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A p01yadeny1at10n-5pec1f1c c0mp1ex c0mp05ed 0f precur50r RNA c0nta1n1n9 the aden0v1ru5-2 L3 51te and HeLa 
ce11u1ar c0mp0nent5 wa5 detected 6y e1ectr0ph0re515 0n a nat1ve, 10w-percenta9e p01yacry1am1de 9e1. Up0n 
1ncu6at10n 1n a react10n c0nta1n1n9 A7P and nuc1ear extract, precur50r RNA wa5 rap1d1y a55em61ed 1nt0 th15 
c0mp1ex. 7h15 a55em61y d1d n0t re4u1re p01y(A) 5ynthe515, a5 1t 0ccurred eff1c1ent1y 1n the pre5ence 0f A7P 
ana1095 that 1nh161ted th15 react10n. Mutat10n 0f the hexanuc1e0t1de AAUAAA 20 nuc1e0t1de5 up5tream 0f the 
L3 51te t0 AA6AAA 0r de1et10n 0f 5e4uence 6etween + 5 and + 48 nuc1e0t1de5 d0wn5tream 0f the L3 51te 
1nact1vate5 p01yadeny1at10n. 7he 5pec1f1c c0mp1ex d1d n0t effect1ve1y f0rm 0n 5u65trate RNA w1th e1ther the 
AA6AAA mutat10n 0r the d0wn5tream de1et10n mutat10n. K1net1c exper1ment5 5h0wed that the a55em61y 0f 
th15 c0mp1ex preceded pr0ce551n9 0f precur50r RNA. We pr0p05e that f0rmat10n 0f th15 c0mp1ex repre5ent5 an 
1ntermed1ate 5tep 1n p01yadeny1at10n. 

[Key W0rd5: Eukary0te5; RNA pr0ce551n9; p01yadeny1at10n; r160nuc1e0pr0te1n] 

Rece1ved May 6, 1987; rev15ed ver510n accepted Ju1y 7, 1987. 

P01yadeny1at10n 15 an 06119ate 5tep 1n the maturat10n 0f 

m05t eukary0t1c mRNA5.7he  recent deve10pment 0f ac- 

curate and eff1c1ent 1n v1tr0 5y5tem5 ha5 6e9un t0 c1ar1fy 

the 610chem1ca1 mechan15m 0f th15 pr0ce55. F0rmat10n 

0f a p01yadeny1ated 3• term1nu5 0ccur5 1n tw0 maj0r 

5tep5; RNA 5e4uence5 d0wn5tream 0f the p01yadeny1a- 

t10n 51te are re1ea5ed 6y an end0nuc1e01yt1c c1eava9e, 

wh1ch 15 f0110wed 6y the rap1d p01ymer12at10n 0f a 

p01y(A) tract  0nt0 the new1y 9enerated 3• term1nu5 

(M00re and 5harp 1985; M00re et a1. 1986; 2ark0wer et 

a1. 1986). 7he eff1c1ency 0f the 1n v1tr0 react10n 15 90v- 

erned 6y the 5ame 5e4uence e1ement5 that have 6een 

1mp11cated 1n v1v0 (2ark0wer et a1. 1986; 5perry and 

8er9et 1986; Hart et a1. 19856). 7he5e 1nc1ude the h19h1y 

c0n5erved AAUAAA up5tream 0f the p01yadeny1at10n 

51te, a5 we11 a5 a much 1e55 we11 c0n5erved d0wn5tream 

5e4uence, 0ften 1n the f0rm 0f a 6U-  0r U-r1ch 5tretch 

(f0r rev1ew, 5ee 81m5t1e1 et a1. 1985; 611 and Pr0udf00t 

1987). 

7he  nature 0f the fact0r5 re5p0n5161e f0r 5e4uence rec- 

09n1t10n and en2ymat1c pr0ce551n9 1n the p01yadeny1a- 

t10n react10n rema1n5 p00r1y under5t00d. 1n add1t10n t0 

the c0mm0n fact0r5 that mu5t 6e pre5ent 1n a11 ce11 

type5, 0ther fact0r5 mu5t a150 ex15t that 5pec1fy the a1- 

temat1ve 51te 5e1ect10n that 0ccur5 1n d1fferent ce11 type5 

f0r 50me tran5cr1pt10na1 un1t5. 5ma11 nuc1ear r160nu- 

c1e0pr0te1n part1c1e5 (5nRNP5) 0f the U c1a55 are pr06- 

a61y 1nv01ved 1n p01yadeny1at10n 6ecau5e ant15era t0 

1Pre5ent addre55: Department 0f M01ecu1ar 810109Y and M1cr0610109Y, 
7uft5 Un1ver51ty Med1ca1 5ch001, 805t0n, Ma55achu5ett5 02111 U5A. 

the5e 5nRNP5 w111 1nh161t the 1n v1tr0 react10n (M00re 

and 5harp 1985; 5perry and 8er9et 1986). 7he5e ant15era 

w111 a150 1mmun0prec1p1tate a c0mp0nent 1n nuc1ear ex- 

tract5 that 61nd5 t0 the AAUAAA 5e4uence up5tream 0f 

the p01yadeny1at10n 51te (Ha5h1m0t0 and 5te1t2 1986). 

A1th0u9h 5u99e5t1ve, the5e data are n0t c0nc1u51ve that 

an 5nRNP part1c1e 15 1nt1mate1y 1nv01ved 1n the p01y- 

adeny1at10n pr0ce55. 

1n th15 paper we 5h0w that  1n v1tr0 c1eava9e and 

p01y(A) 5ynthe515 at the aden0v1ru5-2 L3 51te 15 depen- 

dent 0n the AAUAAA 5e4uence and a d0wn5tream 5e- 

4uence e1ement. 1n add1t10n, the 1nteract10n5 6etween 

c0mp0nent5 1n HeLa nuc1ear extract5 and p01yadeny1a- 

t10n-5pec1f1c 5e4uence5 are 1nve5t19ated 6y d1rect e1ec- 

tr0ph0re515 0f c0mp1exe5 0n n0ndenatur1n9, 10w-per- 

centa9e p01yacry1am1de 9e15. 

Re5U1t5 

5ynthe515 0f 5u65trate RNA5 

7he f0rmat10n 0f p01yadeny1at10n c0mp1exe5 1n nuc1ear 

extract5 wa5 5tud1ed u51n9 the d1fferent RNA 5u65trate5 

dep1cted 1n F19ure 1. A11 RNA 5u65trate5 were rad10act1- 

ve1y 1a6e1ed 6y tran5cr1pt10n w1th 73 RNA p01ymera5e 

1n the pre5ence 0f [c~-a2P]U7P. 7he 5tandard precur50r, 

L3(102), wa5 102 nuc1e0t1de5 1n 1en9th and c0nta1ned 54 

nuc1e0t1de5 0f 5e4uence up5tream 0f the aden0v1ru5-2 L3 

p01yadeny1at10n 51te. 7h15 RNA wa5 prepared fr0m a 

DNA temp1ate c1eaved at the Dra1 51te. 1n 50me ca5e5 a 

10n9er precur50r, L3(281), wa5 u5e 4, wh1ch c0nta1ned 

227 nuc1e0t1de5 0f 5e4uence d0wn5tream 0f the p01y- 
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P01yadeny1at10n-5pec1f1c c0mp1exe5 
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F19ure 1. 5e4uence repre5entat10n 0f the aden0v1ru5-2 L3 p01yadeny1at10n 51te and de5cr1pt10n 0f 5u65trate RNA5. P1a5m1d DNA 
c0nta1n1n9 the L3 51te wa5 d19e5ted w1th the 1nd1cated re5tr1ct10n end0nuc1ea5e5 t0 create DNA temp1ate5 f0r 1n v1tr0 tran5cr1pt10n 0f 
5u65trate RNA 6y 73 RNA p01ymera5e. DNA c1eaved w1th Dra1 0r Ec0R1 y1e1ded L3(102) 0r L3(281), re5pect1ve1y. 7he5e tran5cr1pt5 
were 102 0r 281 nuc1e0t1de5 10n9 and c0nta1ned 5e4uence5 f1ank1n9 the L3 p01y(A) 51te. DNA d19e5ted w1th R5a1 9ave L3(53), a 
tran5cr1pt 53 6a5e5 1n 1en9th, wh1ch term1nated 1 nuc1e0t1de up5tream 0f the L3 51te. Rec0m61nant DNA5 c0nta1n1n9 three d1fferent 
mutat10n5 were c0n5tructed 6y 51te-5pec1f1c muta9ene515 a5 f0110w5: 7he AA7AAA 20 nuc1e0t1de5 up5tream 0f the L3 51te wa5 
chan9ed t0 AA6AAA; the 77A777 3 nuc1e0t1de5 up5tream 0f the L3 51te wa5 chan9ed t0 776777;  and 1n the th1rd, L3(d1 + 5), the 
5e4uence5 fr0m + 5 t0 + 48 d0wn5tream 0f the L3 51te were de1eted. (*) 80undar1e5 0f aden0v1ru5 5e4uence. 

adeny1at10n 51te. 7runcated RNA w1th 3• term1n1 1 nu- 

c1e0t1de up5tream 0f the p01yadeny1at10n 51te, L3(53), 

wa5 tran5cr16ed fr0m a DNA temp1ate d19e5ted w1th 

R5a1. 

