hydrolysis (accompanied by 25% hyerchyom
.icity) and hydrolysis by prolonged exposure to the nuclease. Purther-

more, the commercial or E, ooli sDNAs ocould he made resistant to

.



hvdrr;ivsis' bv treating them before the’ 'star't of the assa\) with Baker
phencl (DNA at a Fivna'_l concentration of 20 pa/ml and phenol at a final
concentration éf 1 ma/mﬁl for cmblé& '.irihibit'i‘oh) . As lona as the rH
of the assay medlum was held oonsfant, at no conoentration did Mallin-
ckrodt phenol afford nrotectlonof éusceﬁtiblé DNAs to hvdrolvsis. |
F‘rethv-dlqtllled Baker nhenol 4id not inhibit the hvd_mlve.lq of sDNA,
However, 1f the dmtllled Baker phenol was exnosed to air and llaht
for a perlod of a few weeks R the inhibitor was found once again to be
present, . |

Tn addition to pherioi purchased from J. T, Bake‘r, bh_enol manu-
factured by the chlorobenzene rrocess, and obtained from the Dow
Chénical Ob. R vc':ontains oxidat_;ion products that inhibit DNAase. However,
Dow phenol made bv the benzoic acid process does not produce the
inhibitorv oxidation products as ‘readil:y as does 'the cﬁhldrobenzéne
phenol, | h |

e coxiclude that the -inhibitbr acts directlv upon the DNA and>
not thé enm from the follbwind exverirent: ‘_ To oné cuartz cuvette
was added Paker nDNA and DNRase (20 Pq/ml DNA and S pg/ml enzvre) , and
to a second éuvette was added only DNapase, 2After 10 min there was no
 sionificant g:hanqe' in the As60 my in either cuvette., Cormercial sDNA
was then added to both cuvettes (to a final concentration of 20 pa/ml) .
After incubation for an additional 10 min, identical increases in Aseo .mp
were observed in bhoth cuvettes, indicatino that the enzvme was still '
active after exposure to Baker pDNA., Similar results were cbtained
with this exreriment using thevva-stat technique, Fig, 1 illustrates

percent hvdrolysis nlotted against tire for the vH-stat assay.



Tsolation and identification of the inhibitor

S‘mall cvantities of iihhibit.:vor were obtained fror ‘Za};er nD;il\
bv means oF. Eio-("el P-10 colum chromatography, Since the pDNA can
be hvdmlyzed if it is exnoc,ed to the enzvre for a oernod of several
hours (see T"'J.vq. 6), the inhibitor must exist in some Form of emuil-
ibrium with both DNA and an inhibitor-DNA complex., Althouch this
theorv is sound, and the three fiactions were obtained fram colum
chromatograrhy, insufficient cuantities were recéve:ced_ for investi-
gation by‘e.i-théx" infrared spectrosconv or nuclear macnetic resonance.
In order to produce more inhibitor than normally found in air- and
llcht—OXJ.dl:?ed Baker nhenol the latter was subjected to a vanadlum A
pentox:Lde-catalyzed oxldatlon.

Isolation of the inhibitor was acoazvf:lished with papér chromato-
aravhy, The UV-abé.orbin_g and flmres‘ciﬁq spots were cut out from
the dried developed chromatngram, eluted with methanol, and the latter
removed by ‘éirarﬁorétion. under reducéd_ éressuré' at room teinpefatuxe; |
The residues were dissolved in _o.m M NaOH, adﬁﬁstea'to pH 7 with
‘dilute HC1l, and tested fo: enzvre inhibition, Table II givés the Rn
of each of the spots tested, as well as the percent inhibition (or

activation) from a hvrerchromic effect assay. Also included in this

I

Table are the méﬁof ultraviolet specti:al characteristics of each of
the spots at pH 7. For these assavs, peréent inhibition is calculéted
from the total hvperchromicitv 10 min after the addition of the
enzyme, | |
| The activators of DNRase fownd at P, 0.69 - 0,77 were identified

as follows: A comparison was made of the ultraviolet spectra of the
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pheholic éctiVétors _ﬁjehtionéd bv HOFFMAN=OSTENHOF AND F'RIS'CH-NIrhz-
MEYERlo”an.d thét.of soot i2 F‘].q. 2 shows that the A max, for qnot
12 was. 277 mp, whlle that For pvrocatechnl was 275 mp T‘urthermore, |
with the qtandard solvent pvmcatechol showed an Rp of 0.69 whlle

the P of qnot 12 was 0, 73. mdmumone, mth a uv A max, of 288
mp, showed an RI‘ of 0.66 - 0, 77 “ith the standard solvent. Both

hydmcvumone and pyrocatechol as well as snot 12, fluoresced en
Whatn'nan paper with UV lioht, - F‘rom th:Ls data it anneaxed that 9not '
12 vas a mxture of hydmmunone and pvmcatechol |

of utmoqt :meortanoe was the inhibitorv soot at Rp 0.55 - 0,61
(spots 9 and 10). In order to 1dent1fv the mhlbltor, uw, IP, and
mass snectra have been taken 'I'he mass qpectrum J.ndlcated that the_
most abundant parent ion had an m/e value of 186, ‘Ihls could be
ascribed either to a dlhydmvalphenyl or to a mnohvdm:qrdlohenvl
ether, An m/e 278 narent ion was also found- however, the ratio of
abundance of m/e 186 dimer (C),H, 0.) to m/e 278 trimer (CygH,40,)
was 50:1, 'I‘he m/e 170 value was also present; this could correqpond
~to the mnohydmxyb:.phenyls. The ratio of abundance of _t:he m/e 186
patent ion .to' the m/e 170 parent ion was 10:1.

