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7he 9ene Q pr0te1n 0f pha9e ~ 15 a tran5cr1pt10n ant1term1nat0r that m0d1f1e5 RNA p01ymera5e near the pha9e 

1ate 9ene pr0m0ter and there6y cau5e5 ant1term1nat10n at d15tant 51te5.70 def1ne the 51te 0f act10n 0f Q pr0te1n, 

we have rec0n5tructed the re9u1at0ry 5y5tem 0n p1a5m1d5 that a110w the 1ntrace11u1ar c0ncentrat10n 0f Q pr0te1n 

t0 6e re9u1ated, and that a110w the effect 0f Q pr0te1n 0n tran5cr1pt10n fr0m var1ant pr0m0ter 5e9ment5 t0 6e 

mea5ured 1n v1v0 and 1n v1tr0. We 5h0w that DNA 5e4uence5 e55ent1a1 f0r Q pr0te1n-med1ated ant1term1nat10n 

5pan the RNA 5tart 51te, 6ut d0 n0t extend 6ey0nd nuc1e0t1de 18 0f the fate RNA c0d1n9 re910n. We a150 5h0w 

that the m0d1f1cat10n that perm1t5 ant1term1nat10n per515t5 wh11e RNA p01ymera5e pa55e5 at 1ea5t tw0 

term1nat0r5 1n v1v0 and 1n v1tr0. 
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7ran5cr1pt10n ant1term1nat10n mechan15m5 are 1mp0r- 

tant t0 9enet1c re9u1at10n 1n 6acter1a. Furtherm0re, there 

are recurrent 5u99e5t10n5 that term1nat10n 0r e10n9at10n 
0f tran5cr1pt10n 15 re9u1ated 1n eukary0te5 a5 we11 (f0r 

examp1e, 5ee 8ent1ey and 6r0ud1ne 1986; 611m0ur and 

L15 1986). 7he 6e5t-character12ed tran5cr1pt10n ant1ter- 

m1nat0r5 are the pr0duct5 0f the E5cher1ch1a c011 6acte- 

r10pha9e k 9ene5 N and Q (Fr1edman and 60tte5man 

1983). 7he ~ Q 9ene pr0te1n act1vate5 pha9e 1ate 9ene 
expre5510n 6y a110w1n9 RNA p01ymera5e t0 pa55 a tran- 

5cr1pt10n term1nat0r, tR,, wh1ch 15 10cated 194 nuc1e0- 

t1de5 d0wn5tream fr0m the 1n1t1at10n 51te 0f the 51n91e 

1ate 9ene pr0m0ter PR• (F19. 1), and there6y t0 tran5cr16e 

the 23-k6 1ate 9ene 0per0n. 1n v1tr0, pur1f1ed/t Q pr0te1n 

act5 0n RNA p01ymera5e t0 a110w th15 5ame ant1term1n- 

at10n event 1n a we11-def1ned tran5cr1pt10n react10n c0n- 

ta1n1n9 0n1y RNA p01ymera5e, the Nu5A tran5cr1pt10n 

fact0r, Q pr0te1n, DNA c0nta1n1n9 the ~ 1ate pr0m0ter, 

and 5ma11 m01ecu1e5 (6rayhack and R06ert5 1982; 6ray- 

hack et a1. 1985). 

Q pr0te1n ant1term1nate5 tran5cr1pt10n 1n1t1ated 0n1y 

at the K 1ate pr0m0ter 0r the near1y 1dent1ca1 5a1m0ne11a 

pha9e P22 1ate pr0m0ter (6rayhack et a1. 1985). 1t d0e5 

n0t act even 0n the 1ate pr0m0ter 0f pha9e 82, wh1ch 15 

c0ntr011ed 1n a 51m11ar way 6y an ant1term1nat0r 0f 1t5 

0wn (J. 60119er, X. Yan9, and J.W. R06ert5 unpu61.). 
7he5e fact5 ar9ue 5tr0n91y that Q pr0te1n rec09n12e5 a 

5pec1f1c 5e4uence 1n DNA 0r RNA, where 1t en9a9e5 

RNA p01ymera5e and m0d1f1e5 the term1nat10n pr0per- 

tCurrent addre55: Department 0f 810109y, Un1ver51ty 0f R0che5ter, R0ch- 
e5ter, New Y0rk 14627 U5A. 

