
TJIE Jouns.4~ OF ~ l o L o o l C . 4 L  ~ I I L Y I S T R Y  
Yol. 213, No. 5, h u e  of Yarrli 10, pp. 913-(.22, 1068 

Printed an U.S.A. 

The Processive Degradation of Individual 
Polyribonucleotide Chains 
1. ESCHERICHIA COIJ RIROKGC1,EASE 11* 

(Received for piiblication, ,%pternl)c!r 11, 1987) 

XAXY C;. XOSSAL AXD hI.kxisE: 1;. SINGER 
From the National Institute o j  A rthi.itis aid Blelabolic Diseases, Ndional Institutes of Health, Uethesda, .Vary- 
land 2001.4 

SUMMARY 
The experiments reported here suggest that Escherichia 

coli ribonuclease II, an exonuclease, hydrolyzes a given poly- 
ribonucleotide chain to completion before releasing a small, 
resistant oligonucleotide and  initiating hydrolysis of another 
chain. Investigation of the products of hydrolysis of oligo- 
and polyribonucieotides indicates that enzymatic degradation 
starts at that  end of the chain bearing a 3’-hydroxyl group. 
The enzyme shows a strong preference for long polymers as 
substrates, although oligonucleotides are hydrolyzed if pres- 
en t  at sufficiently high concentration. 

Escherichia roli ribonuclease I1 catalyzes the dcgradation of 
single strandcd polyrihonuc~leotides to nucleoside 5‘-monophos- 
phates (1-3). Tho cnzymc ivquires magnesium arid in addition 
is activated by potassium or ammonium ions. IIelical forms of 
RNA are not hydrolyzed. The enzyme has been characterized 
as an csonuclcase, since mononucleotides arc the principal prod- 
uctv during all stages of digestion, and large oligonucleotides do 
not accumulate (3). The evidence presented in this paper in- 
dicates that the rnzyme catalyzes the hydrolysis of a polyribo- 
nurleotide chain beginning at. the 3’-hytlrosyl end, and that it 
sequentially liberatcs mono~iurlcotides from the chain urit.il a 
small oligonuclcotitfe (n = 2 to 4), which is i t . d  c.omparatively 
rcoistant to hydrolysis, is formcd. Furthermore, t.ha results 
suggcsb that a given enzyme molecule tends to  hydrolyzc a single 
HS.4 chain rqieatcdly until it.s 5’-hydrosyl vhain end is rdeascd 
as a small oligonucleot.ide, arid only then begins the hydrolysis of 
a new ltN.4 chain. This mode of attack will bc termed pro- 
cwsivo degradation.’ 

* This ptiper is dedicated t.o Professor Ilcinrich Ihinkrnann of 
Swarthillore College on thc occnsiori of his 50th hrthday.  

1 A preliminary report of these findings has been made (Xoss.it, 
N. C. ,  ToLiiEwr, C. Y. C., A N D  SINGER, M. F., Fed.  Proc., 26, 612 
(1x6)). 

EXPERIJIEXTAL PROCEDURE 

W-UDP, I4C-ADP, lC-GDL’, aH-CI)P, and unlabeled mono- 
nucleotides were purchased from Schwarz BioRescarch. pAp 
was t.he gift of Dr. H. G. Khorana. Crystalline BSA,* obtained 
from Pentex, was dialyzed for several days against 1 mni EJYl’h 
and then against 1320. Radioactive phenylalanine and serine 
were purchased from Kow England Kuclear, and IC-valine was 
obtained from Calbiochom. Septiades G-100 was obtained from 
Pharmacia. l’olyacrylamidc gels (Bio-Gel) were produvts of 
B io-R ad I ,ahrat.ories. 

Paper Chromatography and Paper Electrophoresis-Paper 
chromatography on Whatman No. 1 or 3 M M  paper was  carried 
out with 1 -propanol-concent.lltted S H 4 0 H - & 0  (65 : 10: 35), 
Solvent 1 (4); 1-propanol-conceritrated NH40H:H~0 (55: 10:35), 
Solvent 2 (5); 95% ethanol-1 M ammonium acetate (40:60), 
Solvent 3 (6); saturatrd (KI~4)~S04-2-propanol-l hI sodium 
acetate (80:2: 18), Solvent 4 (7); and 2-propanol-E120 (70:30) 
1vit.h NHJ in the vapor phase, Solvent 5 (8). All proportions are 
by volume. DEXE-cellulose paper chromat.ography (What- 
man DE-81) was rarried out for 6 to 9 hours with 1 M or 0.5 hi 

SI14HC03 (freshly prepared). The latter molarity is preferred 
for the separation of small oligonucleotides (n = 2 to 5) .  I’apcr 
cleotrophoresis was carried out in 0.5 if potassium phosphate 
buffer, pH 7.0, at 13.4 volts per cm, or in 0.05 if ammonium 
formate buffer, pH 3.5, at 17.8 volts pc.r cm. All tho above pro- 
cedurrs wcrc carried out. a t  room temperature. 

Analytical Procedures-For total alkaline hydrolysis, poly- 
nucleotides sei- incubatrd for 18 hours in 0.3 or 0.4 i f  KOB at. 
35”. Solut.ions t.hm either were neutralized with 0.3 ir HCI and 
subjected to paper electrophoresis or were neutralized with I hi 

HClO, and chromatographed with Solvent 5. 
A q u e v s  samples were countcd in a liquid srintillat.ion counter 

2 The abbreviations urotl are: RSA, bovine scrum all)iirnin; poly 
A,  polyadenylic acid; poly U, polyuridylic acid; poly .4U, copoly- 
mer of adenylate and uridylate; poly AG, copolymer of adenylrite 
and guanylate; 1 d 260 iiiiit is that anioiilit of iriaterinl giving an 
at)sorbaiicc of 1 at 2GO m r  in 1.0 nil of solilt ion i n  it 1-cni light path. 
Abbrcvialioris for specifically lirbeled po1yril)onuclcotide~ are 
described i n  Table I. 
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in 10 in1 of h a y ’ s  solution (9) containing 0.1 nil of 1 B NH,OH. 
Squares cut from Whatman No. 1 or J)E-81 paper chromato- 
grams were counted in 13ray’s solution or in a solution cmtaining 
2 g of 2,5-diphenylosazolc (I’PO) and 0.1 g of 1,4-bis[2-(5- 
plicnylosaeolyl)]bcnzene (POPOP) per 473 in1 of toluene. 

I’rotcin \va* determined by the method of Lowry el al. (10). 
Enzymes.HNase TI was a hydrosylapatite fraction (Fraction 

VI1)  (3) purifird from E .  coli 11RF: 600 ( I l ) ,  a inutant lacking 
llSasc I (12). The molcc~ular w i g h t  of IUiare I1 \vas ttstimatrd 
to  he approximately 65,000 by using the sucrose density gradient 
method of Mart.in and h n c s  (13) with bovine serum albumin as 
thr  refcrencct marker (14). -1 unit of cmynie prodiices 1 pmole 
of .\LIP per hour at 37” in a rrwtion inistiire containing 2 nini 
poly 0.1 M Tris-HC1 (pH 7.5), 0.1 M KCY and 1.5 mM MgC12. 
Thv assap was carrird out as previously described (3). Or- 
casionally, 0.1 Y ammoiiiirm bicarhonatc bifler, pH 7.5,  was uwd 
to replace both the ‘I’ris-HCI and the 0.1 M KCl to facilibatc the 
removal of salt before chromatography. SHf  ions can sub- 
stitute for K+ ions witli this enzyme ( I ) .  

l’olynucleotide phosphorylasg \vas prcparcd from .If i m x o c c u s  
l!jso&iktictis (15) or from E .  coli %IRE ti00 through t.he DEAE- 
Sephadcs step descrihtd by \I’illianis and Griinberg-hlnnago (IO). 
Two different, preparations of rnxyme from Jf. 1ysodt-iX.licus were 
used: one required a primer in order to polymerisr nucleoside 
diphosphates (15); t.ho ohher, lrss piirifid fraction required no 
primer (17). X 
unit of enzyme is equivalent i o  the incorporation of I pinole of 

into AT)P in 15 inin at 37”, with poly -4 a.s a substrate (17). 
The :1 zotobncler agilts rndonuc.leai;c, \vIiich degrades poly A 

to oligonric:lcotides containing phosphate morioesterified to the 
terminal 5’-hydroxyl group, was t.he gift of Dr. Audrey Stevens 
(18). Pancreatic R K a S  A \vas porchascd from Sigma. E .  coli 
alkaline phosphatase was donated by Dr. Wallace nrockman 
(aniinonium sulfate fraction (see Reference 19)); this enaynic 
(cltlc.t.i~l,horetic.allq. purifird) wax also priir.hased from U’ort.hing- 
ton. .1 unit of enzyme produces 1 pmole of Pi from -1111’ per 
hour a t  37” \\.lien asnayrd in 0.1 11 lris-IK’l, pH 9.0, at a concen- 
tration of 0.012 M 5‘-AMP. 