7hree mutat10n5 0f the L3 51te were a150 5tud1ed (F19. 

1). 1n the f1r5t mutant, p73L36, the p01yadeny1at10n 

519na1 hexanuc1e0t1de AA7AAA, 20 6a5e5 up5tream 0f 

the p01yadeny1at10n 51te, wa5 chan9ed t0 AA6AAA. 

7h15 mutat10n wa5 5e1ected t0 pr0duce a t0ta11y 1nact1ve 

51te. A1th0u9h the c0n5ervat10n 0f the AA7AAA 5e- 

4uence 1n 9ene5 0f h19her eukary0te5 15 remarka61e, nat- 

ura1 var1ant5 d0 0ccur. H0wever, the 7 re51due 15 pre5ent 

a5 the th1rd 6a5e 1n a11 kn0wn 51te5 (W1cken5 and 5te- 

phen50n 1984), and when 1t 15 mutated t0 e1ther a 6, C, 

0r A re51due, c1eava9e eff1c1ency 15 reduced 9reat1y 1n 

v1v0 (M0nte11 et a1. 1983; W1cken5 and 5tephen50n 1984) 

and 1n v1tr0 (5perry and 8er9et 1986; 2ark0wer et a1. 

1986). 7here 15 a 5e4uence c0mp1ementary t0 AA7AAA, 

4 nuc1e0t1de5 up5tream 0f the L3 51te, and 1t ha5 6een 

5u99e5ted that 5uch 5e4uence5 c0u1d affect the eff1c1ency 

0f the react10n. 1n the 5ec0nd mutant, pL3UU6UU, th15 

5e4uence (777A77) wa5 chan9ed t0 7 7 7 6 7 7  t0 de- 

5tr0y the c0mp1ementar1ty. 1n the th1rd mutant 

pL3(d1 + 5), 5e4uence5 6ey0nd the L3 51te, fr0m + 5 t0 

+ 48, were rem0ved. 7h15 de1eted 5e9ment c0nta1ned a 

7 7 A 7 7 7  m0t1f that 15 51m11ar t0 d0wn5tream 5e4uence5 

1mp0rtant 1n the act1v1ty 0f 0ther 51te5 (Hart et a1. 

1985a). A11 mutat10n5 were c0nf1rmed 6y 5e4uence ana1- 

y515 (data n0t 5h0wn). 

5e4uence re4u1rement5 f0r c1eava9e and p01y(A) 

5ynthe515 1n v1tr0 at the L3 51te 

P01yadeny1at10n 0f 10n9 5u65trate RNA5 0ccur5 6y tw0 

5tep5: c1eava9e and p01y(A) 5ynthe515. Under c0nd1t10n5 

0pt1ma1 f0r 1n v1tr0 p01yadeny1at10n, the5e tw0 5tep5 ap- 

pear c0up1ed, a5 there 15 n0 accumu1at10n 0f c1eaved 6ut 

n0t p01yadeny1ated RNA (M00re and 5harp 1985). We 

have 5h0wn prev10u51y that a truncated f0rm 0f the L3 

5u65trate RNA, wh1ch ha5 a 3• term1nu5, 1 6a5e up- 

5tream 0f the L3 51te, 15 p01yadeny1ated when 1ncu6ated 

1n a 5tandard react10n (M00re et a1. 1986). 7he k1net1c5 

0f p01yadeny1at10n 0f th15 5u65trate RNA L3(53) wa5 a5 

rap1d a5 that 0f a 10n9er 5u65trate RNA, L3(102), wh1ch 

wa5 0n1y p01yadeny1ated f0110w1n9 c1eava9e (F19. 2, 1ane5 

1-12). 1n 60th ca5e5, the p01y(A) + pr0duct p055e55ed a 

tract 0f aden051ne re51due5 appr0x1mate1y 350 nuc1e0- 

t1de5 1n 1en9th and m19rated 510wer 1n the 10% p01y- 

acry1am1de/8.3 M urea 9e1 than the 5u65trate RNA. W1th 

the L3(53) 5u65trate RNA, a 5er1e5 0f pr0duct RNA5 that 

1ncrea5ed 1n 1en9th 6y 1 aden051ne re51due at a t1me were 

065erved {F19. 2, 1ane5 7 and 8). 7he pre5ence 0f th15 

1adder 5u99e5t5 that dur1n9 5ynthe515 0f the f1r5t few re5- 

1due5 0f the p01y(A) tract, the p01y(A) p01ymera5e m19ht 

d1550c1ate fre4uent1y fr0m the 5u65trate RNA 6ut 6e- 

c0me m0re pr0ce551ve and eff1c1ent a5 the 1en9th 0f the 

tract 1ncrea5e5. A 51m11ar 5er1e5 0f 5h0rt-pr0duct RNA5 

wa5 n0t 065erved dur1n9 p01yadeny1at10n 0f the 10n9er 

RNA 5u65trate. Whether th15 ref1ect5 a m0re pr0ce551ve 

p01y(A) 5ynthe515 react10n 15 unc1ear. A1th0u9h rap1d 

p01yadeny1at10n 1n v1tr0 0f the L3(53) RNA d1d n0t re- 

4u1re the pre5ence 0f 5e4uence5 d0wn5tream 0f the 

p01y(A) 51te, 1t wa5 dependent 0n an 1ntact AAUAAA 5e- 

4uence. 5u65trate fr0m the mutant L3(53)AA6AAA, 

wh1ch wa5 1dent1ca1 t0 L3(53) RNA, except f0r the p01nt 

mutat10n 1n the hexanuc1e0t1de 5e4uence, wa5 c0m- 

p1ete1y 1nact1ve f0r p01yadeny1at10n under 1dent1ca1 c0n- 

d1t10n5 (F19. 2, 1ane5 13-18). 7h15 a9ree5 w1th prev10u5 

re5u1t5 fr0m the 5tudy 0f the 1ate 5V40 p01yadeny1at10n 

51te (2ark0wer et a1. 1986) and 5u99e5t5 that the 06- 

5erved p01yadeny1at10n 0f the truncated L3 5u65trate 15 

re1ated 5pec1f1ca11y t0 the 1n v1v0 pr0ce55. 

7he effect 0f mutat10n5 0n p01yadeny1at10n 0f 10n9er 
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F19ure 2. Act1v1ty 0f truncated RNA 5u65trate5. a2P-La6e1ed 5u65trate RNA wa5 1ncu6ated w1th HeLa nuc1ear extract under c0nd1- 
t10n5 0pt1ma1 f0r p01yadeny1at10n. 7he react10n5 were 5t0pped at the t1me5 1nd1cated 6y free21n9, and pur1f1ed RNA5 were ana1y2ed 6y 
e1ectr0ph0re515 0n a 15% p01yacry1am1de/8.3 M urea 9e1.7he unreacted 5u65trate RNA5, 53 and 102 nuc1e0t1de510n9, and the p01yade- 
ny1ated RNA pr0duct, p01y(A)+, are 1nd1cated 6y arr0w5. React10n5 c0nta1ned the f0110w1n9 5u65trate5:L31102) {1ane5 1-6)~ L3153) 
RNA {1ane5 7-12)~ L3153) RNA, w1th the AA6AAA mutat10n de5cr16ed 1n the 1e9end t0 F19. 1 {1ane5 13-18). 

precur50r RNA5 wa5 a150 exam1ned. 70 4uant1tate the 

1eve1 0f accurate p01yadeny1at10n, RNA5 were pur1f1ed 

fr0m react10n m1xture5 after d1fferent per10d5 0f 1ncu6a- 

t10n and hy6r1d12ed t0 a 51n91e-5tranded M13 cDNA re- 

c0m61nant 1F19. 3A). 7he hy6r1d5 were treated w1th r1- 

60nuc1ea5e 72 t0 de9rade 51n91e-5tranded RNA 5e- 

4uence5. Accurate1y c1eaved and p01yadeny1ated RNA 

y1e1ded a pr0tected fra9ment 0f 76 nuc1e0t1de5, wherea5 

untreated precur50r y1e1ded the 43- and 60-nuc1e0t1de 

fra9ment5. 17he 60-nuc1e0t1de fra9ment 15 9enerated 

fr0m the unpr0ce55ed 5u65trate RNA~ 5ee 1e9end t0 F19. 