t1e5 0f the en2yme. L1kew15e, the ~ 9ene N-enc0ded ant1- 

term1nat0r, wh1ch re9u1ate5 pha9e ear1y 9ene expre5510n, 
rec09n12e5 a 51te named nut  (f0r N ut1112at10n) where 1t 

m0d1f1e5 RNA p01ymera5e. H0wever, wherea5 N pr0te1n 

ant1term1nate5 tran5cr1pt10n fr0m any pr0m0ter a5 10n9 
a5 nut  15 p1aced 1n the tran5cr16ed 5e4uence (5a15tr0m 

and 52y6a15k1 1978; deCr0m6ru99he et a1. 1979), the 51te 

re4u1red f0r Q funct10n (4ut) ha5 n0t 6een 5eparated 
fr0m the 1ate 9ene pr0m0ter. De1et10n ana1y515 ha5 1den- 

t1f1ed 5e4uence5 w1th1n the f1r5t 20 nuc1e0t1de5 0f the 

1ate 9ene tran5cr1pt c0d1n9 re910n, c105e t0 the -35  and 
- 10 e1ement5 0f the pr0m0ter 1t5e1f, wh1ch are e55ent1a1 

t0 Q funct10n (6rayhack and R06ert5 1982; 50ma5ekhar 

and 52y6a15k1 1983; 6rayhack et a1. 1985). M0re d1rect 

ev1dence f0r the 1nv01vement 0f a 5e9ment ju5t after the 

RNA 5tart 15 the fact that Q pr0te1n can m0d1fy RNA 

p01ymera5e 1f Q pr0te1n 15 added wh11e the en2yme 15 

pau51n9 dur1n9 tran5cr1pt10n 1n v1tr0 at a natura1 pau51n9 

51te at a60ut nuc1e0t1de 16 0f the 1ate 9ene tran5cr1pt 

(6rayhack et a1. 1985; F19. 1); 1t 5eem5 11ke1y that th15 
pau5e 15 e55ent1a1 t0 Q funct10n. 7hu5, the nuc1e0t1de 

5e4uence5 that a110w en9a9ement 0f Q pr0te1n mu5t 6e 
very c105e t0, and p055161y part1y w1th1n, the 1ate 9ene 
pr0m0ter. 

70 def1ne m0re prec15e1y the 5tructure 0n wh1ch Q 

pr0te1n act5 at the 1ate 9ene pr0m0ter, we have rec0n- 
5tructed th15 re9u1at0ry 5y5tem 0n p1a5m1d5 that a110w 

u5 t0 mea5ure the effect 0f Q pr0te1n 0n tran5cr1pt10n 

1n1t1ated at the 5ame pr0m0ter 5e9ment5 1n v1v0 and 1n 

v1tr0. 8y te5t1n9 m0d1f1ed pr0m0ter 5e9ment5 1n th15 

5y5tem, we 5h0w the f0110w1n9: (1) Q funct10n at the ~t 
1ate pr0m0ter re4u1re5 the natura1 5e4uence5 60th 6ef0re 

and after the RNA 5tart 51te, and Q pr0te1n d0e5 n0t act 
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1f the5e 5e4Uence5 are 5eparated 6y a few nuc1e0t1de5. (2) 

7he  5e4uenCe re4u1rement5 f0r Q funct10n 1n v1v0 and 1n 

v1tr0 are 1dent1ca1, a re5u1t that c0nf1rm5 the authen- 

t1c1ty 0f the 1n v1tr0 react10n. (3) 0 n c e  Q pr0te1n-m0d1- 

f1ed RNA p01ymera5e pa55e5 the f1r5t 0f tw0 5ucce551ve 

term1nat0r5, 1t then can pa55 the 5ec0nd w1th very h19h 

eff1c1ency 60th 1n v1v0 and 1n v1tr0. (4) A h19her c0ncen- 

trat10n 0f Q pr0te1n appear5 t0 6e re4u1red 1n v1v0 than 

1n v1tr0, when  Q pr0te1n 15 5upp11ed 1n tran5 6y a 

p1a5m1d 1n the ce11. 