When spot 9 was rechromatograrhed vith stahda_rd. solvent, it
. gave rise to .spots’9 thmuo’n 12, ‘If cnee 'aqaih eluted and chromato-
graphed, spot 9 qave the <:ame pattermn as hefore, 'fhw:, even after
chmrhatogréhhv., the comnound was not pure. Srots 11 and 12 were |

possibly dearadation products of the cc%t\"pomds'at spots 9 and 10,
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ceveral hydremrbiphenvis were dimnatodfaﬁhed on parer with
the standard solvent; one clanpomd, g_-hydrovai'phenvl, had an 'PF.
of 0,54 (le‘.ed. to 0,55 fc)r_spot':'?); Fiq. 3 shows the UV snectra
of g_-h\rdmxf}bipherlyl and spot 9> at varieue pH valx;eé._ F‘iq; 4 com= |
pares fhe IR Spectnm of g_-hvdrovalohexwl with that of smot 9,
This 4data, ooupled with the fact that o-hydroxybinhenvl inhibits
'DNAaqe, leaves 11tt1e room for doubt that o-hydroxybmhenvl is a
major component of spot 9. ' ’ -

Studies on the inhibition of DNAase

The prepafation of larger amounts of. inhibitor'bx} paver
chromatography (500 ma ver bataa) nerm.tted further investication
of its properties., Fig. 5(a)‘lillustrates' the mh:.bxtor.v effect
versus concentration of inhibitor, using the standard hyverchromic
effect assav. ﬁhﬁreated DNA was used as the standard for zero
percent mhlbltlan. Fia, 5(a) shows a tvnical saturation curve :

F‘mm mass spectral data ’ we take 186 as the ameraqe molecular '
weicht for the m:Lxed mh:.b:.tor contamed in spot 9 ' Fror this
- value, the ratio (molee of inhibitor/rrole of nucleotides) may be
calculated. Fia. S(a) is also a plot of percent mh:lbltlon acra:mqt
such a ratio. A plot of the inverse of percent 1nh1b1tlon against
the inverse of this ratio (now moles of nu'cleotides/mole of inhibi-
tor) ‘msultsv mtwo straight lines, The point of intersection of
these lines vields a value for the nurber of moles of inhibitor/mole
of nucleotides needed for complete inhibition, Percent' inhibition
may be calculated from total hvperchromicitv up to a given tire (10

min in these assavs) after the addition of the enzyme, or frem initial
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slopes. For tﬁe mh;Lbltor from Baker phenol the value forbmoles
of thbltor/rrole of ‘nuoleotides needed for complete inhibition
is 3.5 .(Fig; 5(15)) ThlS ratlo will be used as’ a comparatlve |
measure of the effect.lveness of dlfferent 1nh1b1tors. ‘

In the usual assay procedure, -the inhibitor was mcubated

with DNA for 10 min prlor to the addition of the enzyme. However,

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

of incubation of inhibitor (o—hydroxyblphenyl) and DNA before
addltlon of DNAase.

Fig. 6 illustrates kinetics of'hydrolysis.using inhibited and
on-inhibited 'sam;.ales.. The initial slope of the non-inhibited sample

was 2.5 times that of the inhibited sample. At 1l min after the start

of hydrolyeis, 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 :mh:x_bltlon was 35% From 11 min

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

sample was 2.3 times 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. 1In the inhibited
sample, however , the hydroiysis of the unprotected Pu - Py liJﬂcacjes.
as well as non-Pu - Py hydrolysis probably occurred during this . -
period. The greater slope in the inhibited .svamp.le might 1ndlcate
that as sooo as Pu - Py ‘lj.nk_ages became unp,rotected,' they were hydro-

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

-dissociation of inhibitor-DNA camwplexes. A reasonable model to explain



such a phenbnénon micht be Qné in WhJ.Ch the inhibi:or was comlexed
 to the DNA bv meéhq of hydrraen bonding (berhaps to the bac.es) .

| If the J.nhlbltor does indeed act dlrectlv upon the DNA, one
would exnect that the amount of .mhLbltlon wnuld decrease as the NA
,concentratlon is increased whlle the inhibitor and DNAsse concentra-
tions are ma.mtamed at constant levelq. 'I‘h:.f-: is .mdeed the case
(qu- 7) .

Molecular structure versus inhibitory effectiveness

Fig, 8 illustrates nercent inhibition versus concentration for
three h}{arowbiph_envlé: g-hydib)qﬂbibtxen?l,' p~hydroxvbirhenyl, and
. 2,5-dihydroxvbiphenyl, Table ITI lists several inhibitors and re-
lated commounds  which do not act as inhibitors. A value is gi\}en
for the relativé J.nhlbn.torv effectivéness of eaéh of the cormmds
(see previcus section and Fig. 5).

The results show that a free hvdroxvl is needed for iphibii;.ion
since both birhenvl and g—et}w:qrbiphen_vl did not inhibit at anv
c'o'ncentratic'a"r;‘ tested, The most effeéti\le inhibitors are those with
a hydroxyl group m=- to the phenvl aroun; 3,4-—di_hydrbvaiphen_vl and
ug-hvdrbvainhenyl are the best inhibitors tested to date. The 2,5~
and 2,5'~dihydroxybiphenvls were somevhat poorer. The o-hydroxv-
biphenyls were fnuch poorer inhibitors ‘than the corresmhdinq e
derivatives. Furthemore, the p~hvdroxvbiphenyls were either the _
noorest inhibitors found;-or were totallv non-inhibitorv. A p-
hvdroxvl qmun placed on an originally unsubstituted nhenvl aroup
rendered the original m- or p~hvdroxvbiphenvl non-inhibitory. Little

or no inhibitorv activitv was observed with the cvclohexvl vhenols,
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and, vsimilerl'_vl , no activitv was seen with 4-§_;buf91mrfocétechol.
This demnseratee if_h.at a ’secnnd nhenvl aroun is required for the |
pvrocatechols and hvdromunnneq to be inhibitors of DNAase T.

Table III alqo alwac, data for the dlphenvl ether'; as mhlbltors'
of DNAaqe. Onlv the 2 2'-—d1.hvdmxvd1nhenvl ether is a stmnq inhibi-
tor, and qhould be comnazed with the marked ml'ubltorv effectiveness
of 2,2'-dlhyd_ro>qrb1phenyl. On the whole, however, the blphenyls are
more effective mhlbltors than the diphenyl ethers with hydroxyl
arouns in identical positions. This is true for m-hydroxvbiphenvl
versus m-phenoxvphenol, as well as for 3,4-dihydroxvbiphenyl versus
2-hydroxv-4-phenoxyphenol.