38.} 5u65trate RNA fr0m the mutant  L31102jUU6UU, 

1n wh1ch the 5e4uence UUUAUU c0mp1ementary t0 

hexanuc1e0t1de had 6een chan9ed t0 UUU6UU, wa5 

pr0ce55ed accurate1y and eff1c1ent1y {F19. 38, 1ane5 

9-12}. 1n c0ntra5t w1th the5e re5u1t5 and 1n a9reement 

w1th the re5u1t5 u51n9 the truncated 5u65trate (F19. 2J, 

fu11-1en9th 5u65trate RNA c0nta1n1n9 the AA6AAA 

mutat10n 1n the c0n5erved hexanuc1e0t1de wa5 c0m- 

p1ete1y 1nact1ve 6y th15 ana1y515 (F19. 38, 1ane5 1-4}. 1n 

c0mpar150n w1th the act1v1ty 0f the n0rma1 precur50r 

L3{102)AAUAAA {F19. 38, 1ane5 5-8}, de1et10n 0f 5e- 

4uence5 fr0m + 5 t0 + 48 nuc1e0t1de5 d0wn5tream 0f the 

p01y(A1 51te 1n 5u65trate RNA L3(d1 + 5} 1nact1vated 1n 

v1tr0 p01yadeny1at10n act1v1ty {F19. 38, 1ane5 13-16}. 

When t0ta1 RNA fr0m react10n5 c0nta1n1n9 the tw0 1n- 

act1ve mutant5 wa5 exam1ned d1rect1y 6y 9e1 e1ectr0ph0- 

re515 {a5 1n F19. 21, very 11tt1e a2P-1a6e1ed RNA 5h1fted 1n 

m06111ty t0 the p051t10n 0f p01y{A1 + RNA {data n0t 

5h0wn1.7h15 5u99e5t5 that crypt1c c1eava9e 51te51n the5e 

5u65trate5 had n0t 6een ut1112ed and that very 11tt1e 

p01y{A} 5ynthe515 0ccurred at the preex15t1n9 end5 0f the 

mutant  5u65trate RNA5. 

RNA 5u65trate 5pec1f1c1ty and react10n c0nd1t10n5 f0r 
the f0rmat10n 0f p01yadeny1at10n-5pec1f1c c0mp1exe5 

C0mp1exe5 were f0rmed 0n precur50r RNA 6y 1ncu6a- 

t10n w1th nuc1ear extract5 0f HeLa ce115 under c0nd1- 

t10n5 0pt1ma1 f0r p01yadeny1at10n. Hepar1n wa5 added, 

and the react10n wa5 further 1ncu6ated 0n 1ce f0r 10 m1n. 

Pr0duct5 0f the react10n were ana1y2ed 6y e1ectr0ph0- 

re515 0n a n0ndenatur1n9 4% p01yacry1am1de 9e1. 7he 

add1t10n 0f hepar1n 610ck5 further p01yadeny1at10n [data 

n0t 5h0wn} and reduce5 the n0n5pec1f1c 61nd1n9 0f c0m- 

p0nent5 1n the extract t0 the ne9at1ve1y char9ed RNA. 

Under the5e 9e1 c0nd1t10n5, hepar1n treatment 15 nece5- 

5ary t0 9et a 900d y1e1d 0f 5ta61e c0mp1exe5 t0 m19rate 

h0m09ene0u51y 1n the 9e1 {K0nar5kaand 5harp 1986}. 

1ncu6at10n 0f 32P-1a6e1ed precur50r RNA L3(102} 1n re- 

act10n5 c0nta1n1n9 nuc1ear extract re5u1ted 1n the rap1d 

f0rmat10n 0f tw0 d15t1nct c0mp1exe5 {ca11ed c0mp1ex A 
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and c0mp1ex 8~ F19. 4A}. A11 0f the 5u65trate RNA wa5 

1nc0rp0rated 1nt0 the5e tw0 c0mp1exe5. C0mp1ex A m1- 

9rated fa5ter than c0mp1ex 8 and appeared a5 a 5mear 1n 

the 10wer part 0f the 9e1. C0mp1ex A f0rmed very rap1d1y 

0n precur50r RNA, even 1n the pre5ence 0f hepar1n and 

dur1n9 1ncu6at10n 0n 1ce {data n0t 5h0wn). A c0mp1ex 

w1th 51m11ar m06111ty ha5 6een de5cr16ed prev10u51y 1n 

the ana1y515 0f c0mp1exe51nv01ved 1n 5p11c1n9 (K0nar5ka 

and 5harp 1986). F0rmat10n 0f A-type c0mp1exe5 0ccur5 

0n a11 added RNA 5u65trate5, 1ndependent 0f the pre5- 

ence 0r a65ence 0f 5e4uence5 re1ated t0 e1ther p01yaden- 

y1at10n (F19. 4A} 0r 5p11c1n9 (K0nar5ka and 5harp 198• 

1n add1t10n, f0rmat10n 0f c0mp1ex A d0e5 n0t re4u1re 1n- 

c1u510n 0f A7P 1n the react10n {F19. 4A, fane5 6-11). 

7h15 c0mp1ex m19rate5 m0re 510w1y than free RNA 1n 

the 9e1 and thu5 mu5t repre5ent the 61nd1n9 0f 0ne 0r 

P01yadeny1at10n-5pec111c c0mp1exe5 

m0re 5e4uence-n0n5pec1f1c fact0r5 t0 the RNA. 1n 

5tud1e5 0f 5p11c1n9 c0mp1exe5, 1t ha5 6een 5h0wn that 

c0mp1exe5 e4u1va1ent t0 A c0nta1n 0ne 0r m0re C pr0- 

te1n5 0f the heter09ene0u5 nuc1ear r160nuc1e0pr0te1n 

(hnRNP) part1c1e (Ch01 et a1. 19861 M. K0nar5ka, un- 

pu61.). 

C0mp1ex 8 f0rm5 w1th1n a few m1nute5 0f 1ncu6at10n 

at 30°C, 1n the pre5ence 0f A7P (F19. 4A, 1ane5 1-6). 7he 

10w 1eve1 0f c0mp1ex 8 065erved at the 5tart 0f the reac- 

t10n 15 the re5u1t 0f f0rmat10n 0f th15 c0mp1ex dur1n9 

1ncu6at10n 0n 1ce f0r 10 m1n 1n the pre5ence 0f hepar1n. 

1n fact, 1nc1u510n 0f 5 m9/m1 0f hepar1n 1n a p01yadeny- 

1at10n react10n d0e5 n0t 610ck the f0rmat10n 0f c0mp1ex 

8.7h15 15 unu5ua11n that add1t10n 0f hepar1n t0 5p11c1n9 

react10n5 610ck5 the f0rmat10n 0f a11 5pec1f1c c0mp1exe5 

1nv01v1n9 the precur50r RNA (K0nar5ka and 5harp 1986). 

A A55ay w1th M13-c DNA Rec0m61nant 

U.7. 0f L3 

M13 ~ 7 7 7 7 7 7 7 7  M13 

43 33 

8 

76- *  

43" *  

1 . . . .  11 •• 11 1[ ] 
20406080 20406080 20604080 20406080 m1nute5 

1 2 3 4 5 6 7 8 9101112 1314 1516 

F19ure  3. 5e4uence re4u1rement5 f0r accurate c1eava9e and p01yadeny1at10n at the L3 51te. (A) 7he M13 cDNA rec0m61nant u5ed f0r 
hy6r1d12at10n ana1y515.7h15 51n91e-5tranded DNA 15 c0mp1ementary t0 43 nuc1e0t1de5 0f the 3• untran51ated re910n (U.7.) 0f L3 and a 
tract 0f 33 aden051ne re51due5 {M00re and 5harp 1985). (8)Act1v1ty 0f mutated 5u65trate RNA5. L3(102)AA6AAA {1ane5 1-41, 
L3(102}AAUAAA {1ane5 5-8), L3(102JUU6UU {1ane5 9-12), and L3(d1 + 5)(1ane5 13-16) 5u65trate RNA5 were 1ncu6ated f0r the 
t1me5 1nd1cated w1th HeLa nuc1ear extract and A7P at 30°C, a5 de5cr16ed prev10u51y {M00re and 5harp 19851. a2P-La6e1ed RNA fr0m 
the5e react10n5 wa5 hy6r1d12ed t0 the M13 cDNA d0ne. Hy6r1d5 were d19e5ted w1th r160nuc1ea5e 72, and pr0tected fra9ment5 run 0n 
a 15% p01yacry1am1de/8.3 M urea 9e1. C0rrect1y p01yadeny1ated RNA 91ve5 a 76-nuc1e0t1de-10n9 fra9ment, and precur50r y1e1d5 6and5 
at 43 and 60 nuc1e0t1de5. 7he 60-nuc1e0t1de fra9ment 15 an art1fact 0f the hy6r1d12at10n a55ay that re5u1t5 1n pr0tect10n fr0m the 
unpr0ce55ed 5u65trate RNA 0f the 17 nuc1e0t1de5 0f RNA 1mmed1ate1y d0wn5tream at the L3 p01yadeny1at10n 51te. 8ecau5e m05t 0f 
th15 re910n 15 m1551n9 fr0m 5u65trate RNA L3(d1 + 5), the 60-nuc1e0t1de fra9ment wa5 pr0duced 1n 1ane5 13-16. 
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5k01n1k-Dav1d et a1. 