Re5u1t5  

A55ay 5y5tem f0r Q funct10n 

70 mea5ure the re5p0n5e 0f pr0m0ter  5e9ment5 t0 Q 

pr0te1n 1n v1v0, we c0n5tructed p1a5m1d5 that  a110w the 

ea511y a55ayed en2yme 9a1act0k1na5e t0 6e c0ntr011ed 6y 

Q pr0te1n (F19. 16). Q pr0te1n 15 made fr0m p1a5m1d 

pUV5-Q2, wh1ch c0nta1n5 tw0 c0p1e5 0f 9ene Q tran- 

5cr16ed fr0m the 1act05e 0per0n pr0m0ter  UV5, 50 that  Q 

pr0te1n 15 1nduc161e 6y 1P76. A 5ec0nd p1a5m1d 1n the 

5ame ce11, 0ne 0f the 5et pXY301-pXY316, c0nta1n5 the 

pr0m0ter  5e9ment t0 6e te5ted, f0110wed 6y a term1nat0r 

(kt0, ch05en f0r c0nven1ence) and the 9a1act0k1na5e 

9ene. When PR, and the a550c1ated 4ut  51te are pre5ent 1n 

the te5t p1a5m1d, Q pr0te1n made fr0m pUV5-Q2 up0n 

1nduct10n 6y 1P76  a110w5 tran5cr1pt10n 1n1t1ated at PR, 

t0 pa55 the term1nat0r and make  9a1act0k1na5e. (51nce 

un1nduced ce115 m a k e  11tt1e 9a1act0k1na5e, th15 5cheme 

av01d5 the effect 0f 9a1act0k1na5e expre5510n 0n p1a5m1d 

c0py num6er  dur1n9 10n9-term 9r0wth, a5 we have c0n- 

7a61e 1. Act1v1ty 0f Q pr0te1n 0n pr0m0ter5 1n v1v0 and 1n v1tr0 

Ant1term1nat10n re9u1at0ry 51te 

f1rmed d1rect1y.) 8y 90 m1n after 1nduct10n, ce115 c0n- 

ta1n1n9 a Q-re5p0n51ve p1a5m1d 5uch a5 pXY306 have up 

t0 20 t1me5 the c0ncentrat10n 0f 9a1act0k1na5e a5 un- 

1nduced ce115 (7a61e 1), 0r ce115 1ack1n9 the Q 50urce 

p1a5m1d pUV5-Q2 (data n0t 5h0wn). 7he  num6er5 1n 

7a61e 1 undere5t1mate the rate 0f 1nduced 9a1act0k1na5e 

5ynthe515 6y a60ut a fact0r 0f 2 f0r tw0 rea50n5. F1r5t, the 

c0ncentrat10n 0f 9a1act0k1na5e w0u1d 6e pr0p0rt10na1 t0 

1t5 rate 0f 5ynthe515 0n1y after the 0r191na1 ce11 ma55 had 

6een d11uted t0 a ne9119161e c0ncentrat10n thr0u9h 

9r0wth, wherea5 1n th15 exper1ment the ce11 ma55 1n- 

crea5ed 0n1y threef01d after 1nduct10n. 5ec0nd, there 15 a 

1a9 0f a60ut 20 m1n after 1P76  15 added 6ef0re 9a1act0- 

k1na5e 5ynthe515 5tart5. 

We f0und the 5eparat10n 0f 9ene Q and pr0m0ter  Pw 

0nt0 tw0 5eparate p1a5m1d5 t0 6e nece55ary f0r re9u1ated 

Q-dependent 9a1act0k1na5e expre5510n 1n v1v0. A 51m1- 

1ar1y c0n5tructed p1a5m1d c0nta1n1n9 60th 9ene Q and 

pr0m0ter  Pw 1n the1r natura1 c15 c0nf19urat10n expre55ed 

9a1act0k1na5e c0n5t1tut1ve1y, de5p1te the pre5ence 0f 1ac- 

t05e repre550r wh1ch 5h0u1d have repre55ed the Q 9ene; 

we attr16ute th15 t0 an aut0cata1yt1c effect 0f 5119ht Q 

5ynthe515 that  a110w5 tran5cr1pt10n fr0m Pw t0 c1rc1e the 

p1a5m1d and make  m0re  Q pr0te1n, thu5 6ypa551n9 re- 

pre550r c0ntr01. 