Mode of dissolution of hvdroxybirhenvls

The method of dissolving the hydroxvbiphenvls is crﬁc_ial to
inhibitory effectiveneSS; For best results, we first disso‘lved the
oorr'pomds ih dllute alkali (0,02 N NaOH), and immediately adiusted »
the pH to 7,0 w:.th dilute acid (0.1 N Hci)'_, and finally diluted to
the desired concentration with assay buffer. We found that if we
first dissol\‘/ed‘ the hyvdroxvbiphenvls in organic 'solvenfs (e. g.,
acetone) and then diluted with buffer, we saw a marked decrease in
inhibitory effectiveness. 'rable IV smmariz_es these results for
3,4-Gihydroxybiphenyl. | | |

Ve suagest that the solvents react with the hvdroxybirhenvls to
fozm deri. vatlveq that are non-mhlbltorv 'Ib test this hymthesm,
we dlc;eolved 3 4-dlhydmxyb1phenvl in acetone and then dlluted with

assay buffer, We then tried to extract the denva_tlves from aqueous
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vsolut'ion with diethyl ether. - After _extractioh, we eVaporated the
ether, dissolved the residue :Ln aoetone , and rah mass spectra
Parent ions w1th m/e values greater than 186 were found in these spec- 2
tra. The m/e values of 238, 250, and 265 were the most predaminant. |

None of these parent peaks are found in the mass spectrum of 3,4~
dJ_hydroxyb:Lphenyl ‘These data support the ooncept that solvent and

biphenyl reacted to fonn a non-inhibitory derivative.

Dissociation constant for the inhibitor-DNA canplex '

BaSed ‘on measurements of initial rates of hydrolysis of sDNA
by DNAase at several J'nhjbibor'oohoehtrations,. Linevéeaver—Burk plots
were made of the reciprocal of (uninhibited rate minus inkibited rate)
versus the rec1procal of the in}nbltor conoentratlon for a number
of J_Dhlbltors. Table V llst the d1ssoc1at10n constants for mhlbltor— '
INA oamplexes for several th.b:Ltors. Treat:nent of the experimental
data by the algebralc method of WF_:BB16 gave s:um.la.r values for the
dlssoc1atlon oonstants. | '

Base compo51tlon of the DNA substrate and the eff1c1ency of mhlbltlon '

of hydrolys1s

The relative effectiveness of none of the inhibitors chanqed con-
sistently when the mean base canpos:.tlon of the DNA substrate was
varied. A t_lt.ratlon of each of the major inhibitors was performed on

each of three DNAs of different mean base oorrpos:Lt:Lon M. lysodeikticus

sodium chloride-extracted DNA, 29% (A+T) ; ocmnerc1al ‘herring sperm
sodium salt DNA, 55% (A+T); and potassium salt poly d(A-T). Table VI
‘records for o- and m-hydraxybiphenyl and for 2,5~ and 3,4-d;hydroxybiphenyl
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the moles of _inhibiéor/mle of nuciéotiaes requiréd for camplete
inhibition. If ’thé'inhibitors act by ocanplexing with the bases |
of DNA, we cOnciude ‘that the campounds . camplex with-gmzanﬁne, and
cytosine paifs Just as well as v}ith'adéniné» and thymine pairs.

Reversal of inhibition

By rs‘tu‘dying the chemlcal reversal of inhibition, we ﬁoped
to gain same .insight mtothe mode of action of the hydroxybip‘henyls;
We studied reversal of J'_nﬂibition by the polymer 'polyvi'nyl py-rrolidoné '
(PVP), a substance known to absorb hydrogen bonding materiall?. a
series of assays was perfoméd using DNA (25 ug/ml), DiAase (5 ug/ml,
and m-hydroxybiphenyl (3-107 M); this concentration of inhibitor gave
aﬁproximately 40% inhibitien. All aaSays were run spectrophotamet-
rically in acetate buffer (pH 6.5). Two controls were run: a normal
hydrolysis (non-inhibited) of DNAvbby DNAase, and a normal inhibited hydroly-
sis. DNA was incubated with ﬁrhYdroxybiphenyl (3 ml total vol. in all
assai/s) for 10 min at roam temperature\. PVP (1 g) was then added, and
the solution was mixed thrcSughly. The milky ,susPenSi_én was clarified by
centrifugation, and the éupernataﬁt was assayed with DNAase: 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 supernatanﬁ at roam ternperattlre; follow-
ed 10 min later by DNAase: no inhibition of hydrolysis was seen. When
. DNAase and ihhibitor were first incubated tbgether for 18 min at roam

temperature, the solution treated with PVP and centrifuged, and DNA
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then added to the supernate ,. no inhibition was observed. These
results ciearly indicate that the 1nh1b1tor _interacts direCtly with'i
DA and dOes hot affect: the enzyme 1tself _ They also show that the -
J_nhlbltor can elther be J.nactlvated or. removed frcm solutlons by

\ the action of PVP._ If we assume that PVP reverses inhibition by
absorbiﬁg the »J'.'r_xlﬁbitor by the formation of hydrogen bonds, we may
infer that in the absence of PVP the inhibitor forms hydrogen bonds
with the nuclelc acid and thus protects it from hydrol jSJ.S. Table VII
sunmarlzes ‘the results of these assays. ”

In order to determine to which part of the DNA molecule the
Anhibitors 'bind..an ‘experiment was performed in which pyrophosphate,
.deoxyribos‘e, and the deoxyriboi’nicleosides were used to reverse 1nh1.b—
ition. Neithei: 'pyrophosphabe nor deoxyribose reversed 'inhibitidn
produced by any of the five inhibitors listed in Table VIII.> However,
the nucleosides 'ﬁlarkedly reversed :mhle.tJ.on (Table VIII) The
assays were pérforrred as follows: Three qontréls were included:

(a) DNA was ‘hydrolyzed with DNAase to obtain a normal non-inhibited rate;
(b) DNA was ‘exposed to DNAase after 10 min pre—mcubat.lon w1th an
.'thlbltor, this gave a nomal inhibited rate for that concentration

of particular mhlbltor; (c) DNA was exposed to a nuc1e051de for lO min
prior to assay with the nuclease. These controls were performed for each