After 5 m1n 0f 1ncu6at10n at 30°C, a1m05t a11 0f the 
L3(102) 5u65trate had 6een c0nverted 1nt0 c0mp1ex 8, 
and the 1eve1 0f th15 c0mp1ex rema1n5 fa1r1y c0n5tant f0r 

60 m1n. 7he eff1c1ent 9enerat10n 0f c0mp1ex 8 re4u1re5 
the add1t10n 0f A7P. 7he 5ma11 am0unt 0f c0mp1ex 8 

9enerated 1n the a65ence 0f th15 h19h-ener9y c0fact0r 

pr06a61y ref1ect5 a 10w 1eve1 0f end09en0u5 A7P 1n the 

nuc1ear extract (F19. 4A, 1ane5 7-12). 6enerat10n 0f 
c0mp1ex 8 d1d n0t re4u1re p01y(A) 5ynthe515 6ecau5e a 
c0mp1ex w1th 51m11ar m06111ty a55em61ed 1n react10n5 

c0nta1n1n9 e1ther a n0nhydr01y2a61e ana109 0f A7P, c~, 
f~-methy1ene-aden051ne 5•-tr1ph05phate [AMP(CH~)P~], 

A 
n L3 (102) L3 (102) 

AAUAAA AA6AAA 
1 . . . . . . . . . . . . . . . . . . . .  11 ~ 1  

A 7 P + +  + + +• + •+ + + +  

0 0 0  0 0  0 0 0 0  
m1nute5 0c,1~ ~ a ~ 0 ~ c 0 ~  m 0c,.1~ e0~m 

A . . . ~  

1 2 3 4 5 6 7 8 9 1011 12. 13 14 1516 17 18 

9 
11 

0 2 5 30 60 90 m1nute5 

~:::~ 1 -p°1y(A)+ 

~ ,  ..... 

15 30 90 

- 8  

-C 

-A 

L3 (281) L3 (281) L3(237) 
AA6AAA AAUAAA (d1+5) 

1 1 1 ••1 1 1 

+ + + + + + + + + + + + + 4- + 

0 0  0 0  
0 c~1 u~) c0 t~ 0 04 ~) c0 t...0 

: 
. . . . . . . .  

0 0  
0 ¢,.1 t.0 c0 ~4~ 

~ ~ ;  ~::, 

1920212223 

15 30 90 8 C 

4 5 6 7 8 9 

24 25 26 27 28 29 30 31 32 33 

A 

~:,:~-p01y(A)+ 

~ -pre 

(%1 

13• 
D. "•a 

"1- n 
0•F- 

1:L n n < 

1 + + + 

-8  

1 2 3 1 2 3 4  

1 2 3 4 5 6 

-pre 

F19ure 4. (5ee fac1n9 pa9e f0r 1e9end.) 
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P01yadeny1at10n-5pec1f1c c0mp1exe5 

0r 3•dA7P (c0rdycep1n tr1ph05phate; F19. 4D). 80th 0f 

the5e A7P ana1095 have 6een 5h0wn t0 1nh161t p01y(A) 

5ynthe515 (M00re and 5harp 1985). 

1n add1t10n, a c0mpar150n 0f the k1net1c5 0f f0rmat10n 

0f c0mp1ex 8 and accurate1y p01yadeny1ated RNA 5h0w5 

that c0mp1ex 8 f0rm5 6ef0re the 5ynthe515 0f p01y(A) + 

RNA (F19. 48). 8ecau5e the nuc1ear extract wa5 pre1ncu- 

6ated at 30°C 6ef0re 1n1t1at1n9 the react10n5 5h0wn 1n 

F19ure 4, A and 8, the eff1c1ency 0f the 1n v1tr0 react10n5 

wa5 reduced c0mpared t0 p01yadeny1at10n w1th f1e5h ex- 

tract5 (F19. 2). 1n th15 ca5e, p01yadeny1ated RNA wa5 n0t 

detected unt11 after 30 m1n 0f 1ncu6at10n. 

A5 p01yadeny1ated RNA accumu1ated, a new c0mp1ex, 

C, appeared that m19rated 1n the re910n 6etween c0m- 

p1exe5 A and 8. 7h15 c0mp1ex wa5 m0re d15t1nct when a 

10n9er precur50r RNA, c0nta1n1n9 an add1t10na1 165 nu- 

c1e0t1de5 0f 5e4uence5 up5tream 0f the L3 51te, wa5 u5ed 

a5 5u65trate (F19. 4C, 1ane5 1-3). 7h15 RNA, L3(267), ha5 

6een de5cr16ed prev10u51y (M00re and 5harp 1985) and 

wa5 a55em61ed 1nt0 c0mp1ex 8 and p01yadeny1ated w1th 

k1net1c5 51m11ar t0 that f0r the L3(102) precur50r (F19. 

4C, 1ane5 1-6). 7he c0mp051t10n 0f RNA5 1n the d1f- 

ferent c0mp1exe5, f0rmed after 90 m1n 0f 1ncu6at10n, 

wa5 determ1ned 6y e1ut1n9 RNA fr0m the appr0pr1ate 

re910n5 0f the 9e1 5h0wn 1n F19ure 4C and ana1y21n91t 6y 

e1ectr0ph0re515 0n a 15% p01yacry1am1de/8.3 M urea 9e1. 

A5 expected fr0m the pr0pert1e5 0f c0mp1ex A, 1t c0n- 

ta1ned 0n1y untreated precur50r (F19. 4C, 1ane 9). C0m- 

p1ex 8 c0nta1ned 60th precur50r and p01y(A) + RNA 1n 

appr0x1mate1y the 5ame rat10 a5 that 065erved w1th 

RNA fr0m the t0ta1 react10n (F19. 4C, 1ane5 6 and 7). 

7hu5, c0mp1ex 8 pr06a61y 15 an 1ntermed1ate 1n the 

c1eava9e and p01yadeny1at10n react10n. 0 n  the 0ther 

hand, c0mp1ex C c0nta1ned pr1mar11y p01y(A) + RNA. 

7he fa5ter m06111ty 0f c0mp1ex C c0mpared w1th that 0f 

c0mp1ex 8 5u99e5t5 that 50me c0mp0nent5 may d1550- 

c1ate fr0m the 1atter c0mp1ex f0110w1n9 c1eava9e and 

p01yadeny1at10n. 

7he 5e4uence 5pec1f1c1ty f0r f0rmat10n 0f c0mp1ex 8 15 

51m11ar t0 that re4u1red f0r accurate p01yadeny1at10n 1n 

the 1n v1tr0 react10n. Mutat10n 0f the c0n5erved hexanu- 

c1e0t1de AAUAAA t0 AA6AAA re5u1ted 1n a 5u65trate 

that wa5 1nact1ve f0r 60th c0mp1ex 8 f0rmat10n (F19. 4A, 

1ane5 13-18)and  p01yadeny1at10n. 1ntere5t1n91y, f0rma- 

t10n 0f c0mp1ex 8 wa5 a150 dependent up0n the pre5ence 

0f 5pec1f1c 5e4uence5 d0wn5tream 0f the p01y(A) 51te. 

RNA 5u65trate fr0m the L3(d1 + 5) p1a5m1d, wh1ch 

1acked 5e4uence5 fr0m + 5 t0 + 48, wa5 much 1e55 eff1- 

c1ent f0r f0rmat10n 0f c0mp1ex 8 than the n0rma1 pre- 

cur50r (F19. 4A; cf. 1ane5 24-28  w1th 1ane5 29-33). 7he 

5ma11 am0unt 0f c0mp1ex 8 f0rmed w1th th15 RNA 5u6- 

5trate wa5 r0u9h1y c0mpara61e t0 the 5ma11 am0unt 0f 

c0rrect1y c1eaved and p01yadeny1ated pr0duct RNA de- 

tected 1n th15 react10n (data n0t 5h0wn). 7he5e 065erva- 

t10n5 5u99e5t that the ce11u1ar c0mp0nent5 1nv01ved 1n 

c0mp1ex 8 f0rmat10n rec09n12e 60th the c0n5erved hex- 

anuc1e0t1de 5e4uence up5tream 0f the p01y(A) 51te and 

the 1mp0rtant d0wn5tream 5e4uence5. 