‘1’1 HSase w a y  prepared by iho 1)roc.rtliirr of Takahashi (20) or 
\vas purchased from Calbiochem. A unit. of enzyme prodims a 
change of 1 sbsorbancc unit per nil in the following away. Yeast 
HWA (0.15 14, 0.05 hi Tris-HC1 (pH i.5), 0.002 M EDTA, and 
enzyme in a volume of 0.2 ml were incuhated for I5 min at 37”. 
An equal volume of 0.257; uranium acetate in 4 5 .  perchloric acid 
was added, and 0.1 ml of the clear supernatant fluid was diluted 
to 1.5 ml prior to determining the absorbance at. 2GO mp. 

Venom ~~ho~~~hodic~stc!rase \vas preparrtl by a niodification of 
thc iiirtliod of Koerier and Sinsheimer (21) or was purchased 
froiii Worthington; in the lat.ter (!ase it was freed of contaminat.- 
ing 5’-nuclrot.idase by the p r o d u r e  of Kellcr (22). h unit pro- 
drirrs 1 pmole of .I11 1’ per hour at. 37” when incubated with 2 imr 
poly A, 1 mM h.lgCI,, anti 10 m~ Tris-HC1, pH 8.7. The E .  coli 
cyclic diesterase preparation \vas LI cold water wash fraction from 
shocked E .  coli (hlHT;: 600) cell.<, and was the gift of 1.h. 1,ron 
Hcppel (23). One unit produces 1 pmolc of Pi per hour from 
2’,3‘-c.yclic. CMP under the standard assay conditions (23). 

A fraction containing a mixture of aniinoacyl-tRK.1 rynthv- 

8 I:irless noted otherwise, the concentrations of polynucleotides 
ant1 oligoni~clcotides arc givcn as aonccritratiun of const.ituent 
moiioirucleoLitles (or phosphoriis). 

The E .  coli fractions did not iutquirc prinier. 

t.asrs \vas prepared from E. coli U hy following the procedure of 
Muench and Ikrg (24) through the 1)E.4E-cellulose column st.ep. 
This preparation still contained 34 units of RNase IT per ml when 
measured by the standard assay for R S m e  11. The amino- 
acylation of tRK.4 \vas ltro~iortional to thc conccritration of 
tRNA under the following conditions. 1it:action mixtures (0.1 
ml) all contained 0.1 M sodium c:acodylate 1)uITer (pH 6.9), 4 r n ~  
redwed glutat.hione, 0.01 hr Mgc‘l?, 0.01 .\I KCI, anti 20 pg of the 
synthrtase fraction. In  additioii they contained 0.5 mir IT- 
valine (5.5 X 10‘ cpni per pmolo), 0.87  in^ ATP, and up to 3 
~ l . 6 ~  units of 1HN-1; or 0.25 my IF-seririr. (5.9 x IO6 cpni per 
pmole), 0.44 m u  ATP, and up t.o G units of tKN.4; or 0.5 
mM aH-phenylalanine (9.6 x 106 cpm per pmole), 1.3 m y  ATP, 
and up to 2 -4260 units of t,RNA. The reaction was initiatd by 
the addition of the aniirio acid, and, aft.er 10 niin a t  35”, duplicate 
40-pl aliquots were absorbed onto Whatnun So. 31111 paper 
discs and subjected t.o a rnodification (25) of the procedure of 
hlans and Sovclli (26) in order to determine the incorporation 
of amino acid into t R S A .  The discs w r e  vountcd in 10 ml of 
Bray’s solut.ion. The results were corrected for any radioactivity 
dctrrted in control mixtures that lackrd enzyme. 

Oligmucleotides-(.\p) ,A, (Al1)~.1, and (Up), were obtained 
from JIilefi Chcinical Company and were characterized by 
alkaline hydrolysis. The abbreviations used to dr-wribc the 
specifically labeled oligoriucleotides and pol!,ribonucleotictes 
synt.ht!sized for this work are given in Table I. 

(.AI))& and (i1p)sc were pivparcd by using (Ap)J as the 
primer for tho I)olymerication of UDP and CDP, respectivdy, 
by .\I. lysodeikticus polynucleotidc phosphorylase in the presence 
of panrreatic HSasc?, which preferentially hydrolyzes the 
phosphodiester bond following pyrimidine residues. Reac tion 
mixtures (2.0 ml), cwntaining 0.1 x Tris-HCI (pH %.a), 5 mM 
31gClz, 2.45 mu (.1]>)4-4, 0.2 mg of BS-4, 1.2 mg of 1~Sri.w I, 
0.018 M UI)P or CDP, and 1.8 (KDP) o r  3.0 (CIIP) units of 
polynuclcotitlc phosphorylase, wrre inciibatd at 37” for 1 (UDP) 
or 2: (CTIJ’) hours. ‘I’he resultiiig phospliorylatcd hesanuc*lco- 
tides ((Ap)JJp and (.4p)#2p) were isdated by rhromatography 
in Solvent 3 anti were eluted with 1320; 80% yields, based on the 
(Ap),A inpiit, were obtained. l’hc hrsanurleot.it1rs were dc- 
phosphorylated 1vit.h E .  coli alkaline phosphatase as follows. 
Reaction mixtures, containing 0.2 Y Tris-HCI (pH &I), 2.5 rnM 
MgCl,, 52 units of (.4p)sUp, and 21 units of enzyme in a, 
volumr of 6.0 in1 or 37 A 2‘0 units of ( . 4 ~ ) ~ C p  and 32 units of cn- 
zymc in 7.8 ml, were inciibatcd for 2 hours at. 37”. The solutions 
were dcprotcinized with phenol arid rxtracted with ether, and the 
products were then isolated by chromatography with Solvent 3. 
The xields of dcphosphorylatrd hrxamer and t.he ratios of A l I P  
to riicc~leoside after alkaline hydrolysis were: for (Ap)sU, 2 4 6  
and 4.1; for (Ap),C, 22Yi and 4.4. The poor yield was probably 
primarily due to the partial solubility of oligonnclcotidcs in 
phcnol. 

(Ap)sG*p was similarly prepair:d (by Dr. D. M. Logan) with 
polynwleotidc phosphorylase but, in the prcsmc-e of T1 RSase 
which is specific for bonds following guanosine residues. ‘I’hc 
reaction mixture (3.7 ml) contained 0.1 M ‘I’ris-HCI (pH 8.2), 2 
mM ?$$!I2, 14.9 nihi *C-Gl.ll’ (2.8 X IO5 fpm pcr rmolc), 1.1 
mar (.il))4.4, 0.37 mg of lK3.1, 11 unit.s of phosphorylase, and 750 
itnits of TI KKase ((lalhiorhem) and was incubated for 3 hours 
at 37”. The product, (hp)&*p, was separated by chromatog- 
raphy as describcd abovc. The yield was yrrater than 90% and, 
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Abbreviation 

____ 

W)i" 

( A P ) ~  
(Ai)) 6Aa 

(AP) 51J 
(?\l))eC 
(AP)&*I) 
(pA*)a(PA). 

N .  G. Nossd and M. F. Singer 

_. - 
Radioactive label and position I Average chain lcnfith S t N C t U r C  

. __ . .  . - ._ ._ - ._ 

' pApApApAph I Xone ! 
APAPAPAPAPAPAP None ! 

Sonc  ApApAp rip ApApA 

Ap ApApAp Apt! Sone 
ApApApApApC Sone  
ApApApApApG*p 
pA*pA*pA*pA. . .pA 

I C ;  3'-it!rminal Gp 
14C; 5'-terminal pApApA 108 i 
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after KO11 hydrolysis, AMP and GMP wrre recovered in a ratio 
of 4.2: 1 .  The solution of (Ap)&*p had little or no detcct.able 
polynucleotide phosphorylase or T1 RNase activity. 