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

ducts ‘prod'ucedv by the action of DNAase (mono-, di-, and trinucleotides)

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

kS
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the monodeo:ty_ribohucleosides. Two types of experlmental assays
were carried out: (1) DNA was incubated with inhibitor for 10 min
prior to the add.ltlon of a rm'clzeosi‘de.'- The samples: were assayed
imnediateiy_ after additioh' of a r_iﬁcleoside ; (2) the inhibitor was
incubated with _thehucie'oside for 10 min before the addition of DNA.
Again the DNAase assay was begun J'.rrmediately after the 'DN'A'was added'. »
Table VIII shows ‘the results of assays of the second type for flve 1‘
inhibitors and four nucleos:.des. | |
In general the second assay procedure produced more rever-

sal of inhi.b_ition t_han the 'first. This might suggest reversal of
inhibition by the formation of an inhibitor-nucleoside complex;
however, no physical evidence could be.fomjn’i for the existence of

such a camplex. UV and IR spectra of mhlbltors and nucleosides in

equimolar concentrations were the' sums of the spectra for the different
campounds v‘taken jndividuaily. _In. support ‘of the contention that nucleo-
side-DNA camplexes are formed, we have danonstratedby means of circular
diohroism that the nucleosides do _canplex with DNA. Fig. 9 compares the
- CD spectrum of herring sperm INA alone w1th that of herring sperm DNA
plus deoxyadenos‘ihe’ (approximately 1 mole of deoxyadenosine per mole
of INA nucleotides) . The narrowmg and decrease in mtensity of the
positive Cottoh band, together with the widening ahd increase in intensity
of the negative Cotton band, is typical of DNA'canplexed with a planar |
molecule which has J.ntercalated between the bases of the nucleic acid.

Similar CD Spectra are seen w1th mtercalatmg compounds such as ethidium bromide
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or lyserqie acid diethylamide9 Ve recall that ethidium bromide
inhibits. DNAase7 by mtercalat10n8'9 If we may conclude that
' the nucleos:.des reverse mhlbltlon by dlsplacmg the :th.bltors
from their site of actlon, we may then infer that the lnhlbltors
also :mtercalate between the bases of INA.

Us:mg n'olecular models of DNA and several hydroxyblphenyls
we have. found the structures ccmpatlble with such a mechanism for
the mh:Lbltor_s. Fram the models it appears ‘that the unsubstltuted
phenyl group oould mtercalate between the nuclelc acid bases, and
that the hydroxyls on the other phenyl group could form hydrogen bonds
with the bases. It seems nost likely that a m-hydroxyl would fom
a hydrogen bond with the carbonyl of thymine, while an o-hydroxyl
would form a hydrogen bond with cne of the r:mg n:Ltrogens of a pur:me.
if a g—hydroxyl were to form hydrogen bonds, intercalation by the '
unsubstituted ‘phenyl group  would be mxpossxble. o

Physical evidence for the existence of a DNA-inhibitor ectrplex

(i) DNA melting profiles: The T, of Baker pDNA from E. coli (in
0.02 M Tris, pH 6.7) is 75.5°, while that for sDNA from E. coli (also
© in Tris) is 70° When 3 4—d:|hydroxyb1phenyl is added to the sDNA to a
centratlon that gives 100% inhibition of DNAase , the T :mcreases
to 75°. The slope/ of the melting curve for the pDNA is 0.005 (AAZGO mu/A°)
~at the '.T;n.while'ﬂme slope at the T, for sDNA is 0.035. When inhibitor |
is added to the sDNA, the slope drops to 0.019. Lermani® has shown that

the binding of cationic acridines to INA effects an increase in the
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T of the nucleic acid. A 20° increase in the T is reported for
9—aminoacrid.ine énd'streptatly:ciin.:' The intercalation of acridines
into DNA has long been establ_iéhedlg._ .

(ii) Ultraviolet abéorption '_spectfa; When inhibitors were

incubated with commercial DNA, only slight changes in the Uv~absorp-
tion spectrum'-.ef-, the’ISNA were observed. When It_r—hydroxybiphenyl or
3,4-dihydroxybipheny1 was incubated with synthetic poly d(A-T), a
marked change in the Uv-absorptlon spectrum of the polynucleotide ‘
was observed. The >‘max for poly d(A-'I‘) is 263 mu, in the presence '
of m—hydroxyblphenyl (3.7 moles of blphenyl/rmle of nucleotides)

t.here was a hypsochramic shift of 60 A., F_lg. 10 illustrates the
W-absorption spectra for poly d(A-T) in the presence of m-hydroxybiph-
enyl. All sﬁed’t:ﬁa ate corrected for biphenyl absorption. In general,
for both m-'hydrmybipr’xenyl and for 3,4-dihydroxybiphenyl treeted poly
d(A—T) , we observed an increase in the ratio (absorbance at )‘max / absoxb- - -
ance at >‘mm ) and a decrease in the ratio (absorbance at )‘max /absorb—
ance at 280 my) .

(ii1) Circular dichroism and magnetic circular dichroism: Fig. 11

illustrates the CD spectra for M. lysodeikticus sDNA and for M. lysodeik-

" ticus sDNA in the presence of m-hydroxybiphenyl (one mole of biphenyl/mole

of nucleotides), as well as their difference spectrum. We observed.

a slight decrease in the positive Cbtto_n band accampanied by a complete
loss of the negative Cotton band. Eigf lé-illustrates the CD SEectra
for E. coli Baker pONA, sDNA, and. SDNA in the presence 6f 3,4-dihyroxy-
biphenyl (0.23 mole of biphenyl/mole of nucleotides). Here, upon the
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addition of inhibitor tovsDNA, we abserved a one-third decrease in the
strength of the positive Cotton band and a mérked,incfease in the

negative Cottan band. The difference spectrum for the M. lysodeikticus

sDNA and sDNA'plius J.th_bltor is complex; two positive and two negative
'pands are foimd The major pos1t.1ve band is the mirror image of the |
negatlve Cotton band of the SDNA. " A negatlve band peaks at the.
same wavelength as the positive Cotton band_ of the SDNA (266 my). The
two other bands peak at 252 my (for the negative) _'and 278 my {(for the
- positive), reSpectively. The difference spectrum for the :_‘E:_v. coli s'DNA~
and sDNA plus inhibitor shows only a si_rig‘lét pea.k:.ng at the same |
wavelength (and with the same sign) as the negative Cotton band of the
| DNA in the presence of lysergic acid diethylamide exhibits the
same changes'in cD as ‘does E coli smm'in"me presence of 3,4-dihydraxy-
biphenyl' T‘he negatlve Cotton band of DNA 1s also strengthened by the