C0mpar150n 0f c0mp1exe5 re501ved 6y 5ed1mentat10n 
and 9e1 e1ectr0ph0re515 

P01yadeny1at10n c0mp1exe5 have a150 6een ana1y2ed 6y 

5ed1mentat10n thr0u9h 91ycer01 9rad1ent5 (C. M00re, H. 

5k01n1k-Dav1d, and P. 5harp, unpu61.). 7w0 c0mp1exe5 

were 065erved, wh1ch 5ed1mented at 355 and 505. 7he 

355 c0mp1ex f0rmed up0n add1t10n 0f any 5u65trate 

RNA, 1ndependent 0f the pre5ence 0r a65ence 0f 5e- 

4uence5 5pec1f1c f0r p01yadeny1at10n. 7h15 c0mp1ex a150 

f0rmed 1n the a65ence 0f A7P and 15 pr06a61y the re5u1t 

0f 5e4uence-n0n5pec1f1c 61nd1n9 0f pr0te1n5 t0 RNA. 7he 

5ec0nd c0mp1ex appeared 0n1y up0n 1ncu6at10n w1th 

A7P and 5ed1mented at 505. F0rmat10n 0f th15 c0mp1ex 

wa5 5pec1f1c f0r the pre5ence 0f 60th up5tream and 

d0wn5tream p01yadeny1at10n 5e4uence5 1n the 5u65trate 

RNA. 7he 5e4uence 5pec1f1c1ty 0f f0rmat10n 0f the5e 

c0mp1exe5 5u99e5ted that the 355 and 505 c0mp1exe5 

w0u1d c0rre1ate t0 c0mp1exe5 A and 8, re5pect1ve1y, a5 

re501ved 6y nat1ve 9e1 e1ectr0ph0re515. 70 te5t th15 p0551- 

6111ty, p01yadeny1at10n react10n5 were 5t0pped after d1f- 

ferent per10d5 0f 1ncu6at10n and re501ved 6y 5ed1menta- 

F19ure 4. (A) 7he f0rmat10n 0f p01yadeny1at10n-5pec1f1c c0mp1exe5 re4u1re5 A7P and authent1c p01yadeny1at10n 519na1 5e4uence5. 
[a-32P]U7P-1a6e1ed RNA 5u65trate5 were 1ncu6ated f0r d1fferent per10d5 0f t1me w1th HeLa nuc1ear extract 1n the pre5ence 0r a65ence 
0f A7P. After add1t10n 0f hepar1n (5 m9/m1) f0r 10 m1n 0n 1ce, a114u0t5 0f the react10n m1xture5 were 10aded 0n a n0ndenatur1n9 4% 
p01yacry1am1de 9e1, and the c0mp1exe5 5eparated 6y e1ectr0ph0re515. (Lane5 1-6) L3(102)AAUAAA, p1u5 A7P; (1ane5 7-12) 
L3{102)AAUAAA, m1nu5 A7P; (1ane5 13--18) L3(102)AA6AAA, p1u5 A7P; (1ane5 19-23) L3(281)AA6AAA, p1u5 A7P; (1ane5 24--28) 
L3(281)AAUAAA, p1u5 A7P; {1ane5 29-33) L3(d1 + 5), p1u5 A7P. 7he 0r191n refer5 t0 the t0p 0f the 9e1.7w0 c0mp1exe5 were detected 
and de519nated A and 8. (8) 7he a55em61y 0f p01yadeny1at10n-5pec1f1c c0mp1exe5 precede5 pr0ce551n9 0f precur50r RNA. RNA wa5 
pur1f1ed fr0m a114u0t5 0f the 5ame react10n m1xture5 de5cr16ed 1n A (1ane5 1-6). 7he5e react10n5 c0nta1ned the n0rma1 
L3(102)AAUAAA precur50r. RNA wa5 ana1y2ed 6y e1ectr0ph0re515 0n 10% p01yacry1am1de/8.3 M urea 9e15. (C) Ana1y515 0f RNA 
5pec1e5 1n p01yadeny1at10n-5pec1f1c c0mp1exe5. L3{267) precur50r (M00re and 5harp 1985) wa5 1ncu6ated w1th nuc1ear extract and A7P 
at 30°C f0r the t1me5 1nd1cated. 7he react10n m1xture5 were treated w1th hepar1n (5 m9/m1) anX1 e1ectr0ph0re5ed 0n a nat1ve 4% 
p01yacry1am1de 9e1 (1ane5 1-3). Pur1f1ed RNA fr0m each t1me p01nt wa5 ana1y2ed 6y e1ectr0ph0re515 0n a 15% p01yacry1am1de/8.3 M 
urea 9e1 (1ane5 4--6). 7he RNA5 1n the d1fferent c0mp1exe5 0f the 90-m1n react10n, 5h0wn 1n 1ane 3 (1nd1cated a5 A, 8, and C), were 
tran5ferred fr0m the 9e1 t0 DEAE-mem6rane 6y e1ectr0610tt1n9 and e1uted a5 de5cr16ed 6y P1k1e1ny and R056a5h (1986). 7h15 RNA wa5 
then ana1y2ed 6y e1ectr0ph0re515 0n a 15% p01yacry1am1de/8.3 M urea 9e1. (Lane 7) RNA fr0m c0mp1ex 8; (1ane 8) RNA e1uted fr0m 
the re910n c0nta1n1n9 c0mp1ex C; (1ane 9) RNA fr0m c0mp1ex A. {D) P01yadeny1at10n-5pec1f1c c0mp1exe5 f0rm 1n the pre5ence 0f A7P 
ana1095 that 610ck p01yadeny1at10n. L3(281) precur50r RNA wa5 1ncu6ated w1th nuc1ear extract and A7P 0r A7P ana1095, a5 1nd1cated 
6e10w f0r 30 m1n at 30°C. A114u0t5 were treated w1th hepar1n, and c0mp1exe5 re501ved 6y e1ectr0ph0re515-0n nat1ve 4% p01yacry1- 
am1de 9e15. (Lane 1) React10n 1n the a65ence 0f A7P; (1ane 2) .react10n c0nta1n1n9 1 mM A7P; (1ane 3) react10n c0nta1n1n9 5 m1v1 
a,~-methy1ene-aden051ne 5• tr1ph05phate [AMP(CH2)P2]; (1ane 4) react10n c0nta1n1n9 1 m/v1 3•dA7P. 
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A 

t10n thr0u9h 91ycer01 9rad1ent5 (F19. 5A-C). An a114u0t 

repre5ent1n9 the t0ta1 react10n, a5 we11 a5 a114u0t5 0f 

fract10n5 fr0m the 355 0r 505 re910n 0f the 9rad1ent, wa5 

treated w1th hepar1n and ana1y2ed 6y 9e1 e1ectr0ph0re515 

(F19. 5D). After 45 m1n 0f 1ncu6at10n, m05t 0f the pre- 

cur50r RNA fr0m the t0ta1 react10n wa5 pre5ent 1n f0rm 

8 (F19. 5D, 1ane 3). At th15 t1me, m05t 0f the RNA, a5 

ana1y2ed 6y 5ed1mentat10n, wa5 pre5ent 1n the 505 c0m- 
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7 Fract10n 8 

p1ex (F19. 5C). Furtherm0re, a114u0t5 fr0m the 505 re910n 

0f the 9rad1ent y1e1ded mater1a1 that m19rated 0n the 9e15 

w1th a m06111ty 51m11ar t0 c0mp1ex 8 (F19. 5D, 1ane5 

8-10). 1n c0ntra5t, a114u0t5 fr0m the 355 peak 0f the 9ra- 

d1ent5 y1e1ded mater1a1 that m19rated m0re rap1d1y than 

c0mp1ex 8 and 5119ht1y 510wer than c0mp1ex A fr0m the 

t0ta1 react10n (F19. 5D, 1ane5 5-7). 7he 355 c0mp1ex 

pr06a61y c0rre5p0nd5 t0 a 5119ht1y a1tered f0rm 0f c0m- 

p1ex A. 

7hu5, the c0mp1ex 5ed1ment1n9 at 505 1n 91ycer019ra- 

d1ent5 9enerated c0mp1ex 8 when ana1y2ed 6y nat1ve 9e1 

e1ectr0ph0re515 after treatment w1th hepar1n. 70 te5t the 

effect 0f hepar1n treatment 0n the 5ed1mentat10n ve- 

10c1ty 0f p01yadeny1at10n c0mp1exe5, react10n5 were 

treated w1th 5 m9/m1 0f th15 p01yan10n pr10r t0 centr1fu- 

9at10n 1n a 5tandard 91ycer01 9rad1ent• An e4u1va1ent re- 

act10n wa5 ana1y2ed 1n para11e1 6ut w1th0ut add1t10n 0f 

hepar1n. 5urpr151n91y, a11 the 1a6e1ed precur50r RNA 5e- 

d1mented 6etween 155 and 205 after treatment w1th 

hepar1n (F19. 6A). 7h15 5u99e5t5 that e1ther the c0nf0r- 

mat10n 0r the c0mp051t10n 0f 60th the 355 and 505 c0m- 

p1exe5 wa5 a1tered 6y add1t10n 0f the p01yan10n. C0m- 

p1exe5 A and 8, a5 re501ved 6y 9e1 e1ectr0ph0re515, 5h0u1d 

have 5urv1ved the hepar1n treatment• 70 determ1ne the 

5ed1mentat10n ve10c1ty 0f the5e c0mp1exe5, a hepar1n- 

treated react10n wa5 centr1fu9ed f0r a 10n9er t1me (F19. 