W-Labeled oligonucleotides of the general structure (pi) n, 

where n = 2 to 5, were prepared by the digest.ion of lT-poly A 
(6.5 x 104 c.pm per pmole of adenosine) with the :I. agilis endo- 
nuclease. The proccdure of Stevens and Hilmoc (18) \vas 
followed, except that after chromatography of the oligonucleo- 
tides wit.h Solvent, I they were further purified by chromatog- 
raphy with Solvent 3. ( p A ) 2  accounted for 16.5% of t,hc prod- 
uct, and gave a ratio, after alkaline hydrolysis, of adenosine to 
2',3'-hMP to pAp of 1.00:0.0:0.91; ( p X ) 3 ,  37.O%,, 1.00:0.88: 
0.85; (PA),, 31.474, 1.00:2.08:0.99; and (pA)5, 15.4$;, 1.00: 
3.12:l.Ol. 

Polymers-Enless spwific*ally rioted, all the polymers used in 
the studies were synthesized in this laboratoi-y, with the use of 
polynucleotide phosphorylase from ;If. lyso&iktictts, arid were 
dialyzed cxbnsively against 1 mM EDTA and then distilled 
water before use. Their structures and corresponding abbre- 
viations are outlined in Table I .  

(p.i*)3(pA)n w w  prcparcd by use of W-pApAp..\ as the primer, 
with a primer-requiring fraction of polynucleotidc pliosphorylase 
from 31. lpodeikficus. The polymer was purified by repea t4  
extraction with phenol followed by extensive dialysis, first. 
against 0.04 M KCI containing 0.005 M disodium EDTA, and 
then against HSO. The average chain length, determined from 
the ratio of radioactivity in the terminal 14C-(pA)3 t.o the ab- 
sorbance at 257 rnp, was 108. The polymer was characterized 
by chromatography for 1 I 7  hours with Solvent 3. Five pcr cent 
of the radioacti1rit.y migrated with less then 1 per cent 
migrated faster than ( p . i ) o ,  and the remainder did not leave the 
origin. After alkaline hydrolysis in the presence of carrier pAp, 
the ratio of radioactivity in 2',3'-AhIP t.n that in pAp was 2.4:1, 
suggesting that the 5'-terminal phosphate had been removed from 
about 12%, of the chains. 

(AI))~U* was prepared by controlled digestion of poly AU 
(labeled wit,h I4C in the uridylic acid residues) with pancrcatic 
HSa.se, followed hy dephosphorylation 1vit.h E .  coli alkaline 
phosphatase. Poly A U  was synthesized with polynucleolide 
phosphoryfase l'rom f5. cola. 'l'he ratio of .Wl' t.o lC-vI)P in 
the subst.rate mixturr was 30: 1, and the ratio of mononucleotides 

in the product wa5 58: 1. The polymer was purified by plienol 
extraction and dialysis. Poly XU (103.5 pmoles) was incubated 
for 16 hours a t  37" with 150 pg of pancrcatic HSase, 0.14 hi KCI, 
and 0.054 M Tris-HC1, pH 7.6, in a volume of 14 ml. 'I'hesc: (son- 
ditions produced one break per 46 nuvleotides as measiired by 
phorphate labile to alkaline phosphatase. Thu5 most of the 
uridine residues and fwv of the denosinc residues would I)(> ex- 
pected to be in a terrtiirial position. The digest was adjusted to 
0.1 >f HCI and incubated for 4 hours at room tcmperaturc to 
cleave the cyclic phosphate cstcrs. The pH was adjusted to 8 
with KOH, and Tris-HCl, pH 8.1, was added to give a final con- 
(witration of 0.25 M. The polymer was then inrubatcd for 1 
hour at 3T" with 325 units of alkaline phosphatase (Rmrkman), 
a 7-fold ~ X ~ C S S  over an amount which quantitativc4y del)hos- 
phorylatd AMP at, the same roncentration as the polymer 
terminal pliosphate. The dcplioephoryluted polyiner i w  cs- 
tracted with phenol and ether to rcmove the HKme and alkaline 
phosphataw. The polymer (23.8 pnioles) was fractionated on a 
column of I k - G e l  ]'-I50 (1.3 x 100 cin), covered wit.h a I-cm 
layer of Rio-Gel P-30, by elution with 1 I\I amnioniuni bicbarbon- 
ate. The average chain lengt,hs of the frwtions were detcrtiiincd 
from the mtio of ratiioartivity (in t.he terminal uridine) to t.hc 
absorbance at 257 nip. SPlectetl fractions were pooled, and the 
ammonium bicarbonate was removed hy rcpeatcd Iyophilizntioti. 
When the pooled fractions, rontaining material of average chain 
1cngt.h between 50 and 105, were hydrolyzd with KOH, 667; of 
thr  radioactivity \vas found in uridine and the remainder in 
UMP, indicating incomplete dephosphorylation of the polymc~. 
After incubation with a 10-fold greater concentrat.ion of alkaline 
phosphatase under t.he above c.cinditions, inore than 96ri of thc 
radioactivity was in uridine after alkaline hydrolgxis. 

(Ap),C* was similarly preparcd with polynucleotide phos- 
phorylase (N. lysodcikficus) with 400 pmoles of ADP and 20 
prtioles of 3H-CI)P. ..\fter inciihat.ion for 6 hours a t  37" with 
4 mg of panrrcatic RXaw and phenol extraction, polymer was 
isolated by chromaklgraphy on Uio-Gel P-4 in 1 n m  Tris-HCI, 
pII 7.5, and Iyophilizcd. The poly (Xp),,C*p (31 pmoles) was 
incubated for 30 min a t  37" with 500 pmoles of 'l'ris-HCI, pH 
9.0, and 60 units of alkalinc ptiosphatasc (Rrockman) in a volume 
of 5.0 ml. l'he polymer was chromatographed overnight. in 
Solvent. 2, and the matrrial remaining at the origin was eluted, 



916 

~ 

/AM 

Processiw Exonucleolytic Digestion of Polylibonucleolide Chains. I 1'01. 243, No. 5 

_ _  . - .- 

Pl( 

TABLE 11 
Nydrolysis o j  p;l p-  I p .  I p.4 p.A bg HSnse  11 

The inciut)ut.ion mixturcs contaiiicd (per ml) 0.1 if ammoilium 
bicarbonate hulrcr (pH 7 3 ,  1.5 mu .\IgClz, 0.15 nig of BSA, trnd 
the indirutccl concctitratioiis of W - ( p A ) r  and ciixymc. The total 
volumcs wcre: Ksperimerit A ,  0.5 ml;  I3, 0.2 r r i l ;  C, 0.1 nil. Aftrr 
30 irii i i  tit 37", the reliction mixtiircs wcrc hcated for 5 min t i t  IW", 
lyophilized t w o  timcs to remove salt., and chromatographcd for 0 
hours on 1~ISAE-c:elliilosc paper with 0.5 11 nrnrnoniiini liirarbort- 
ate. The paper strips wcrc cut. iiito siiitdile sections, w i t h  tho 
iise of ktiowri oliRoiiiic!leotidc iniirkws t o  aid i n  1ooat.ioii of prod- 
ucts, m t i  t l io  sectioiis wcrc coiinted i n  the toliiene scintillation 
sollition. The radioactivity wits corrected for that obtaiiied i n  
control experiments wi thou t  crisyiiie. 

I Conditions I 

0.0 

0.fj 

1.6 

16.1 

A 

13 

2 . 1  

22.0 
'22.0 

3 

3 
1 

3 
1 

_ _  ____ 
ions arc expressed ns oligoliiic~leotide. 

0.002 0.6 

0.02 5.3 
0.03 13.4 

0.08 149 
0.06 205 

TAIILE 111 
H p l r o l y s i s  o/ olig(rniiclro1idPs bg KiVnrr I1 

Rcactioii inistiires (0.2 rnl) contaiiiirig rudionrtivc oligonuclco- 
title, rnzymc!, 10pg ( I f  M A ,  0.1 XI SII,IICOJ bufTer (pIt i . 5 ) ,  :rnd 
1.5 I I I M  51gC12 wrre incttticttccl f o r  i hours  at 37" mid thcii trriitcd 
tis dcscril)cd i i i  'l'dile I .  
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(PA)? I 
(PA), 0.67 
(PA), 0.50 
(PA) 0 0. 40  

Oligonurleoticle substrate I Substratc undegmdd 
- . . . . . . . . . .  .- -- . . . .  __ .. - ._ . . . .  . . .  