9 We have pomted out ea.rller that both |

presence of ethldlum bromlde
~ of these campounds are known to mtercalate between the bases of DNA.
The mono- and dihydroxybiphenyls absorb UV in the same region
as DNA; however, in _pure' solution the biphenyls have no apparent CD
activity. On the other hand, in the presence of the nucleic acid,
we cannot determine whether changes in the CD Vupon' addition of in-
hibitor to DNA are due to real changes in the CD of the nucleic acid
or to the addition of a DNA-induced biphenyl circular dich.roishm to’ |
the CD of the DNA. Free hydroxybiphenyls have no point of assymetry

and, therefore, no CD; if our model of inhibitor action is correct, we
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would expect that the ﬁneubstituted phenyl group of the hydrdxy;
blphenyls would be subject to hindered rotatlon upon 1ntercalatlon.
This hlndered rotatlon would brlng about an assymetry that would
beAacoanpan;ed_by CD activity. To give us sawe idea of the possible |
magnitude of;this DNA-induced Cﬁ, we looked at the‘maghetic'circular |
dichroism of 3,4—dihydroxybi§heﬁyl; iwe found anly a weak positive CD
band below 260 my with the'ekte:nal magnetic field. This magnitude
of CD activity could not aceountvfor'the:differences between the CD
of DNA and that of DNA plus inhibitors; we therefore conclude that
the obsetved_changes in CD are real changee_in'the'spectrum of the
, nuCleicvacid.  This data, in addition to the reported D spectra of
INA plus interéalating campounds, 'lenas s_upport to our theory of
inhibitor action. _.' A

We have also looked at chanqes;in the cirCulaf dichroism spec-
trum of DNAase in the presence of DNA and DNA camplexed w1th an in-
hlbltor. DNAase haa a strong negatlve CD band between 210 and 220 my.
Fig. 13 illustrates the CD spectra of DNAase in the presence of DNA,
and in the presence of DNA complexed with 3,4~dibydroxybiphenyl, and
the sum of the cD spectra of DNAase and DNA taken 1nd1v1dua11y. All of
these spectra were taken in the absence of activating blvalent cations.
In the presence of DNA, the strang CD band of the enzyme is reduced
by one-third. On the other hand, if the DNA had been treated with an
inhibitor before the addition of the enzyme, we did not cbserve any
loss in the CD activity of the DNAase. If the DNA had been camplexed

with a poor inhibitor (such as p-hydroxybiphenyl), however, we still

'3
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~ would have observed a reductlon in the CD band of the enzyrre

ThlS stxongly suggests that both 1nh1b1tor and enzyme oompete for the
same s:Lte on the _substrate,,. and in the presence of inhibitor, the enzyme

is blocked from this site,

qutamme as an :ml'ubltor of DNAase
- We found that tryptarm.ne inhibited DNAase while tryptophan did not.
Flg. 14 is a plot of peroent 1nh1b1tlon versus the ratlo (moles of |
tryptamlne/mle of _nucleot:.des) . By hold:.ng the concentrations of
tryptamine '(S-lO'SM)_ and mAase (5 ug/ml) constant, -and varying the
ooncentration‘of INA (from 5 to 40 ug/mi) » we found that the amount
of lnhlblt.mn J.ncreased :mversely with the DNA conoentratlon. 'mis
indicated that J.thb:Ltlon anose by actlon of tryptamlne on the nucleic
‘acid. | |
W must conclude that the presence of the carboxyl group in

tryptophan prevents the ammo acid from acting as an inhibitor of
DNAase. The negatively charged ;hosphatés.of the nucleic acid might
repell the acidic gmup of txyptophan In the case of txyptamlne
however, the phosphates mlght attract the amme and stablhze a |

We found that the CD spectra of herrmg sperm DNA and that of
herring sperm DNA :Ln the presence of txyptophan (one mole of trypto-
phan/m‘ole of nu'cleotides) were identical. We have been unable to record
the CD spectrum for herring sperm DNA in the pzesenoe of tryptamine (at
a conoentratlon of amine that would exhlblt enzyme lnhlblthn) due to the
high extinction coefficient of the drug in the UV-region.
DISCUSSION a |

It is common practice to distill phenol before using it to
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exﬁract nuciero ac1ds fram mlcro—organlsms : We- have found that iiduefied
phenol as Supplled by oertaln manufacturers ’ contalns 1mpur1t1es

which render extracted DNA re515tant to hydrolysm by DNAase I. The
varlety of :m1purltles present in a pa.rtlcular brand appears to depend

an the manufacturmg process used ' '

At least one group of mhlbltors, the mono- and dlhydroxy
" biphenyls, has been found m hquefled phe.nol produced by J. T. Baker
Chemical Co. These lthbJ.tors clearly act by complexing with the DNA
substrate, and do ot dlrectly affect the enzyme. Our evidence suggests
that the hYdroiqbipkxeuyls act by fomﬁhg hydrogen bonds with the nucleic
acid bases, accampanied by infercalai:ioxi of the unsubs.tituted phenyl
group between them Polyvmyl pyrrolldone which lS kncwn to absorb
hydrogen—bondmg materlal can prevent mhlbltlon, presumably by
sequestermg the inhibitors rore effectlvely than DNA. Deoxyrlb-
onucleosides can also prevent and reverse .'thlbltlon, probably by
campeting w1th the J_nh:Lbltors for intercalation 51tes on the DNA.
Circular dichroism measurements have shown that both decxyribonucleo-
sides and hydroxybiphenyls intercalate into DNA. | -

The requlrements for mhlbltlon among the hydroxyblphenvls :
include both a free hydroxyl group and ‘an unsubstituted (or o-sub-
stituted) phenyl group. Thus, neither biphenyl itself, nor p-ethoxybip-
henyl, exhibit inhibitory action. " The presence of certam bulky groups
precludes inhibition, probably by preventing intercalation as a result
of steric l'xindrance. For this reason neither'4-;t_:’—buty1pyxocatechol_ nor

cyclohexylphenols, show inhibition. Cyclohexylphenols, in addition, do
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not possess the same ele_ctronic. etmctnre as hydroxybiphenyls.