68), and fract10n5 were d1rect1y ana1y2ed 6y 9e1 e1ectr0- 

ph0re515 (F19. 6C). C0mp1ex 8 5ed1mented 5119ht1y fa5ter 

than c0mp1ex A (225, a5 c0mpared t0 125, re5pect1ve1y). 

D 
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5k01n1k-Dav1d et a1. 
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F19ure 5. P01yadeny1at10n c0mp1exe5 c0mpared 6y 5ed1mentat10n ana1y515 thr0u9h a 91ycer019rad1ent and e1ectr0ph0ret1c 5eparat10n 
0n a n0ndenatur1n9 9e1.32P-La6e1ed RNA L3(281) wa5 1ncu6ated w1th nuc1ear extract and A7P f0r the 1nd1cated t1me5. An a114u0t wa5 
rem0ved fr0m each react10n t0 an 1ce 6ath and de519nated ••t0ta1.•• 7he rema1n1n9 m1xture wa5 5eparated 0n a 10-30% 91ycer01 
9rad1ent. 7he ••t0ta1•• a114u0t, a5 we11 a5 e4ua1-v01ume a114u0t5 0f 9rad1ent fract10n5 fr0m the 355 and 505 re910n5 (C. M00re, H. 
5k01n1k-Dav1d, and P. 5harp, unpu61.) were treated w1th hepar1n at 5 m9/m1 f0r 10 m1n at 0°C and e1ectr0ph0re5ed 0n a n0ndenatur1n9 
4% p01yacry1am1de 9e1. {A-C} 70ta1 pr0f11e5 (cpm) 0f 9rad1ent5.7he t1me 0f 1ncu6at10n 15 91ven 1n the upper r19ht c0mer 0f each 9raph. 
(cpm va1ue5 5h0u1d 6e mu1t1p11ed 6y 1000.1 {D) Aut0rad109raph 0f n0ndenatu11n9 9e1 5h0w1n9 the type5 0f c0mp1ex at d1fferent t1me5 
1n the t0ta1 react10n (1ane5 1-31; fract10n5 7, repre5ent1n9 the 355 peak (1ane5 5-7), and fract10n5 12, c0rre5p0nd1n9 t0 the 505 peak 
{1ane5 8-10). (Lane 41 6e1 c0mp1ex f0rmed 0n 5u65trate RNA L3(28116 1n wh1ch AAUAAA ha5 6een chan9ed t0 AA6AAA. 
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H0wever, under the5e c0nd1t10n5, the tw0 c0mp1exe5 

were n0t  re501ved 1nt0 tw0 d15t1nct peak5. F0r c0mpar- 

150n, free L3(267) RNA 5u65trate w0u1d 0n1y 5ed1ment 

1nt0 the f1r5t few fract10n5 0f the 9rad1ent. 

D15cu5510n 

P01yadeny1at10n 0f precur50r RNA c0nta1n1n9 the L3 

51te 0f aden0v1ru5 re4u1red 60th an 1ntact AAUAAA e1e- 

ment  and a 5e4uence 10cated 6etween 5 and 48 nuc1e0- 

t1de5 d0wn5tream 0f the L3 51te. Mutat10n 0f the c0n- 

5erved hexanuc1e0t1de 5e4uence 20 6p up5tream 0f the 

L3 51te t0 A•A6AAA c0mp1ete1y 1nact1vated p01yadeny- 

1at10n 1n v1tr0. 5e4uence5 d0wn5tream 0f p01yadeny1a- 
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P01yadeny1at10n-5pec1f1c c0mp1exe5 

t10n 51te5 have prev10u51y 6een 5h0wn t0 6e 1mp0rtant 

f0r act1v1ty (81rn5te11 et a1. 1985}. Many, 6ut n0t a11, 

p01y(A) 51te5 have a 6U-r1ch 5e4uence 1n th15 p051t10n, 

and 5pec1f1c de1et10n 0f th15 5e4uence reduce5 the eff1- 

c1ency 0f pr0ce551n9 (McLauch1an et a1. 1985). 0 t h e r  

type5 0f 5e4uence e1ement5 have a150 6een 1dent1f1ed 6y 

mutat10na1 ana1y515. 1n part1cu1ar, a U-r1ch tract (UA/ 

6 U U U U )  ha5 6een 5h0wn t0 6e 1mp0rtant f0r p01yaden- 

y1at10n 0f the E2A 51te 0f aden0v1ru5 (Hart et a1. 1985a). 

Recent1y, a 4uant1tat1ve ana1y515 ha5 5u99e5ted that 60th 

6U-  and U-r1ch tract5 can c0ntr16ute t0 the eff1c1ency 0f 

p01yadeny1at10n 0f the ra661t f691061n 51te (611 and 

Pr0udf00t 1987). Precur50r RNA that 1acked 5e4uence5 

fr0m 5 t0 48 nuc1e0t1de5 d0wn5tream 0f the L3 51te wa5 

ne1ther c1eaved n0r p01yadeny1ated 1n v1tr0. A55um1n9 

that th15 effect 15 due t0 rem0va1 0f an e55ent1a1 e1ement 

1n th15 re910n, the m05t 11ke1y cand1date 15 the 5e4uence 

UUAUUU, 10cated 13 nuc1e0t1de5 d0wn5tream 0f the L3 

51te. A 51m11ar 5e4uence (U)n(A)v(U)4 (n,p,4 -1)  15 

c 0 m m 0 n  t0 m a n y  0f the aden0v1ru5 p01yadeny1at10n 

51te5 (LeM0u11ec et a1. 1983). 

7 h e  c0n5erved hexanuc1e0t1de 5e4uence AAUAAA 15 

e55ent1a1 f0r 60th p01y(A) 5ynthe515 and c1eava9e at the 

L3 51te. 7he5e tw0 react10n5 can 6e 5eparated c0nve- 

n1ent1y 1n the L3 ca5e 6y the u5e 0f a truncated 5u65trate 

RNA that term1nate5 1 nuc1e0t1de up5tream 0f the 

n0rma1 p01yadeny1at10n 51te (M00re et a1. 1986). Add1- 

t10n 0f the truncated RNA 5u65trate t0 a 5tandard 1n 

v1tr0 react10n re5u1ted 1n eff1c1ent and rap1d p01yadeny- 

1at10n. 7h15 react10n wa5 t0ta11y dependent up0n the 

c0n5erved AAUAAA 5e4uence, a5 1t d1d n0t 0ccur when  

th15 5e4uence wa5 a1tered t0 AA6AAA.  A 51m11ar 065er- 

vat10n ha5 6een made 6y 2ark0wer  et a1. (1986) f0r the 

1ate p01yadeny1at10n 51te 0f 5V40 and 5u99e5t5 that the 

re1evant p01y(A) p01ymera5e 15 part 0f a c0mp1ex ent1ty 

that rec09n12e5 a 5e4uence 10-30  nuc1e0t1de5 up5tream 

0f the 51te 0f p01ymer12at10n. 7he  perm155161e 1en9th 6e- 

tween the AAUAAA 5e4uence and the 3• term1nu5 0f 

F19ure 6. Effect 0f hepar1n 0n the p01yadeny1at10n c0mp1exe5 
detected 6y 5ed1mentat10n ana1y515. (A) cpm pr0f11e5 0f 9ra- 
d1ent5 c0nta1n1n9 c0mp1exe5 treated w1th 0r w1th0ut hepar1n. 
a2P-La6e1ed precur50r RNA wa5 1ncu6ated w1th nuc1ear extract 
and A7P f0r 45 m1n. Ha1f 0f the react10n m1xture wa5 treated 
w1th hepar1n (5 m9/m1) f0r 10 m1n at 0°C. 7he 5amp1e5 were 
5ed1mented 0n para11e1 10-30% 91Ycer01 9rad1ent5. Centr1fu9a- 
t10n wa5 1n an 5W50.1 r0t0r f0r 2 hr at 49,000 rpm. cpm va1ue5 
0n A and 8 5h0u1d 6e mu1t1p11ed 6y 1000. (C2) M1nu5 hepar1n 
treatment; (8) p1u5 hepar1n treatment. (8) Hepar1n-treated 
c0mp1exe5 5ed1mented at the 5ame c0nd1t10n5 a5 A, except that 
the centr1fu9at10n t1me wa5 tw1ce a5 10n9. 7he 355 c0mp1ex 0f 
a n0n-hepar1n-treated 5amp1e run 0n a para11e1 9rad1ent 5ed1- 
ment5 near the 60tt0m, peak1n9 at fract10n 16. 5nRNP, 
105-155 1n 512e, 1n the n0n-hepar1n-treated 9rad1ent peak 1n 
fract10n 7. (C) Aut0rad109raph 0f a n0ndenatur1n9 4% p01y- 
acry1am1de 9e1 5h0w1n9 the d15tr16ut10n 0f a2P-1a6e1ed RNA 
c0mp1exe5 1n the 9rad1ent repre5ented 1n 8. A p0rt10n 0f each 
0dd-num6ered 9rad1ent fract10n wa5 re501ved d1rect1y w1th0ut 

further treatment 0n a 9e1 1n para11e1 w1th the t0ta1 (7) p01y- 
adeny1at10n react10n. 7he 1ane num6er5 c0rre5p0nd d1rect1y t0 
the fract10n num6er5. 
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5k01n1k-Dav1d et a1. 