7a61e 1 5h0w5 that  9a1act0k1na5e 15 1nduc161e 6y 1P76  

when the te5t p1a5m1d c0nta1n5 D N A  5e9ment5 1n- 

c1ud1n9 ~PR~ (e.9., pXY307) 0r the 1ate pr0m0ter  0f the 

re1ated pha9e P22 (pXY313), 60th 0f wh1ch re5p0nd t0 

Q pr0te1n dur1n9 pha9e 9r0wth. A5 expected, 9a1act0- 

6a1act0k1na5e act1v1ty 1n v1v0 

P1a5m1d exper1ment 1 exper1ment 2 Readthr0u9h 1n v1tr0 {%) 

name pr0m0ter term1nat0r - 1P76 + 1P76 - 1P76 + 1P76 - Q pr0te1n + Q pr0te1n 

pXY301 pR,A( - 36) t 0 0.41 0.42 0.46 0.35 - -  - -  
pXY302 pR,A(- 1) t 0 3.2 3.6 3.7 4.4 5.7 4.8 
pXY303 pR,A( + 4) t0 2.2 2.1 2.7 3.0 8.9 7.1 
pXY304 pR,A( + 18) t 0 3.7 37.2 3.7 74.6 6.4 25.0 
pXY305 pR,•( + 47) t 0 5.1 51.1 5.2 55.7 4.5 44.0 
pXY306 pR,A( + 49) t 0 3.1 60.5 4.2 77.3 6.2 50.0 
pXY307 pR,A( + 63) t0 2.6 67.0 2.7 60.5 9.2 49.0 
pXY310 PR, t R, 3.7 87.0 4.6 67.7 < 1.0 25.0 
pXY308 PR• t R, and t 0 0.33 42.0 0.40 46.9 < 1.0 36.0 
pXY313 P22 fate (+48) t 0 2.1 48.8 2.4 67.8 8.1 50.0 
pXY309 P0/PR• t0 3.4 3.2 3.4 3.3 <5.0 <5.0 

pXY312 82 1ate ( + 52) t 0 0.59 0.79 0.9 1.0 10.0 10.0 
pXY314 PR (k ear1y) t 0 9.2 7.7 11.5 9.9 9.0 5.8 
pXY316-1 PR, (18 6p t 0 4.3 4.5 5.2 6.8 8.4 7.9 

1n5ert10n) 
pXY316-2 PR, (10 6p t 0 3.0 2.8 4.0 3.5 - -  

1n5ert10n) 

A11 p1a5m1d5 u5ed t0 a55ay pr0m0ter and term1nat0r 5e9ment5 were der1vat1ve5 0f pXY300 (F19. 16). P1a5m1d5 pXY301-pXY307 c0n- 
ta1n 5e9ment5 fr0m the H1nd111 51te 1n 9ene Q t0 a 8a131 nuc1ea5e-9enerated end at the de519nated nuc1e0t1de near the 1ate RNA 5tart 
51te (5ee F19. 1a), f0110wed 6y the Ec0R111nker 66AA77CC;  the num6er 1n parenthe5e51nd1cate5 the 1a5t nuc1e0t1de that 15 pre5ent 1n 
the de1et10n. 0ther p1a5m1d5 are de5cr16ed 1n Mater1a15 and meth0d5. Exper1ment5 1 and 2 are tw0 typ1ca1 5et5 0f data 91v1n9 the 1eve15 
0f 9a1act0k1na5e act1v1ty 1n H8101[F•1ac10] carrY1n9 each p1a5m1d, and a150 carry1n9 pUV5-Q2. F0r 1nduced 5amp1e5, 1P76 wa5 added 
t0 1 mM t0 ce115 at an 0D650 0f 0.2 9r0w1n91n L8, and 9r0wth wa5 c0nt1nued f0r 1.5 hr 6ef0re 5amp11n9; the f1na1 0D650 0f the cu1ture5 
wa5 0.65-0.8. Act1v1ty 15 91ven 1n the un1t5 def1ned 6y McKenney et a1. (1981 ). 7he 1a5t c01umn 15 the re5u1t 0f 1n v1tr0 tran5cr1pt10n 0f 
fra9ment5 fr0m the 5ame p1a5m1d5, and 15 the data 5h0wn 1n F19. 3, ana1y2ed 6y exc151n9 9e1 511ce5 and c0unt1n9 1n a 5c1nt111at10n 
c0unter. 
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Yan9 et a1. 