'it 
on 
98 
41 
45 

3 KSase units 

lyophilized, a i d  rc~c:lironi~togra~~hccl for 48 hours in the snnie 
solvent. The polynicr eluted from the origin coritained 10.1 
pmoles of nuclcotidc and 1.6 x 105 cpm, giving an A:(.; ratio 
of 38: 1. After alkaline hydrolysis, 975; of t.hc radioact.ivit,v 
was in cytidine and the rcniaindcr in CMP. 

(;\p),,G* was preparrd from Iioly .\G which had brcn inadc 
ivitli 200 prriolrs of .\Ill' mid 10 pmoles of K"GD1'. 'l'he 
polymer ivns extracted with phenol, chrornatogrul)ht!cl on Uio- 
Gcl P-4 to rcniovc n~ononuc.lcot.idrs, c:oiic.cntrated by lyophiliza- 
tion, and clialyscd. '1'1 RNase (.iJOO units) preparctl by the 
procedure of 'I'akahashi (20) was incubated with .i2.4 piiioles of 
polymcr iri 9.9 ml for 21 hours at ;37". Tolncnc \vas arl(lod aft,er 
4 hours. 'I'he ( . i ~ ) ) ~ C p  was cstract.cd with p h o l  and chroma- 
togra.phed on Mo-GeI 1'4. Tlie polynier (16.9 pmolw) \vas 

0' 

ox 
(?2 
4 
3 

de~~hor ;~~I ior~ln tc t l  by inrubat ion wit.h 4.8 units of E. coli ryc*lic 
diesterase for 45 min a t  37" with 0.1 mli (7aC!Iz and 0.2 M sodiuin 
acct.at.e buffer, 1'11 6.1, in a volume of 4.0 nil. The solution was 
hcated for 10 niin at  70", rhroinatogralihed on Uio-Gel 1'-4, and 
concent.rat.cd. The avcragc chain Ivrigth, c:alculatecl from t.he 
ratio of radioac-iivity to  total phosphate, was 56. JIorc t.han 
995,; of t.hc rnciioavtivit y \vas found in guanosirir after alkalinth 
hydrolyri~, and 13':; of t l ic  vliaiiis w r c  found to t.crmiitatc 
with adenosine. 

E. coli 1% t.KS.1 was prrpawd and st.rippetl of amino arid hy 
t.he nict.hotl of Zubay (27), or was purc*hased from Sdiwarz 
13ioHesc.arc.h. 

Experitizents with Olyonircleotides 

1)tgrdnfion of OligonucZeofi&s--lri a prwious piiblicat.ion 
from this laboratory (a), the rwults of cqJerimcnts utilizing a 
series of oligoniirleotitlas of general d ructurc (pi\),, as substrat.es 
for RIiasr I1 w r c  descrihcd. ' l 'ho.~ data were iiiterpr.bcr1 to 
indirate that (PA),, would be degraded only if n were 7 or grcalcr. 
This intcrprctation was i-onsistent with the fact, (1 ,  3 )  that 
oligonuclcoticle~ sc*cwnrilatc as reeistant. m d  products of the 
digestion of long chain polyribonucleotides. Heccwtly, the 
hydrolysis of oligonurleotidcs was ieinrestigated as a funcatioii 
of oligoniiclcot.ic1e c.onrent.ration, arid it 1)evarne (blear that. 
olip;onitc,leot.icie of chain length ltrss t.haii 7 are indeed hydrolysed 
if their concentration ir i  thc rcactiori inisturc is sufficicnt,ly high. 
Table I1 Iircwnts d a b  pertaining to the hydrolysis of (1);\)5. 

.it. a coiicentrat,ion of 0.22 nib1 (csprcssed as chains of (pi)$), the 
rate of -4111' production is 0.00 that of tho ratc of poly A hy- 
drolysis when the latter is measured at saturating roncent.ration 
(1.2 phi, expressed 3s polymer chains; average n = 1000). For 
poly A, the half-masimal rate of hydrolysi.. was obtairied 3t  a 
conceiitrat.ion of 0.012 p~ (as chains), while the data in Table I1 
suggest that. thr  roncentrat.ion of ( ] i . l ) 5  required for hulf-nins- 
imal ratc is at. lcast three orders of magnitude greater. Table 
111 chow that  (IiA), k hydrolyzed at about t.lie saiizc ratc as 
(p:\)5, but t.hat arid (l).i)z are more resistant to hydrolysis. 
In thc espcriinrnts in Table 111, all the oligonuclootidcs w r e  
i.ested at Pimiltlr cboncentrat.ions, arid t.lit! conc:crit rut ion of (1.i.i) 5 

\vas rlosr. to the optimal valuc. Under the condit,ioriv of thvse 
esprrimcrits (pA)? was hydrolysctcl to a wry  small cstent. 

The rrlat.ivr prefcrcncc of RSase I1 for long polytncrs, siig- 
gcsted by i.he rsprrimcnts just dcsc.ril)ed, is shown tlirect.ly by 
the data in l'al~lc IV. The e f h t  of miring alq)roximatdy equal 
concent.rat ions (as nunhers of vhains, not nuclootitlc residues) 
of poly A and tT-(p.\)5 on the inclependcrit rate of hydrolysis of 
carh coinpound was investigated. Poly .l \vas prescwt a t  
saturating coiicrntratioii; the oligoriucleoticle \vas not.. The 
niolar (.onwrit ration of rnsyinr was much lower t.han the (:niic(*ii- 
tratiori of either substrate. The pcntanudrotidc had little or 
no rffcvt. on the hydrolysis of poly h, hut, the presence of ~)oly A 
inhibited the digest,ion of ( I ) A ) ~  over '30:;. 

Tables I1 and IV also coiit.aiii (lata conrcrning the products of 
degradation of (pi)$ Free ( i ~ i ) ~  docs not a(-cuiriulatc 11s an 
interinediat.e during thc hydrolysis of (I)-\)&. In fact., at all 
levels of digwtion st.udicd, thc yield of ( I I X ) ~  is highcr than t.liat 
of (p\),. It is of interest. that, during the digestion of (;\p)eA 
and (.ip)i (Talde I:), more (Ap)J than (;\p)+4 is pr(dwcd. 
Thew findings will hc. cwnsittcnd under "1)iarur;sion." 
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Directimi of Ilydrolysis of Oligon~ickotides !J!/ R:Vase I I -  
Investigation of the products of digestion of oligonucleotides van 
establish the direction of hydrolysis by an exonuclease (28-30). 
The mrt.hod is diagrammed in Fig. 1, 1vit.h (.ip),J LS an example. 
Since tho products of RNase I1 digestion are 5'-1nononiicleotide~, 
adenosine will appear w a product only if hydrolysis et,arts at 
the 5'-hydrosyl end. The products found upon digestion of 
(Ap)J are shown in Table 1'. S o  adenosine was detected; the 
only prodiicts were 5'-A?U1P and oligonucleotides of chain length 
loss than 6. Thus, the direction of hydrolysis is 3' to 5'. In  a 
similar expclrimeiit., (AI) )~A was dcgraded to 5'-AlIP and resist.- 
ant oligonucleotide; no adenosine was detected. 

The degradation of oligonucleotides of t.he general structure 
(AI))& where X is cytidine or uridine (Table VI), confirms the 
cwnclusion that hydrolysis is 3' to 5', h c c  5'-XJ,IP is always a 
product. The data in 'I'aMe VI are also rclcvanb to the possible 
preference of the enzyme for specific bases. Thuy, as X is 
varied, no very large differences in rate of hydrolysis of -Apx 
phosphodicstcr bonds appear. Similar results have also k e n  
obtained with (Ap)sG. 

It is of int.erest. that (AI)):, whivh is phosphorylatc!d at the 
3'-tcrminus, is hydrolyzcd by RKasv I I at thc s i n e  rate as the 
dephosphorylated heptamer. This observation is unexpected, 
for snake venom phosphodiestwaw and polynucleotide phos- 
phorylase act very slowly on oligonucleotides bar ing  a terminal 
3'-phosphatc: group (31). Thc 3' ,5'-nucleosidc tiii)hosphate was 
ident.ifiod as a product of the hydrolysis of oligonucleotide 
phosphorylated at the 3' chain cnti with the phosphorylated 
oligonucleotide (Ap) $G*p. Tho oligonuclctotitie (0.174 pmolo as 
oligonucleotide) was incubatcd with 0.75 unit of enzyme for 5 
hours at 37". When the digest. was rhromat.ographed with 
Solveiit 5, all of the radioact.ivity was either at the origin or in 
t.he area just ahead of t.he origin. The lattcr area was eluted and 
subjected to  elcctrophoresis in 0.05 M ammonium formate buffor, 
pH 3.5. The major ratlioact.ive spot., migrating just in front of 
GDP, was eluted and concentrated. The spectrum of the 
nucleotidc agreed with that of 5'-GXIP. 'Total phosphate 
tleterinination gave 1.9 phosphates per guanosine residue. 