‘ Pi;-clond intefactions between the nncleic acid baSes and the un-
substituted phenyl groups of the hyd.mxybiphenyls are apparently
required for mhibition.

.The mtramoleculai* pOSlt.‘Lon of the hydroxyl group determines
inhibitory effectiveness. | Hydroxyl at the m—pos:.tion is the most

'effective, followed‘by those at the o~ and p- positions, in that .
‘order. mtperm\ents with space-filling molecular models- explained
this effect. A m-hydroxyl can readily form hydrogen bonds w1th the
carbonyl of thyrmne, or with the ring nltrogens of a purine. This
is more difficult to. acoanplish with an o—hydrmcyl and intercalation
proves to be lmpOSSlble when the hydzoxyl group is B‘ to the unsubsti- _
'vtuted phenyl group. .

Measurements of enzyme kinetics , and the characteristics of
circular dichroism 's.pectra,' have shown that the enzymeand inhibitor
campete’ for the same site on the substrate. The active 51tes of both

'DNAase and. RNA.ase are known to contain hlstid:me20 21 We note, in
addition, that four tryptophan residues are present in DNAase22 but
none is found in RI\IAase23 Trypotophan is essential to the enzyme
activity of DNAase: N-bramosuccinimide, which destroys tryptophan
residues, strongly inhibits DMAasel. Purther, the hi;droxybiphenyls

~which protect DNA fram hydrolys:.s by DNAase are without effect in

protecting RNA from RMAase. This data, in addition to our belief
that it is the indole nucleus of ergot alkaloids’ (e. g., lysergic
acid diethylanniaxaxuﬂlintercalaués between the bases of DNA,
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leads us to coriclude that theb trypterhan residues of DNAase inter-
calate and act as anchor noints whlch hold the enzvme to the sub-

strate, Tt seems 11k<=1v that the hvdromrbmhenvlq ethldlurv

‘bromide and actmmwcm D are able to mh:blt DNAase bv preventmcr

this mtercalatlon mto DNA oF the trvptoohan re51dues of DNAac;e,
thereby obv:l.atlnq the anchorlnq eFfect. 'I‘xyptamne has been found
to inhibit DNI\ase, and it does so by action on the swstrate.
Althouch this model of DNAase action is for the moment unproven ,

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

The work reported in this paper was sunnorted in part by the
United States Atomic Enerqv Cormission, and in rart by the National
Aeronautics and Space Administration (NSG 101-61), Ve gratefully
acknowledge the assistance of Dr. Ronald Cape, Dr. Donald Grav,

Mr. Jerrv Han, Dr, John Sutheriand, and Professor I, Tmoco, Jr.

All the hydroxybiphenvls and related camounds were generouslv.

given to us by the Dow Chemical Company,
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TABLE T

EFFECT OF DEOXYRIBONUCLEASE I ON THE DNA PREPARATIONS |

Both the pH-stat and hypérclmxnic effect assays were performed as described
in MATERIALS AND METHODS . Data from both assay systzems were taken 10 min

after addltlon o‘ the enzvme.

DNA . ‘ s 7anerchxrndc effect assay' . pH-stat assav
Increase in A 2260 ' Hvdrolvsis (%)
upon_ hydrolvsis (%?

: " —

Commercial herring sverm ' : *x

SDNA ' 18 _ 37

Baker pDMA 0 o - 0

Dialyzed Baker pDNA = .0 _ : , 0

Mallinckrodt pDNA 19 ' 38

* Values for all assays are } 10% (standard error for individual trials).
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TABLL TI

OYIDATICN PRODUCTQ or PHENOL TGOLPTTD BY PAPER CHROMASKYTVVﬁn'
Inhibitions measumd in a DNpase assay usina 0,1 .ml of a 1:10 dilution
of each of the chrcxnatoaram spoté | (éluted and diééblved in ivéter) in 2. 0:
nl of reaction mxtuxe contammq_«,DNA (20 pg/xrl) and. DNAase (5.0 pc/rnl)

in buFfer svstem (a).

Spot R, Inhibition (8) =~ Ultraviolet sre¢tra (pH 7)
| 2 rax. Amin, A at A
(T T he
Origin =~ .~ 0,00 15,7 276, 260 0.152
T .' 282" -
1 0,02 23.2 259, 246 0.262
- v 270
3 0.20 315 262 23 0,145
5 03 17.6 252 225 0,283
7 0.42 - 251 258 238 0,482
8 0.48 15.7 246 .- 235 0,138
9 0.55 40.9 247, 232,  0.174,
R | 283 270 0.105
10 0.61 . 100.0 247, - 233,  0.393,
' - . 282 270 0.228
| | . . -
11 0.69 +2,5 278 - 25 . 0.172
12 0,73 - +10.1] 277 256 0.588
*

13 0,77 423,30 277 256 0.317

* ' '
Activation (8).
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TABLE IIT

MOLECULAR STRUCTURE VERSUS EFFECTIVENESS AS INHIBI'IY)P‘S NF DNA. HYDROLVSIS
BY DNAase I 7 :

E Ratio, roles of inhibitor to o ,
Camound . - moles of nucleotides, needed for ' -
- Y00 percent inhibition
lr'bnohydrolxrbif)he'hvis
- 0.6
- o ~ 47.7
Dihvdrovainhénvls | |
34 N 0.65
2,5~ o - 0.96
2,5 3.5
2’2.'- S o . 3.53
'3,4'- o , B - non-inhibi tory
4= non-inhibitorv -
Other biphenvls and related compomds | | o
biphenvl o non-inﬁihitorv
p-ethoxvbiphenyl , _ non=inhibitory
4-t-butylpvrocatéchol non-inhibi tory
v4-phenylr;_\.rridinol | ' 45
@cléhe;&vlnhcmols | _ )
g—c_vclohexylﬁhenol o _ . 15.6 | ' - -
4~cvclohexvlpvrocatechol ‘ non-inhibitory | |
3-cyclohéxylp&rocatechol nanqhﬂﬁbiﬁorv
4-cvelchexvlresorcinol ~ non-inhibitory
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TARLE ITT (Cont'd.)