k1na5e 15 n0t 1nduc161e 6y 1P76 when the te5t p1a5m1d 

c0nta1n5 pr0m0ter5 fr0m wh1ch tran5cr1pt10n 5h0u1d n0t 

6e affected 6y Q: Xp~ the maj0r X ear1y r19htward pr0- 

m0ter (pXY314), and the 1ate pr0m0ter 0f pha9e 82 

(pXY312), wh1ch d0e5 n0t re5p0nd t0 ~ Q funct10n 1n 
v1v0 (5chechtman et a1. 1980) 0r t0 pur1f1ed ~ Q pr0te1n 

1n v1tr0 (5ee 6e10w). A150 a5 expected, de1et10n 0f the 
- 3 5  and - 1 0  pr0m0ter e1ement5 0f PR• (pXY301) pre- 

vent5 9a1act0k1na5e 1nduct10n. Furtherm0re, 9a1act0- 

k1na5e 15 1nduc161e 1f the ent1re 65 RNA c0d1n9 5e9ment 

c0nta1n1n9 Pw and tw 15 pre5ent, e1ther a10ne (pXY310) 0r 

c0m61ned w1th t0 50 that tw0 term1nat0r5 mu5t 6e 

pa55ed (pXY308). 
A60ut 10 t1me5 a5 much 9a1act0k1na5e (2.5-5 un1t5) 15 

made fr0m p1a5m1d5 c0nta1n1n9 PR• and 1t5 der1vat1ve5 1n 

the a65ence 0f Q pr0te1n (n0 1P76 added) than fr0m a 

p1a5m1d 1ack1n9 a pr0m0ter a1t09ether (pXY301). 7h15 
5ynthe515 15 n0t cau5ed 6y re51dua1 expre5510n 0f Q fr0m 

the repre55ed p1a5m1d, 6ecau5e 1t 15 n0t dependent up0n 

the pre5ence 0f the Q 50urce pUV5-Q2 (data n0t 5h0wn); 

1t mu5t theref0re re5u1t fr0m 1eaka9e 0f tran5cr1pt10n 

pa5t the term1nat0r. 7h15 1eaka9e a110w5 u5 t0 ver1fy and 

mea5ure the act1v1ty 0f pr0m0ter5 1n the pXY300 5er1e5 

p1a5m1d5 1n the a65ence 0f Q pr0te1n. 
We cann0t ca1cu1ate the eff1c1ency 0f ant1term1nat10n 

1n v1v0 d1rect1y, 6ecau5e we d0 n0t kn0w what am0unt 

0f 9a1act0k1na5e c0rre5p0nd5 t0 a11 tran5cr1pt5 1n1t1ated 

at PR• reach1n9 the 9a1act0k1na5e 9ene. H0wever, 
McKenney et a1. f0und that 2% 0f tran5cr1pt5 1eak pa5t 

t0 1n v1v0 w1th0ut ant1term1nat10n (McKenney et a1. 

1981). 1f t0 15 98% eff1c1ent 1n 0ur p1a5m1d5, then PR• 

w0u1d 91ve 125-250 un1t5 0f 9a1act0k1na5e 1n the a6- 

5ence 0f term1nat10n. Extrap01at1n9 the data 0f 7a61e 1 

t0 9r0wth f0r many 9enerat10n5 5u99e5t5 that Q pr0te1n 

pr0v1de5 a5 much a5 50-100% readthr0u9h 0f t01n v1v0. 

We f1nd up t0 50% readthr0u9h 0f t0 1n the pre5ence 0f 

pur1f1ed Q pr0te1n 1n v1tr0 (7a61e 1). 