TAJILE IV 
Hydrolysis  of ( p . 4 ) ~  in presence of poly .A 

Duplicate r e a c h n  mixtures, containing 2.15 mzr poly A or 
0.135 mM ''C-(PA)~ (or both), 0.1 M NH4IICO8 (pII 7.5), 1.5 mM 
AIgCl?, 0.1 mg of BSA, and 0.4 unit of enzyme in a volume of 0.2 
ml, were inciibated for 45 min at 37". The reaction was started 
by addition of enzyme. Hydrolysis of poly A was det,ermincd 
by tht: absorption a t  259 mp of the acid-solublc product. Hy- 
drolysis of (PA)* was determined by chromntography of the en- 
tire reaction mixture on DEA~-ccllulosc paper wit.h 0.5 M 
SH411C03, and couiiting of t.he appropriate areas of the paper in 
t.he t.oluene scintillation solution. With the pentamer alone, 2.7 
mjmolcs of (PA)$ (as oligonucleotide) were hydrolyzed, yielding 
(in niillimicromcles of o1igonric:leotide) 0.5 (pA)4, 2.3 (PA)*, 0.0 
(PA)?, and 5.4 AMP. 

. .-- ._ -- 
AMP from 

Substrate ! .. 1 Poly A I (PA), _ . __ _.. __ 
mpmol ts  

. 

I'oly A . . 
'4C- . . . , . . . . . . . . . . 5.4 

. . . . . . . . 50 

53 Poly A + ''(:-(PA)!,. . . . . . . . . . I I 0.6 

p2 

From 3'-OH chain end 

5 . % i  

A p A p A p A p  A p A p A  - p A  t Oligonucleotide 

t t t  
From 5'  -OH chain end 

A p A p A p A p A p A p A  - A + p A  4- Oligonucleotide 

t t t  
FIG. 1. Products expected from the hydrolysis of (Ap)cA 

TABLE V 
Products of hydrolysis of ( . . l p ) d  and ( 2 1 ~ ) ~  by  Ri\'ase I I  

In ISxperiment 1, (Ap),A or (Ap), (0.052 pmole of oligonucleo- 
tide) was incubated a t  37" in 11 volume of 0.1 rnl with 0.1 Y am- 
monium bicarbonate bit8er (pH 73) ,  1.5 mM MgCl,, 5 pg of BSA, 
and 1 unit of enzyme for 135 niin. Ench reaction was set up in  
duplicate. The reactioiis were stopped by heating for 5 rnin at 
1 W ,  and tho KH,lICO~ wns removed by repeated lyophilization. 
The relirtivc quantit.ies of the mono- and oligoniicleotides were 
determined by chromatography of one of each pair 011 DEAE 
cellulose papcr wit,h 0.5 M NH,I.1C03 for 5 hours. The spots were 
eluted with 0.4 M KOH for 18 hours a t  3i0, arid thc absorbance at  
259 mp was determined after correction for an appropriate paper 
blank. The other diiplicate was chromatographed with Solvcnt 
2, and the urea corresponding to  marker sdenosiiic WRS eluted 
with 0.01 M IICI. In Expcriincnt 2, thc reaction mixtures were 
the sanie ~8 described for Experiment 1 except that. they con- 
tained 0.G unit of eiizvme and were incubated for 30 min ut. 37". 

I Products" 
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FIG. 2. Hydrolysis of (Ap).U*, (Ap).C*, and (Ap).G*. A ,  
(Ap).U*. Reaction mixtures (0.1 nil), containing (per ml) 0.1 M 
?;I1411CO~ buffer (pII 7.5), 1.5 mM MgCI1, 0.05 mg of BYA, and 
either 1.02 mM polymer with 1.0 uiiit of RNase I1 (0-0)  or 
0.76 mM polymer and 3 units of enzyme (0-O), WCN! illcubateti 
for periods from 5 to 120 min a t  37". The reaction was stopped by 
adding perchloric acid. Aliqiiots of the supernatant solutiona 
were diluted with 0.05 M potassium phosphate buffer, pII 7.0, and 
read at 257 mp or couritcd in Bray's solution. Venom phospho- 
diesterase reaction mixtures (0.1 nil), containing (per ml) 0.135 AI 
NI1411C0, buffer (pII Y.O), 1.02 mM polymer, and 0.45 unit of 
enzyme, were incubated for 5 to 180 miii and treated in the same 
manner. H, (Ap).C*. lieactiori mixtures (0.1 inl) for RNase 11 
contained (per ml) 2.96 mM polymer, 0.1 M Tris-HC1 (p117.5), 0.1 M 
KCI, 1.5 mM MgCIz, arid 4 uniLq of enzyme and were treated as in 
.4. Venom phosphodiesterase reaction mixturcs had (per ml) 
1.01 nini polymer, 12 mM Tris-HC1 (pH 7.5), 1 rnnr hfgClz, arid 0.19 
unit of  enzyme. Aliquots (0.1-ml) were removed at  vnrious times; 
perchloric acid was added, and the supernatant was analyzed as 
in A .  C, (Ap).G*. Reaction mixtures for RSase 11 c-ontained 
(per 1111) 2.6 mhi polymer, 0.1 M Tris-TIC1 (pH 7.5), 0.1 Y KCI, 1.5 
rnM hIgClz, 0.5 r n M  EDTA, arid 1.2 (0-0) or 1.6 (0 -0 )  
uriits of enzyme. Venom plimphodieatcrase Inixturcv were as 
dascribcd for H ,  except that they contained 2.6 mM polymer and 
023 unit of enzyme. Aliquots (0.1-ml) were takcii tit, various 
t iriies and analyzed an iii A .  

Neither this nucleotide nor prip was  dcphospliorylated when 2.9 
mpmolcs were incubated with enough sriako voriom 5'-nudeo- 
tidasc (32) to tlephosphorylatc 230 mpinolcs of 5'-.4MI'. The 
nucleot.itie (2.9 mpmoles) was quant.itatively converted to  
guanosine when in(-ubated with enough E. coli alkaline phos- 
phatase to remove 500 nipmoles of P i  from p.41). 

Experiments uilh Polyribonucleotides 

Pol!pers Labeled at 3'-Hydroxyl End--Uy using polynuvleo- 
tides labeled spec.ificttlly at one cnd of the c h i n ,  the extent of 
hydrolysis of the labeled end can be vomparcd with the extent of 
hydrolysis of the molcculc as a whole at any time during diges- 
tion. Thus, with polymers of the gcrwal structure (.4p)nX, 
nhcrc X is radioactive, the degradation of tho total chain ran be 
estimated by measuring the conversion of ultraviolet.-absorbing 
material to an acid-soluble form, while t.he hydrolysk of the 3'- 
hydroxyl end is cstimatcd by measuring the release of ratlio- 
act.ivity into an acid-soluble form. Thc! result,s expectcci for an 
enzyme which degrades in the 3' to 5' direction are exemplified by 
those obtained with snake venom phosphodiesterase (Fig. 2) 
(33); most of the radioactivity is rcleascd 1)efore a large per- 
centage of the ultraviolet-absorbing material is solubilized. 
Similar experiments with RNase 11 yicld markedly different 
results (Pig. 2). Thus, when the polymer (Ap),,lJ* (containing 
34'2 of (hp),tU*p) is hydrolyzed by HSane 11, the percentage of 
ultraviolct-ubrorl)ing material and the percentage of radioai+- 
tivity released ut. all times, up to loo?;, digest.iori, are identical. 
Similar lrtsults were obt,ained with coinpletcly dephosphorylated 
(Ap),,T!*, (AP)~C*,  and (Ap)"G* (Fig. 2). Results such t>hose 
shown in Fig. 2 might be expected if the enzyme hydrolyzed 
bonds of the type -ApX more slowly than bonds of the type 
-ApA. However, the experiments with oligonucleotides of the 
type (Ap),X ('lhble VI) show t.hat the ratr of hydrolysis of the 
3'-terminal group does not depend markedly on the base in that 
position. In order to  eliminate possible endonuclease contamina- 
tion as an explanation for these findings, the product8 of digest.ion 
of (Ap),,G* were sttidied as a function of time by chromatog- 
raphy in Solvent 5 for 18 hours. At all times, radioactivity 
from the 3'-tcrminal guanylic acid residue was found only in 
mononiicleotidc or in polymeric material too largc to migrate 
from the origin. Xo small radioactive oligonuclcotides were 
detect,ed. Thus this experiment, a. well as others which are 
summarized undcr "Discussion," indicate that the rcwlts 
described in Fig. 2 rannot bc attributed to endonuclease. An 
alternativo interprctation of t.he data in Fig. 2 is that RSase I1 
begins hydrolysis of a polyribonucleotide at the 3'-hydroxyl cnd 
and continued hydrolyzing that same chain until it is essentially 
complctcly degraded (pmcessive tlcgrudation). In contrast, 
venom phospliodicskrase also bcgiris hydrolysis by removing the 
3'-hydroxyl-terminal moiety of a chain, brit then relesses that 
chain and initiates hydrolysis of some other molecule. 