the RNA 15 pr06a61y 11m1ted 6ecau5e 10n9 n0npr0ce55ed 

5u65trate RNA5 c0nta1n1n9 the hexanuc1e0t1de e1ement 

are n0t eff1c1ent1y p01yadeny1ated (Man1ey 1983; Man1ey 
et a1. 1985). F0r examp1e, an RNA 5u65trate fr0m the + 5 

t0 + 48 de1et10n mutant wa5 ne1ther pr0ce55ed n0r ex- 

tended 6y p01y(A) 5ynthe515, even th0u9h 1t c0nta1ned an 

1ntact AAUAAA 5e4uence. 7hu5, the 200-nuc1e0t1de 5e- 

4uence 0f RNA 6etween the 3• term1nu5 and the c0n- 
5erved hexanuc1e0t1de m0t1f 1n th15 5u65trate 15 pr06a61y 

t00 10n9 f0r eff1c1ent p01y(A) 5ynthe515. 

Further ana1y515 0f the 1n v1tr0 p01yadeny1at10n reac- 

t10n re4u1re5 a rap1d and h19h-re501ut10n meth0d f0r re- 

501v1n9 c0mp1exe5 1nv01ved 1n th15 pr0ce55. E1ectr0ph0- 

re515 0f c0mp1exe5 1n nat1ve 9e15 ha5 6een 1mp0rtant 1n 

the ana1y515 0f the 5p11c1n9 pr0ce55 (K0nar5ka and 5harp 

1986; P1k1e1ny and R056a5h 1986). Re501ut10n 0f p01ya- 

deny1at10n react10n5 6y e1ectr0ph0re515, under c0nd1- 

t10n5 1nv01v1n9 treatment w1th the p01yan10n hepar1n, 
ha5 revea1ed the pre5ence 0f three c0mp1exe5. 1mmed1- 

ate1y up0n add1t10n t0 a react10n c0nta1n1n9 nuc1ear ex- 

tract, 5u65trate RNA 15 0r9an12ed 1nt0 a heter09ene0u5 

c0mp1ex, A. 7h15 c0mp1ex f0rm5 1n the a65ence 0f A7P 

and 0n 5u65trate RNA 1ack1n9 p01yadeny1at10n-5pec1f1c 

5e4uence5. A 51m11ar c0mp1ex ha5 6een de5cr16ed dur1n9 
ana1y515 0f 5p11c1n9 react10n5, and 1t 15 pr06a61y due t0 

5e4uence-n0n5pec1f1c 1nteract10n5 0f pr0te1n5 w1th pre- 

cur50r RNA. A 510wer m19rat1n9 c0mp1ex, 8, a55em61e5 
when precur50r 15 1ncu6ated under c0nd1t10n5 fav0ra61e 
f0r p01yadeny1at10n, that 15, 1n the pre5ence 0f A7P and 

at 30°C. C0mp1ex 8 f0rm5 w1th1n 5 m1n 0f 1ncu6at10n 

and, 6y 15-30 m1n, 6ef0re 519n1f1cant p01yadeny1at10n 

ha5 0ccurred, m05t 0f the RNA m19rate5 1n the p051t10n 

0f th15 c0mp1ex. A5 15 the ca5e f0r the c1eava9e/p01y(A) 

5ynthe515 react10n, f0rmat10n 0f c0mp1ex 8 re4u1re5 60th 

the c0n5erved AAUAAA 5e4uence and a d0wn5tream 

5e4uence e1ement. C0mp1ex 8 c0nta1n5 60th unreacted 

precur50r and p01yadeny1ated RNA. 7hu5, the k1net1c5 

0f f0rmat10n, 5e4uence 5pec1f1c1ty, and RNA c0mp051- 

t10n 5u99e5t that c0mp1ex 8 15 1nt1mate1y re1ated t0 p0- 
1yadeny1at10n. A5 the p01yadeny1at10n react10n pr0- 

9re55e5, a new c0mp1ex, C, appear5 and c0nta1n5 pr1- 

mar11y p01yadeny1ated RNA. 7he fa5ter m19rat10n 0f 

c0mp1ex C c0mpared t0 c0mp1ex 8 5u99e5t5 that th15 

c0mp1ex ha5 pr06a61y 105t c0mp0nent5 pre5ent 1n c0m- 
p1ex 8. 

C0mp1exe5 f0rmed w1th 5u65trate5 act1ve 1n p01ya- 

deny1at10n have a150 6een detected 6y 1mmun0prec1p1- 

tat10n w1th ant15era 5pec1f1c f0r 5nRNP (Ha5h1m0t0 and 

5te1t2 1986), 6y 5ed1mentat10n 1n 91ycer01 9rad1ent5 (C. 

M00re, H. 5k01n1k-Dav1d, and P. 5harp, unpu61.), and 6y 

pr0tect10n 0f 5u65trate RNA 5e4uence5 a9a1n5t de9rada- 

t10n 6y a c0mp1ementary 01190de0xynuc1e0t1de and 
RNa5e H (2ark0wer and W1cken5 1987). After 10 m1n 0f 

1ncu6at10n at 30°C, Ha5h1m0t0 and 5te1t2 (1986) f0und a 

fract10n 0f precur50r RNA 5e4uence5 enc0mpa551n9 the 

AAUAAA e1ement c0mp1exed w1th a c0mp0nent 1m- 

mun0prec1p1ta61e w1th e1ther a 5m-5pec1f1c 5erum 0r a 

5erum 5pec1f1c f0r tr1methy1ated cap 0f 5nRNA5. 7he 

1dent1ty 0f the 5nRNP part1c1e re5p0n5161e f0r th15 

61nd1n9 wa5 n0t determ1ned, th0u9h 1t 15 pr06a61y ne1- 

ther U1 n0r U2 5nRNP. Furtherm0re, 8er9et and R06- 
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6er50n (1986) have 5h0wn that 5pec1f1c de9radat10n 0f e1- 

ther U1, U2, U4, 0r U5 5nRNA5 1nact1vate5 5p11c1n9 6ut 

n0t p01yadeny1at10n. 50me have 4ue5t10ned whether any 

5nRNP5 are 1nv01ved 1n p01yadeny1at10n, 91ven the per- 

515tence 0f th15 act1v1ty after d19e5t10n 0f extract5 6y m1- 

cr0c0cca1 nuc1ea5e (Ryner and Man1ey 1987). 

A c0mp1ex that 5ed1ment5 at 505 1n 91Ycer01 9rad1ent5 

ha5 6een re501ved fr0m a p01yadeny1at10n react10n c0n- 

ta1n1n9 the L3 5u65trate RNA (C. M00re, H. 5k01n1k- 
Dav1d, and P. 5harp, unpu61.). F0rmat10n 0f th15 c0mp1ex 

re4u1re5 60th the c0n5erved hexanuc1e0t1de 5e4uence 

and d0wn5tream 5e4uence5.7reatment 0f 9rad1ent frac- 

t10n5 fr0m the 505 re910n w1th hepar1n y1e1d5 a c0mp1ex 

that c0m19rate5 dur1n9 e1ectr0ph0re515 w1th c0mp1ex 8. 
80th c0mp051t10n and c0nf0rmat10n pr06a61y d1ffer 6e- 

tween the 505 9rad1ent c0mp1ex and c0mp1ex 8 . 0 n e  1n- 
d1cat10n 0f th15 15 that treatment 0f p01yadeny1at10n re- 

act10n5 w1th hepar1n 6ef0re 9rad1ent ana1y515 5h1ft5 the 

fract10n that 9enerate5 c0mp1ex 8 t0 the 225 re910n. 