70 determ1ne h0w 9a1act0k1na5e expre5510n fr0m PR• 

depend5 0n the 1ntrace11u1ar c0ncentrat10n 0f Q pr0te1n, 

we 9rew a ce11 carry1n9 the Q-50urce p1a5m1d pUV5-Q2 

and the Q-re5p0n51ve te5t p1a5m1d pXY306 1n vary1n9 
c0ncentrat10n5 0f 1P76, and mea5ured Q pr0te1n 6y 1m- 

mun0610t and 9a1act0k1na5e 6y a55ay 1n ce11 extract5 

(F19. 2a). 7he mea5urement5 were made many 9enera- 

t10n5 after 1P76 wa5 added, 50 that an e4u1116r1um c0n- 

centrat10n 0f 60th Q pr0te1n and 9a1act0k1na5e 5h0u1d 

have 6een 06ta1ned. A5 expected, expre5510n 0f 9a1act0- 

k1na5e d1d cau5e the c0py num6er 0f pXY306 t0 decrea5e 

at e4u1116r1um, a1th0u9h n0 m0re than tw0f01d at the 
h19he5t 1eve1 0f 1nduct10n (data n0t 5h0wn). 7hu5, the 

re1at1ve rate 0f 9a1act0k1na5e expre5510n may 6e under- 

e5t1mated 6y a60ut tw0f01d at the h19he5t 1P76 c0ncen- 
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F19ure 2. C0ncentrat10n dependence 0f Q pr0te1n act1v1ty 1n v1v0 and 1n v1tr0. (a) C0ntent 0f Q pr0te1n and act1v1ty 0f Q pr0te1n, 1n 
ce115 carrY1n9 p1a5m1d5 pUV5-Q2 and pXY306, a5 a funct10n 0f 1nducer c0ncentrat10n. E. c011 5tra1n H8101 [F•1ac1Q] carrY1n9 pUV5-Q2 
and pXY306 wa5 9r0wn 1n varY1n9 c0ncentrat10n5 0f 1P76 a5 1nd1cated, and 5amp1e5 were 5u6jected t0 1mmun0610t a55ay f0r Q 
pr0te1n and t0 9a1act0k1na5e a55ay. (6) 7he data a60ve rep10tted t0 5h0w Q act1v1ty a5 a funct10n 0f Q pr0te1n c0ncentrat10n 1n the ce11. 
(c) C0ncentrat10n dependence 0f Q act1v1ty 1n v1tr0. 7he H1nd111-Ec0R1 fra9ment 0f X c0nta1n1n9 the natura1 pw-tR, 5e9ment wa5 
tran5cr16ed 1n the pre5ence 0f 1ncrea51n9 c0ncentrat10n5 0f pur1f1ed Q pr0te1n and the percent readthr0u9h 0f term1nat0r t R. wa5 
determ1ned a5 de5cr16ed (6rayhack et a1. 1985). 
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Ant1term1nat10n re9u1at0ry 51te 

R7- 

>R7 

F19ure 3. Act1v1ty 0f pr0m0ter 5e9ment5 1n 5upp0rt1n9 ant1term1nat10n 6y pur1f1ed Q pr0te1n 1n v1tr0. Re5tr1ct10n fra9ment5 were 
tran5cr16ed and the RNA pr0duct5 ana1y2ed a5 de5cr16ed 1n Mater1a15 and meth0d5. R7, 65, and t 0 de519nate, re5pect1ve1y, DNA5 that 
read thr0u9h t0 the end 0f the fra9ment, 5t0p at the term1nat0r tR, , 0r 5t0p at term1nat0r t 0. A11 temp1ate5 except th05e fr0m p1a5m1d5 
pxY310 and pxY309 were H1nd111-5ma1 fra9ment5 (F19. 1 ). 7he H1nd111-Ec0R1 fra9ment fr0m pxY 31015 the 5ame a5 the w11d-type 65 
RNA 5e9ment 5h0wn 1n F19. 1a. 7he temp1ate fr0m pXY309 wa5 a H1nc11-5ma1 fra9ment that a150 c0nta1n5 the 61a pr0m0ter fr0m 
p8R322, wh1ch 9ave r15e t0 the tw0 10wer 6and5 1n the 309 1ane. 1n th15 ca5e, 6ecau5e 0f the c0mp1ex1ty 0f the pr0duct 1n the 
h19h-m01ecu1ar-we19ht re910n 0f the 9e1, 1t 15 n0t c1ear wh1ch 0f the 1ar9er 6and5 15 readthr0u9h RNA fr0m P0, 6ut 1t 15 c1ear that Q 
pr0te1n 91ve5 n0 mcrea5e 1n any 0f them. 