Polymers I,abeled at 5'-Hydrozyl Itnd-The products of the 
hydrolysis of (pA*)3(p.4). (average chain length, 108) by KNase 
I1 were investigated as a function of time (Fig. 3). -1s espcctcd 
for an csonucleasc that degrades in the 3' to 5' direction and 
leaves a resistant. oligonucleotide, no *C-:\RII' was detected until 
t.he terminal stages of the digestion. Indeed, t.he entire suhst.rate 
was degraded completely to acid-soluble products beforc: "(2- 
AMP was found. The data  in Fig. 3 also show that, when only 
30% of thc total polymer was degraded, significant amounts of 
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IT' (23< ( )  had awumulatcd in an oligonucleotide fraction con- 
tainiiig mainly di- and trinucleotides. No radioactivity was 
detwtctl betwccn the origin and that fraction. This indicates 
that thobe chairib that wwc degraded a t  all were dcgradcd 
completely. When th(. radioactive oligonucleotide pcaks from 
the last two time points were pooled, lyophilized repeatedly to 
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FIG. 3. Producta of the hydrolysis of (pA*),(pA). by RNase 11. 
For wch tiiiit! poirit , duplicate reaction mixt.iires, cont.aining 2.75 
mhf (pA*)a(pA),, 0.1 M X I I ~ I C O J  buffer (pH 7.5), 1.5 m# POlgCl~, 
0.05 trig of BSA, and 3 units of enzyme in a total volume of 1 ml, 
were iiicubat8cd for the indicated t.imes. One reaction mixture 
wlt9 ~isecl t.o measure the distribution of radioact.ivity, and the 
other for the dist.ribution of ultraviolet absorbance. Aliquots 
(50-pl) were removed to determine the percentage of material 
absorbing at 259 mp which was  acid-soluble; the remainder was 
lyophilized and chromatographed on DEAE-cellulose paper for 
6) hows with 1 Y S I I J I C O ~ .  Under these conditions IpA)s just 
leaves the origin. The position of AMP is shown i n  the figure. 
Each ehromntograrri way divided int.0 1.8-cm squares. One of 
each duplicate scries from a given time point and a blank series 
for each paper were counted in the toluene scinlillation solution. 
The second series from each time point and a series of blanks from 
each prrper were elut.ed t.o determine the distribution of material 
absorbing at 259 m p .  l'hc first four squares from the origin were 
eluted for 36 hours at 37" with 0.4 hi KOH, and the other squares 
werc cliitcd with 2 SI SII,IICOJ for 3G hours a t  37". In control 
cxpc!rimonts, !)O i i i icl  105%, of the radioactivity and 105 and 104% 
of the rrbsorbunce were I hits recovered from (pA*),(pA). and 
14C-(p.\)~, respectively. Nti further riiuteriul was eluted by 0.4 Y 
KO11 from thc sqiixrea which had tiecri eliiteti with 2 Y KHdHCOs. 
The recovery of absorbance from successive timc points was 40.4, 
38.1, 41.7, 41.8, 18.5, und 43.2 A?)P uuits, and recovery of radioac- 
tivity w:is 4.3,4.1, 4.1,4.0,4.4, and 4.6 X lo3 c p n ,  respectively. 
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FIG. 4. Sephadex G-100 chromatography of the prodticts of the 
degradation of poly h by RNase 11 and venom phosphodiesterase. 
The reaction mixtures described t)elow were layered on a Sephadex 
G-100 column (2 X 37 am) a t  4", and t.hc cwliimn wm dcvelopcd 
with 0.1 M N I I J ~ C O J  (pH 8 ) .  The flow rate was approximately 6 
ml per hour, and 1-ml fractions were collcctcd. RKase 11 incuba- 
tions contained 0.75 nm poly A (Fraction 111 (31)), 0.1 Y Tris-HC1 
(pH 7.5), 0.1 M KCI, 1.5 I ~ M  MgCI,, 0.02 me; o f  USA, and enzyme in 
a total volume of 0.4 ml. The reaction mixtures were incubated 
in thc chamber of a Beckman spcctrophotomoter (approximately 
Bo), and the dcgradation was followed by the hyperchromic shif.t 
at '259 nip in a cell with a 1-mm path length. The amount of en- 
zyme and tirnes of incubation were: 0 ,  no enzyme, 0 min; ., 1 
unit, 60 miti; A,  2 units, 52 min. Vcnom phosphodiesterase rexc- 
tiori mixtures were inciibat,ed in a spectrophotometer ciivcttc ris 
described above and contained 0.75 mM poly A (Fraction 111 (34)), 
0.063 XI Tris-HCI buffer (pH 9.0), and enzyme i n  a volume of 0.4 
mil. The amount of enzyme arid times were: 0 ,  no enzyme, 0 
min; 0 ,  0.45 unit, 17 niin; A ,  0.45 unit, 80 Inin. The position of 
t.he pcnk of  (Ap), is shown for reference. 

remove NH4HC!03, and chromatographed on Whatintin DE-81 
paper with 0.5 M KH411(.X)3, 4.0W of the radioactivity migratd 
with 5'-AMI', 23.9% wit.h (1).4)~, 66% with ( ~ A ) s ,  5.8% with 
(p.4),, and 0.3 R wit.h (1~1)~. S o  radioactivit,y n.ns detected in 
compounds migrating inure slowly than ( J A ) ~ .  

Size of Polymer Substrate during Hydrolysis-The average 
size of t.he residual polymer substrat.c, diiring the course of 
digestion t)y K S u e  TI or venom phosl)hodiesterasc, was in- 
vestigated by gcl filtration on Scphadex G-100. Regardless of 
the extent of ticgradat.ion, RNase I1 digests of poly A (Fig. 4) 
contained only poly A of the same size as the original substrate, 



920 Processive Rxonucleolylic Digestion o/ Polyribonucleotide Chains. I Vol. 243, No. 5 

0.4 

E‘. 
$ 0.3 
t 
V z : 0.2 
a 
2 m * 0.1 

I 1 

- 

- 

- 

- 

- 

Experiment 
--.. 

1 
1 
2 
3 

S€PHAO€X G- 100 

UMP 
0 0% 

tRNA degradcd Acceptor amino acid r n i t ~ t ~ ~ ~ t o r  2;;; 
7 

13.9 Serine 0.52 2 
13.9 Valine 1.40 1 23 
Y.3 Phenylalanine 1 .% 2 

0.7G 1 27 19 I’aline 

! -- -- -- 
%l 

I - 

20 40 60 eo loo 

a 
A 

1 
120 

I9  % 
49 % 
94 % 

rn I. 

Fro. 5. Sephadex G-100 chroniatography o f  ItSase I1 digests of 
poly U. The ilicubations contained 2.9 mM poly U, 0.04 1% Tris 
(pH 7.5), 0.04 M KCI, 0.5 InM MgCIg, 0.02 mg o f  BSA, and enzyme 
in a volume of 0.1 ml. Reaction niixtures were incubated a t  37”. 
Cold HZ0 (0.3 i d )  was lidded, and the mixture was layered on a 
Sephadex G-100 column as described in Fig. 4. 0, n o  enzyme, 
0 min; 0 ,  2 units, 15 min; A ,  2 units, 50 mill; A, 2 units, 75 min. 
The elution profile of (Up)T is givcii for reference. 