Hepar1n-treated 5p11c1n9 c0mp1exe5 c0nta1n1n9 0ne 0r 
m0re 5nRNP5 have 6een ana1y2ed prev10u51y 6y 60th 9e1 

e1ectr0ph0re515 and 5ed1mentat10n (K0nar5ka and 5harp 

1986, 1987). C0mpar150n 0f the m06111t1e5 0f the5e 

5p11c1n9 c0mp1exe5 w1th c0mp1ex 8 mater1a1 15 c0n515- 
tent w1th the p05516111ty that c0mp1ex 8 c0u1d c0nta1n 

0ne 0r m0re 5nRNP. 

7he acce5516111ty 0f precur50r RNA 5e4uence5 t0 

c1eava9e 6y d19e5t10n w1th RNa5e H and an 01190de0x- 

ynuc1e0t1de c0mp1ementary t0 5e4uence5 c0nta1n1n9 
AAUAAA have 6een u5ed recent1y a5 an a55ay f0r p01ya- 

deny1at10n c0mp1exe5 {2ark0wer and W1cken5 1987). 

5urpr151n91y, c0mp1exe5 that pr0tected the AAUAAA re- 

910n were 0n1y 065erved when the p01y(A) 5ynthe515 re- 
act10n wa5 610cked 6y add1t10n 0f 3• dA7P. 7he pr0- 

tected RNA wa5 accurate1y pr0ce55ed, 5u99e5t1n9 that a 
c0mp1ex 0n1y rema1ned a550c1ated w1th the RNA when 

p01y(A) p01ymer12at10n wa5 term1nated premature1y 6y 

1nc0rp0rat10n 0f the 3• dAMP., Pr0tect10n wa5 n0t 06- 

5erved when 5u65trate RNA wa5 cha11en9ed at ear1y pe- 
r10d5 0f 1ncu6at10n, c0nd1t10n5 where a maj0r1ty 0f the 

L3 5u65trate w0u1d 6e a55em61ed 1nt0 c0mp1ex 8. 

Whether th15 5u99e5t5 that the AAUAAA re910n 15 ac- 
ce55161e 1n c0mp1ex 8-type 5tructure5 0r that the reac- 

t10n c0nd1t10n5 and 5u65trate [p01y(A) 51te 0f 5V40 1ate 

mRNA] u5ed 1n the5e prev10u5 5tud1e5 are 519n1f1cant1y 

d1fferent fr0m the 0ne5 u5ed here rema1n5 t0 6e deter- 

m1ned. 1t 15 a150 p055161e that mu1t1p1e type5 0f c0m- 

p1exe5 f0rm 0n the 5u65trate RNA dur1n9 p01yadeny1a- 

t10n and that c0mp1ex 8 repre5ent5 0n1y 0ne 0f the5e 
5tructure5. 

Mater1a15 and meth0d5 

P1a5m1d c0n5truct10n 

P1a5m1d p5PL35 wa5 de5cr16ed prev10u51y (M00re et a1. 1986). 
7he aden0v1ru5 5e4uence fr0m th15 rec0m61nant wa5 5u6¢10ned 
1nt0 a 81ue5cr1pt M13(-) p1a5m1d (5trata9ene). 1n th15 c0n- 
5truct, p73L3, the L3 p01y(A) 51te wa5 p051t10ned d0wn5tream 
0f the 73 6acter10pha9e RNA p01ymera5e pr0m0ter. 51te-d1- 
rected muta9ene515 wa5 perf0rmed 0n 51n91e-5tranded DNA, de- 
r1ved fr0m p73L3 acc0rd1n9 t0 the 9apped dup1ex meth0d (Fr1t2 
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1985) t0 91ve p73L36 and pL3UU6UU. 7he 5ynthet1c 01190nu- 

c1e0t1de pr1mer5 were a 91ft fr0m Dr. K.L. Ramachandran 

(8109en). pL3(d1 + 5) wa5 9enerated 6y c1eava9e 0f p5PL35 w1th 

Dra1 and Ava1, and the 51n91e-5tranded ta115 pr0duced 6y Ava1 

d19e5t10n were de9raded 6y 51 nuc1ea5e treatment. 7he 1ar9e 

fra9ment wa51501ated 6y a9ar05e 9e1 e1ectr0ph0re515 and treated 

w1th 119a5e t0 91ve a p1a5m1d w1th a de1et10n 6etween + 5 and 

+ 48 d0wn5tream 0f the L3 51te. A11 0f the mutat10n5 were c0n- 

f1rmed 6y 5e4uenc1n9. 

P01yadeny1at10n react10n5 and ana1y515 0f pr0duct5 

F0r 5ynthe515 0f RNA 5u65trate, p73L3, p73L36, and 

pL3UU6UU were d19e5ted w1th e1ther R5a1, Dra1, 0r Ec0R1 t0 

91ve 5u65trate RNA 53, 102, 0r 281 nuc1e0t1de5 1n 1en9th, re- 

5pect1ve1y. p5PL3(d1 + 5) wa5 d19e5ted w1th Ec0R1. Run0ff 

RNA5 were 9enerated 1n v1tr0 w1th 5P6 0r 73 RNA p01ymera5e 

1n the pre5ence 0f the d1nuc1e0t1de pr1mer 6(5•)ppp(5•)6 (K0n- 

ar5ka et a1. 1984) and 1a6e1ed 6y 1nc0rp0rat10n 0f [a-32P1-U7P. 1n 

v1tr0 p01yadeny1at10n react10n5 were perf0rmed 1n a t0ta1 

v01ume 0f 25 ~1 and c0nta1ned 5u65trate RNA, 1 mM A7P, 20 

mM creat1ne ph05phate, 44 mM KC1, 0.7 mM M9C12, 8.8% 91yc- 

er01, 8.8 m•M HEPE5 (pH 7.6), 0.1 mM ED7A, 0.2 mM d1th10- 

thre1t01 (D77), and 32% (v01/v01) HeLa nuc1ear extract, a5 de- 

5cr16ed prev10u51y (M00re and 5harp 1985). RNA5 fr0m react10n 

m1xture5 were pur1f1ed and 5eparated 0n 10% 0r 15% p01yacry1- 

am1de/8.3 M urea 9e15. Ana1y515 6y hy6r1d12at10n t0 the M13 

cDNA c10ne wa5 perf0rmed a5 de5cr16ed prev10u51y (M00re and 

5harp 1985). 

Ana1y515 0f c0mp1ex f0rmat10n 

70 c0n5ume end09en0u5 A7P, nuc1ear extract5 were pre1ncu- 

6ated at 30°C f0r 30 m1n. Precur50r RNA wa5 then added t0 the 

extract 1n the pre5ence 0f 1 mM A7P and 20 mM creat1ne ph05- 

phate at 30°C. F0r t1me c0ur5e5, react10n5 were 5tarted at 5ta9- 

9ered t1me5 50 that a11 0f the 1ncu6at10n5 were c0mp1ete at the 

5ame t1me. At the end 0f the 1ncu6at10n t1me, the 5amp1e5 were 

treated w1th hepar1n (5 m9/m1) f0r 10 m1n 0n 1ce and 1mmed1- 

ate1y 10aded 0n 1.3-mm th1ck, 4% p01yacry1am1de 9e15 (acry1a- 

m1de/615acry1am1de we19ht rat10 0f 80 : 1), c0nta1n1n9 45 mM 

7r15-60rate and 1.2 mM ED7A (pH 8.3). 7he 9e1 wa5 pree1ec- 

tr0ph0re5ed f0r 30 m1n at 18 V/cm. E1ectr0ph0re515 wa5 carr1ed 

0ut at the 5ame v01ta9e 9rad1ent f0r 4 -5  hr (unt11 xy1ene cyan01 

dye had m19rated 15-16 cm) at 4°C. 7he 9e1 wa5 tran5ferred t0 

Whatman 3MM paper, dr1ed, and aut0rad109raphed at -70°C 

w1th a 5creen. 70 exam1ne the RNA c0mp051t10n 0f d1fferent 

re910n5 0f the 9e1, RNA5 were tran5ferred t0 DEAE-mem6rane 

6y e1ectr0610tt1n9 and e1uted, a5 de5cr16ed 6y P1k1e1ny and R05- 

6a5h (1986). 

F0r 5ed1mentat10n ana1y515, a 125-1x1 p01yadeny1at10n reac- 

t10n wa5 10aded 0nt0 a 5-m1 9rad1ent c0nta1n1n9 10-30% 91yc- 

er01 1n 20 mM HEPE5 (pH 7.5), 1 mM M9C12, 25 mM KC1, and 

0.1 mM ED7A (6ra60w5k1 et a1. 1985). 6rad1ent5 were centr1- 

fu9ed 1n a 5W50.1 r0t0r at 49,000 rpm, 5°C, f0r 2 -3  hr. 7wenty 

250-1~1 fract10n5 were c011ected and c0unted t0 determ1ne the 

32p cpm Cerenk0v pr0f11e 0f the 9rad1ent. 
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