Hvdmxvdmhenvl ethers

2 2'-d1hvdroxvd1nhenyl ether 2.6
m—phenommhenol R ' 10

2-hydroxv-4-phenoxvphenol = non-inhibitory -
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TABLE IV
MODE OF DISSOLUTION OF THE HYDROXYBIPHENVLS g
All assavs perfbnned spectrovhotometrically in assay buffer (b). The .

concentration of herrina sperm SDNA was Solpq'/ml in all assavs., 3,4-di-
hydroxybinhenyl was 5°10™> M in all inhibited trials. The final concen-

‘tration of solvent for both inhibited and non-inhibited assavs was:

6.6+10™2 M dimethylsulfoxide (DMSO); 8,8+1072 M dimethylformamide (DMF);
8.5°1072 M acetone. -
- Rate of hvdrolysis _
Control - Inhibited
Alkali . 0,440 10,020 95
DMSO ’ 0.645 0,540 16
DMF o 0.402 . 0.380 6

Acetone 0.380 0.325 15




o
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Y

TABLE V

DISSOCIATION CONSTANT FOR THE INHIBITOR-DNA COMPLEX

-35.

Dissociation constants calculéted_frnm Lineweaver-Burk plots of (rate
of uninhibited DNA hydrolysis - rate of inhibited DNA hvdrolvsis) * vs.

, -1
~(inhibitor concentration)

Inhibitor B - | Kd. (roles/1)
Inhibitor isolated fram s
Baker phenol (i.e. spot 10) 1.2°10
3,4-dihvdroxvbichenyl  3.4°107°
m-hydroxybiphenyl | 5,900
o-hydroxvbiphenyl | 1.30103

p-hvdroxybiphenyl R 2,5.107°




TABLE VI

MEAN BASE COMPOSITION OF THE DNA VERSUS EFFECTIVENESS OF. THE MAJOR INHIBI’I‘ORSQF HYDROLYSIS

oA

BY DNAase a
| Moles of inhibitor/mole é.i hugleotides. .

needed for complete mhlbltlon ‘gi‘ ﬁydrolysis ,
‘_ Inhibitor | ;f ' —
- M. lysodeikticus Herring sperm DNA - . Poly 4(A~T)
(20 8 (D)) (558 (vm)] (1008 (Am)]

3,4~dihydroxybiphenyl 1,1 .65 0.94

' m-hydroxybinhenyl . 0.87 0.69 0,63

2,5~dihydroxybirhenyl 1.34 . 0,96 0.85

o-hydroxybinhenyl . f1'7 1,46 1,76

-9¢~



TABLE VII
REVERSAL OF INHIBITION BY POLYVINYL PYRROLIDONE (PVP) .

Assays perforred as described in text.

Inhibition

Mode of assay - S o Initial Rate of HVdrolysis
(. Ao ,m/r"m) (2
1, DNA + DNAase o L 0 217 0
2. DNA + inhibitor incubated 10 mins DNAase then added 0,124 43 3
3. DNA + inhibitor incubated 10 min; PVP added, the o |
- mixture centrifuged and DNAase added to supernatant . 0,136 . . 37
4, Inhibitor + pvP incubated 10 min; the mixture centri- L
. fuged and DNA added to suoernatant; 10 min later . S
DNAase added - : o - 0,209 0
5. Inhibitor + D\hase 1ncubated 10 1 min; PVP added B
0

the mixture centrlfuqed and DNA added to supernatant’”: 0.226
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TABLE VIII

REVERSAL OF INHIBITION BY THE NUCLEOSIDES

All assav mixtures contained sDNA (20 p.g/mi),_ DNAase (5 pq/rnl) , and aceta.té : ey

buffer, pH '6.5'-,' Cancentrations of all nuclecsides were 3.10 M, Percent

reversal of inhibition is defined as
(3 Inhibition - % Tnhibition with nucleosides) .
o (3 Inhibition)

100 X

' Percent reversal gg_ inhibition
—& the nucleosides

Inhibitors | & é a i)
3,4-dihydroxybiphenyl 94 0 47 0
2 ,5-dihvdroxvbiphenyl 97 2 100 68
m-hvdroxybiphenyl % o 2 o
o-hydroxybiphenyl 100 70 56 100

p-hydroxybiphenyl 37 10 29 55
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~ CAPTIONS TO FIGURES L

Fig. 1. Ev)er:lmnt to show that T)NAase was stlll actlve after
exposure to J. T Baker nhenol-extracted DNA. At time zero, nDNA
was added to the reaction vessel at a final cmcentratmn of 105
}Jc/ml , and DNAase to a final cuncentrat:.on of 25 \n/ml. After,

24 mm, comnerc:.al sDNA was added to a fmal concentratmn of 30 3
\:c/ml Extent of hvdrolv515 was detennined Wlth the oH-stat, After
48 min, 37% of the sDNA had been hvdrolyzed thlle , in a semarate
control, only 0,2% of the pnm had been hydrolyzed by 48 min. In

another contml the ext:ent of hydrolvq:l.s of sDNA ‘alone after 24 min

of exposure to DNAase was 37% % hydrolv';m nDNA alone ( ---), and

$ hydrolysis of sDNA in the bzvesence of pDNA (—9—) .

Fid. 2." Ultrav:xolet absomtlon snectra of naper d’xranat:oqram snot

12 (-—-—) andpyrocatechol (-—), J.nwater ath?

Fia, 3. Effect »of pH on the ultraviolet ebfaomtim sbectra of o~
thIOXVblphenVl (--) and paper chromatogram snot 9 (—), in water

at (a) pH 1; (b) pH 7: (c) pH 4.