TABLE VI1 
Degradation of IRK-4 

In Experiment 1, the reaction mixture, containing 47 Att,, 
units of tHSA (Schwarz), 0.05 M Tris-HCl (plI 7.5), 0.1 M KCI, 
1 rnli hlgClt, and 36 units of RSasc I1 in a voliime of 0.G nil, waa 
incubated at 37”. Controls without enzyme or with neither 
enzyme nor tRNA were run simultnneously. A t  0 and 240 min, 
duplicate 50-pl aliquots wcre removed, and the extent of hydroly- 
sis was determined by the uranium acetate-perchloric acid 
method. S o  degradation occurred in the absence of enzyme. 
At the same times, 40-111 and 50-pl aliquots were taken to measure 
valine and serine acceptor activity, respectively (see “Experi- 
niental Procedure”). Ilesults shown are the average of duplicate 
determinations. In Experiment 2, the conditions were the same 
as in Expcrirnent 1 except that the RSase I1 digestion mixture 
contained 2 mM MgCI?, and 20-111 aliquols were used to determine 
acceptor activity. Thc conditions for Experiment 3 were like 
those for Experiment 1 except that 63 units of tRSA prepared 
by the method of Zubav (27) were used. 

AMP, and very short oligonucleotides in the shoulder of the 
mononucleotide peak. Similarly, digests of poly U (Fig. 5 )  had 
only the original substrate, UMP, and small amounts of very 
short oligonucleotides. These would be the expected products of 
processive degradation; no significant concentration of inter- 
mediate length polymers would accumulate. In  contrast, 
venom phosphodiesterase digests of poly A do contain poly- 
nucleotides of intermediate length, as shown by the significant 
absorbance in the fractions between the original substrate and 

AMP. h comparison of Figs. 4 and 5 shows that tho fractiona- 
bion on thc gel under these conditions is not based solely on size, 
since UMP is eluted before AMP. However, within a homol- 
ogous series, the volume required for elution decreases logarith- 
mically with increaying chain length (35). 

Degradufion of fRSA-tHNA is a comparatively poor sirbst.rate 
for RNaw I1 (2, 3), but it is degraded slowly by high levels of 
enzyme. It was of some interest to  study the effect of this 
digest.ion on t.he ability of tRNA to accept amino acids, since 
degradation by two other esonuc1eolyt.i~ cnzymes, namely, 
snake venom phosphodiesterase and polynueleotidc phospho- 
rylase, both of which degrade in the 3’ to 5’ direction, have 
yiclded markedly different. reeulh Thus, degradation wit.h the 
venom enzyme quantit.ative1y dest,roys amino acid acccptor 
activity when only 5% of the RNA has been degraded to soluble 
fragments (36). On the other hand, after degradation of 201, or 
mom of a sample of t H S a  by pol~nucleotidc phosphorylase, the 
efficiency of the residual tRS.1 in accepting amino acids is the 
same as that of the start.ing material (37, 38). Table VI1 shows 
that digestion of tRNA by RNaw I1 yields results similar to 
those obtained with polynucleotide phosphorylase. Even 
after more than 10% of the molecule has been degraded to acid- 
soluble material, acceptor activity remaizis. Furthermore, the 
data suggwt that  some species of tRNA arc! more suscwpt.ible t.0 
degradation by RNase I1 than otheis. For example, t.hr same 
solution of tliS.4 lost. 23% of itas total valine acceptor activity, 
but only 2%, of i ts  serine acceptor activity, when 13.9% of the 
tRNA was digested. 

DISCUSS1 Oh’ 

Interpretation of thcse studies on the mechanism of action of 
RNase I1 is impossible unlcss vontaminating endonuclease 
activit.y can be ruled out. An earlier report from this laboratory 
concluded that the artion of highly purified KSase 11 on syn- 
thetic polyribonuclcot.ides is primarily, if not exc+lusivcly, 
exonucleolylic (3). On the other hand, Spalir (l) ,  using a much 
lcss purifird enzyme preparat.ion, reported significant endo- 
nucleolytic: degradation o f  high molecular weight 1W.i from 
bacteriophage R-17. The experitwe in this laboratory since our 
earlier work has all tended to support our original conclusion. 
The addit.iona1 evidrwc concerning the abxencc of significant 
endonuclcasc act.ivity in our HSase I1 preparations will be sum- 
marized here. 

Investigations of the products of the hydrdysis of oligonucleo- 
titles have given no indication or endonucleolytic cleavage evrn 
though rather high concentrations of enzyme were used. - i l l  of 
the pr0diic:B are consistent with an exonwleolytic attack from 
the 3’-hydroxyl end. The stoichioinet.ry of the rcaction products 
of the digestion of (Ap)A (Table V) and (legend, Table 
IV) show that one small oligonuclootide from the 5’-hydrosyl 
chain end and a corresponding niimher of mononucleotide units 
are formed from each molecule of hcptamcr or pcntamcr that is 
degraded. 

Endonuclease activit.. woultl also h a w  been dctec: tctl when 
the products of pol3.ril)onucileotide digestion were st.udied by 
chromatography on paper or by gel filtration on Scphacies G-100. 
However, no oligonucleotides longer than tetramers moved from 
t.he origin when the 1)roduct.s of the degradation of (.4p),G* and 
(pX*)a(pA),, were chromatographed in Solvent 5 and on 1)EAE- 
cellulose paper, respectively. IJnder these conditions even 
nonamers havc a finite mobility and would hare  been dck!cted. 
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Siitiilarly, Scpharles fil t.ration of the products of poly A and 
poly I- digestion s h o w d  no produc-ts migrating Ixtween the 
substrate and the m a l l  oligonucleotide tlcrivc!d frmi tlir 6’- 
hydroxyl chain ~ n d .  Under these conditions, chains oncr-half (or 
Icss) t l i e  length of the original substrate could h a w  h t m  easily 
detertal. 

Rwcnt, st.udies by Nishop, Koch, and I.cvintow (39) with 
tloutilc drandetl poliovirus R S A  ulso suggert that. highly 
purified HSasc II is free of endonuclease. l‘ltus, although the 
infectivity of the doulde stranded I iKA is rapidly lost upon 
t.rcatnieitt. with our Frtwtion YII of RSaw 11, the treated H S . 1  
stdimcnt.x cxartly like the wrttrol in 3 to 2O‘ji. sitcrow density 
giadicnt (Fig. 0 of Hcferenc-e 39). A rapid lowering of the 
avcrap  size of the RXA chains \vould h a w  bcvn expected in the 
preeencc! of entlonuclcase. It. should lw noted, howver ,  that if 
an rritlonuclease hydrolyed only cne chain of the double hdis, 
hydrogen bonding might hold the chain.; together, making a few 
siicti 1.ircaks per molecule undctectablc by this method. The 
cmynic concentration in thcsr experiments was approximately 
100 tiiiics in csrcss of that nticcssary to hydrolyze c~onipletcly a 
yuantit.y of poly A rquivalent tu the viral RNA. I t  is of course 
possible that for .mne unknown wason tlir H-17 p h a g ~  RX.1 uscd 
hy Sliahr is a hetter substrate for an endonuclease activity 
asncciutocl with 1tKwe I1 than air thr  substrate5 wc have uswl; 
on the other hand, the ol)served endonuclease acticit,y in his 
experirncnts may have reflected the purity of t.he enzyme t e s t d .  
In any ca.w it is c~car  that the purified HSanc 11 used in the 
~ireacnt dudies does not sigiiificant 1y hydrolyze the internal 
tlicst,w h o n k  of the synt.het.ic pulyriboniir Ieotidcs usrcl. 

1- Kase I I  appears to hydrolyze both oligonucleotides and 
~~ol~ri l~oi iu~~leot ides . ,  hrginning at. the 3’-hydroxyl chain end. 
This is shown by the liberation of XMI’ from hssamers of the 
iype (:\]I)& (wliere X is cytitliric, guanosine, or uridine), by the 
ahhenub of adenosine in the products of the tligcstion of (.l~))~;i, 
and by the prnductioii of p i p  and pGp ulwn hychlysis of 
(.-ip): and (.4p)&p, rrspwtii-cly. Similnrly, S.\I I’ is found a t  all 
stages (luring the digestion of polyinrrs of the type (.\p)“X 
(where X is uridine, cytidine, or guanosine), h i t  “C-AMP from 
s polymw lalic+d in the first 3 residuw at  thci 5’ hytlrosyl chain 
rntl k found orily tlurirtg the twinind s t a g s  of the dc?gmdation. 

\\’hilt. hydrulysis 1 i r o w d s  from the 3’-hydrosyl chain end, 
sturlie.s with 1)olyincrb Ishc4cd at tht! 3’-tcrnmiiial mtl  show that 
the proportion of the t.crminn1 nucleotide and the ~irqiortion of 
the mc:lecwle as a whclc which arc’ acitl-soluhlr arc bimilar at all 
stages of the digcstiori (Fig. 2). This nwdt cwntrwts sharply 
with that found for snake venom ~ihos~iliodicsteras~~ (Fig. 2) 
( 3 3 )  and various E. roli 1’)X:i exonuc-loa,ses (33, M), in which 
most of the latiel froni the 3’-tcrminal nuc Icwtide rvsidue is 
solubilixrtl when less t hail IO‘:,; of the total niolec.ulc has t w n  
degradtd. The rosults with I1Sas;r I1 arc tiio.st casily inlcrpretcd 
a.~ refltv-t.ing a I)rocessive dgsgrarlation in w1iic.h the enzyme 
nilicatrdly attacks a sinal(. ~iolyrihonuclcoticic~ chiin. hydrolyzing 
it. ( otiiplctcly to 5’-monoriiic.li~otidcs arid a sniall resistant 
oligonuclwt.itlc, hefore rdeasing that oligoniic*leot.ido and at- 
taching to aiiot.her c~hain. l‘hc product.s found during the 
digestion of the 5‘-terniinally labeletl (11.4*)~(p.\),, are also 
consistent with the processivc! mechanism (Fig. 3). Thus the 
I)roportion of the radiowtivity from the 5’ (.hain (mi which is 
found as cili~oriuc~lcatidr, and the projiortion of the cbritire chain 
hytinilyzed t.o Y-AMI’, are similar throughout the (*0111se of the 
dc.Kradation. Thcrc is, in fact., a m a l l  lag in the 1iI)cratioii of 

labdcd oligonuc~lrntido c~omparetl 1.0 ANP. This may tubflect tht. 
preference of thci enzyme for t.he longer chains, which have a 
higher ratio of I T -  to  lY!-.-illl’. ‘I’his lag was tlcrrcastd \vhcti 
the substrate being hydrolyzed \vas more homogent:ous with 
respect to size.‘ It should he pointed out. that all esperirnents 
presented here w r e  carricd out at enzyme concentrations far 
below the substrate coiirentrations. ISxpcrimcnts with stoi- 
chiometric anwunts of enzyme ivoold be c.sliected to yield resu1t.s 
siinilar to those tihtrrined with venom ~,hosl~hocliestera.~e. 

Independent evidence for the I)roccssi\*c mcchanisni of degrada- 
tion was obtained from the study of the size of the residual 
substrate during digestion, by gel filtrat.ion on Srphadcs CL1W 
(Figs. 4 and 5). Lvcn \\-lien 65:{ of the poly A \vas convcrtcd to 
A M P  and resistant oligoiiu(+leoticlc, no polymers shorter than the 
original substrate were apparent. A sniull change in length of 
t.he port.ion of the poly A that  \vas cscluded by the gel \vould not 
have been dotect.rci, hut a shortenirtg of the bulk of thc: ~icilynier 
would have been apparent under t.hesc condilioits. The results 
obtained 1vit.h the yenom i)hos~ihodicsterase iirider the saiiie 
roriditions p i n t  out the alii1it.y of the Sephades cdumn to rcvcal 
polymers that art’ shorter than the initial suhutrate. ‘I’hc 
decrease in chain size ohscrvcd, cnpecially at the stage when only 
10‘,;: of the polymer wa..; dcgradotl to --illP, is sonic\vhat. greatc’r 
thun that espccted for sirnple csoriucleolytic attac4, and suggest.s 
that. thr venom prcparat ion wad probably contaminated \vit.h 
endonriclcase. The rontanhat ion must have h e n  quitt small, 
however, since, when the nanie preparation \vas used for the 
Ftudies with (.ip),C*, moat of the KiIP-Y! was liberated hefore 
109; of the absorbaricc W L S  solubilized (Fig. 2). 

The effect of TWase I1 degradation on the cupacity of t l iS.1 
to accept amino acids is also consistent. with a pro(~ssive at.t.ack. 
When 10% of the total tRNA was degraded, some of thv mole- 
cules must. riot. have lost even a single nucleotide, since the 
terminal - pCpCpA sequence must be int.act for loading to occur 
(36). Conscqueritly, other tRK.4 chains, which (lo losic their 
incorporation ability, are probably degi-:rutleci inwh nrore thaii 
10%. 

Studies with short oligonuclcotitles slio\wd that c v ( ~ t  with 
these comparatively poorly houiirl substrates thc cvizyinci tends ’ 
to attack in processive fashion. Thus, with romlwuttds of t.he 
type (.\p)& approsimately eqiral quantities of AVI’  and XlII’ , 
were prodwed at a time when up to 50‘:; of the hcasanitv \vas still 
undegradcd. Random attack would have resulted in a more 
rapid formation of XMP wmparcd to . \lII’. I<andom at tack 
would also have led t o  thc- arcuriiulation, tluring the early stages 
of t.hc digestion, of oligonucleot.itics I unit. shorter thaii the 
sulwtratc, as has been ol)sn.vctl with siiske v t m m  ~)hospho- 
diesterase (28, 41). In caoutrast, with ItSasc II, the oligoiiuc*lco- 
tidc 1 unit shorter does iiot accumulate during any rt.agc1 of thr 
digestion of or (.ip),A. Rather, the iiiost ahundant 
oligoiiuclcntide tliroirgliout. t.he tligcst.iori is ( p X ) a  froin drains 
phosphorylated at the .i‘-hydrosyl m i ,  sucli a,? ( I I A ) ~ ,  ant1 (.-il1)~~1 
front del)hosphorylated chains, s w h  as (lip)6.1 (Tables 11- arid 

Tlte cslwrimcnts reported here (lo not diwidntr the nioleculsr 
mcchanisni of procxwivc. degradation by It Sase 1 I .  litttlcr con- 
ditioiis in which does not awumulatc a ~irodirct. of the 
digcstion of poly A ,  poly A stroiigly inhibits thc hydrolysis of 
frcae (11.4)~ (Table 11,‘). This suggests that the ( 1 ) . 4 ) ~  unit formcvl 

V).l 
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~icw tcrminal residue cwuld be hyclrolyzcci. For exampla, recent 
studies with Ipozyme (42,43) sntl variou.; proteases (44-46) sug- 
gest that the art.iva sites of tt1e.w endodepolynicraws arc 1u.g~ 
enough to bind 6 or 7 mononicr units simultaneously. Alternu- 
tivcly, the observed results may rc!flect the fact t,hat the lhdi i ig  
and diffusion const.ants of long polymers are such that thwr is a 
st.rong probability that, rclwred polynwr molecules will hiid 
agniii to  the enzyme before t.hry can move away. The reader is 
referred to  the “1)isc.uszion” in the accompanying paper (34) for 
some furt.her spwulation on rhc mechanism of processivc degrada- 
tion. 25. 

The possibility that an esohytirolase might ivniove inany units 
26. from ona polymer molec:iilc I)c!forc boginning the degradation of 

another ehairi way previously considered by Bailey and Frenc.11 n. 
(47). Using sl)cc.ific~ally labeled amylwc chains, they showed ‘ 28. 

20. 
21. 

y2. 

23. 

24. 

that sweet pot.ato @-arnylaw r(mov(!s between 3 and 4 nialt.ose 
units during each period of association with the substrate. Sorne 
endopeptidases also hydrolyze a given protein molecule extcn- 
sively before init.iating t.he liydroljsis of another. Ho\vevcir, iri 
these latter C U ~ ~ S ,  it appcurs that. the hyciroly-is of the first bond 
converts the protein to u forin whic:h is a betber siibstrntc: tlrnii 
the original molecule (48, 49). 

Studies of the products of t.hc dt!grdat.ion of E. coli messcmger 
RNA in vivo have Ird t.0 the conclusion that both KXase 11 arid 
polynutleotide phosphorylnw N I ~ Y  be involved (50, 51). It: is 
therefore interesting t,liat polyniicleot.idc phosphoryluw also 
appears to degradc by a processive at.tack on single IJolyIncr 
chains (34, 52). Prelimiriary studies aiiggcst that uri R N A  
csonuclease frorn Etir1ic.h ascites tumor cells may also function 
iri this \ m y  (53). The mcdianism may be advantageous hec.aiiw 
it a l low t he completc degradation of particular messenger RNA 
rnoledes without the wcumulatiori of partial breakdown prod- 
ucts which might. interfere with protein synthesis. 
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