Fig. 4, Infrared spectra of o-hvdro:wbinhenyl (---) and.chrcmatocrram

Vsnot 9 (—) in OC14, with a CCl, blank. Spectra taken with cells of

3mm thlckneqq and a slit settmq of 50,
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CAPTIONS TO FICURES (2)

Fia, 5(a) . Percent :mhlbltlon plotted against the éoncpntratlon of
mhlbltor from paner d’trmwatoqram qpot 9, and aqamst the ratio (moles
of mh:bltor/mole of nucleotides). S(b) . [Percent mh;bltmn] nlotted
acainst '[moles of :inl'libitor/xmle of nucleotldesl . For details , see

text.

Fia; 6. Kinétim o’f hvdmlvsls using inhibited (-e-) and non-inhibited
(o) sarmieS; DNA concentrat:ton of 20 pa/ml and DNAaee oohoéntration '
of 5 pg/ml in both cases, Chmmtogfaphicailyburified inhibitor at 1.0
po/ml, At 10 min, the deqree of inhibition was 35%, while at 50 min it
was 17%, and at 4 h it "w;u;' only 3.58, Initial slone of the non-inhibited
sample was 2,5 times that of the inﬁibited ‘sa:m]_.e. Texminal slooe of the
inhibited sample was 2.3 times that of the non-inhibited sammle. Sloves

_given on graph.,

Fig, 7. Concentration of sDNA fjlottea against percent inhibition for an
experiment where inhibitor and DNAase concentrations were maintained at
25 pg/ml in all trials. Assavs were perfommed at pH 7 using the pH-stat,

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

»
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CAPTIONS TO FICTURES (3)

Fid. _ 8. g—livdxﬁbeiphenVl ' (0~) , P_fhydmmﬂ)ibhenyl (o), and 2 5=
dih\;zdrovaiphenv_l:: (-tr ) as mhlbn.tors of ‘ DNAése_. ‘F‘De.ctrmhotmetric .
assavs run a;'é DNA oconcentration of 20 pa/ml and a DNAase concentra-
tion of 5 }xq/ml',"in_ buffer (a) . ‘ .In.hibitionwrrea_sured 10 min after

addition of the enzvre,

Fia, 9, Circular diéhmism Speétré for herring smemm ‘SDNA (40 Pq/r.“l)

alone (--) and in the presence of O.l ™ deoxvadenosine (— ). Srectra

taken in 0,02 M Tris, pH 6.7, and rerorted in terms of ellinticitv (6 ).

Sienal to noise ratio averaqes-better than 9:1. Srectra corrected for

nucleoside mt»_ation in pure solution.

F'ié,r. 10, Uitréviolet abso.fptiori f;pectra fo'f poly d(A=T) aibné (—);
polv d(A—"I.‘)‘_wi.i‘:h 6.0+1075 1 m-hvdroxybiphenvl (--—); and poly d(A-T)

with 1.0-10;'5-'.4 r_r_r-hydmmrbipheryl. (--7). Spectra taken in 0.1 M Na
acetate plus 0,01 M MgS0,, pH 6.5, and corrected for biphenvl absorotion.

Polv d(A-T) was 8.8 pg/ml, or 2,7-107> M in nucleotides in all samples.

Fig, 11, Circular dichmi'sm.sbectra For'y_. lvsodeikticus sPNA alone

(—), and in the presence- of 7.5°l(5“'S M m—hYdrox_vbinhenvl (-f--)-, and

their difference spectrum (---)., M. lvsodeikticus sDNA was 25 pa/ml,
or 7.5°]._0"5 M in micleotides;. .%ectra taken in 0.1 M Na acctate plus

It
|
.
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CAPTIONS TO FICURES (4)

0,01 M quo 47 nH 6 5, and corrected for blphenvl mtatlon in pue

" solution, Qumal to noise ratlo a’veraaes better than 12 1.

Fia. 12. éii«mia‘f dii:hmiér’n snectra ﬁafﬁ  ooli Baker nhenoi-'ex"t'racted
DNA (---), For E OO].J. eodaum chlonde-extracted DNA alone (—), and
in the pret;enoe of 2.4-10 =R M 3 4-dlhrdmva1phenvl (- -') . Concentra-
tion of DNA in all qamples was:. armrommtelv 33 pg/ml , O 1 1. 10

in nucleotldes. Spectra taken in 0 02 M Tr1=; pH 6.7, " and remrted
~in terms of ellinticity (e) . Spectra corrected for biphenvl rotation

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

Fig, 13. CD qnectrum of hernnc qperm SDNA Dlus DNAase in the abeence
of bivalent catlons (---) , and the sum of the qpectra of sDNA and DNAase
taken individually (~--), Spectrum of sDNA nretreated with 4,75¢10™> M
3,4~dihvdroxvbirhenyl in the presence of DNAase (—), DNA in all samnles
was 25 Pq/ml,o.r'7.6.-10-5 M in nucleotides; DNAase in all samples was 100.
pa/ml, or 3;3'10-6 M. . Spectra Itaken in 0,02 M Tris, oH '6.8_. The bivhenvl
showed no CD activity in pure solution; however, in the presence of the
biphenvl, the CD spectrum of the nucleic acid sﬁa-.ved a one-third decrease
in both the posif:ive and negative Cotton hands. Sp.ectra renorted in terms
of ellipticity (6). Above 210 mp, the signal to noise ratio averaced

better than 10:1.

LI /j\
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CAPTIONS TO FICURES (5)

Fig. 14, Trvptamine as an inhibitor of DNAase. Plot of percent
inhibition versus the ratio (roles of trvotamine/mwle of nucleo-
tides). Percent inhibition caleulated from initial rates in a

spectrophotometric assay performed in ‘buffer'sysbah (b)..
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LEGAL NOTICE .

~ This report was prepared as an-account of Government sponsored work.
Neither the United States, nor the Comm1ss1on nor any persorn. acting on
behalf of the Commission:

- A. Makes any warranty or representation, expressed or 1mp11ed Wlth
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 pr1vate1y 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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