trat10n, 6ut th15 5h0u1d n0t affect the 5hape 0f the curve 

519n1f1cant1y. 0 the r  exper1ment5, 1n wh1ch m0re Q pr0- 

te1n wa5 made fr0m a 5tr0n9er pr0m0ter, 5u99e5t that 
the h19he5t c0ncentrat10n 0f Q pr0te1n ach1eved 1n the 

exper1ment 0f F19ure 2a 15 5uff1c1ent t0 91ve max1ma1 an- 

t1term1nat10n. 

We draw tw0 c0nc1u510n5 fr0m F19ure 2. F1r5t, the re- 

5p0n5e 0f 9a1act0k1na5e 5ynthe515 t0 Q pr0te1n 15 d15- 

t1nct1y n0n11near (F19. 26). 7h15 exp1a1n5 the 20-m1n 1a9 

6ef0re 9a1act0k1na5e 6e91n5 t0 accumu1ate after 1nduc- 
t10n 6y 1P76.5ec0nd, m0re Q pr0te1n 15 re4u1red 1n v1v0 

than 1n v1tr0. Ha1f-max1ma1 9a1act0k1na5e 5ynthe515 1n 

v1v0 re4u1re5 at 1ea5t 2.5 V~M Q pr0te1n, wherea5 ha1f- 

max1ma1 ant1term1nat10n 1n the c0rre5p0nd1n9 1n v1tr0 

exper1ment (F19. 2c) re4u1re5 0n1y 100 nM Q pr0te1n; we 

d15cu55 th15 d15par1ty 6e10w. 

Mea5urement 0f pr0m0ter re5p0n5e t0 Q pr0te1n 1n v1tr0 

7he natura1 tar9et 0f Q pr0te1n, the 5e9ment 0f DNA 

that c0nta1n5 Pw and t9, and enc0de5 the ~65 RNA 

(F19.1), re5p0nd5 t0 pur1f1ed Q pr0te1n 1n v1tr0 (6rayhack 

and R06ert5 1982; 6rayhack et a1. 1985). Eff1c1ent ant1- 

term1nat10n at tR, re4u1re5 60th Q pr0te1n and Nu5A 

pr0te1n, an E. c011 tran5cr1pt10n fact0r kn0wn a150 t0 6e 

re4u1red f0r the ant1term1nat10n act1v1ty 0f ~ N pr0te1n 

(Fr1edman and 8ar0n 1974; 6reen61att et a1. 1980; Naka- 

mura et a1. 1986). We f1nd that Q pr0te1n a150 15 act1ve 

0n tran5cr1pt10n 1n v1tr0 fr0m the pXY300 5er1e5 te5t 

p1a5m1d5 that c0m61ne a 5e9ment c0nta1n1n9 PR, w1th 
the term1nat0r t0. 70 determ1ne the effect 0f pur1f1ed Q 

pr0te1n 1n v1tr0, we take fr0m the pXY300 5er1e5 p1a5m1d 

the H1nd111-5ma1 fra9ment c0nta1n1n9 the pr0m0ter and 

term1nat0r (F19. 1), and mea5ure tran5cr1pt10n read1n9 

thr0u9h the term1nat0r t0 the end 0f the fra9ment; Q 

pr0te1n 1ncrea5e5 the pr0duct10n 0f readthr0u9h tran- 

5cr1pt when a Q-re5p0n51ve pr0m0ter 5e9ment 15 pre5ent 

(e.9., pXY307). F19ure 3 5h0w5 the effect 0f Q pr0te1n 1n 

v1tr0 0n 50me 0f the pr0m0ter 5e9ment5 a55ayed 1n v1v0 

1n 7a61e 1 .7he  5ma11e5t tran5cr1pt, 6etween 368 and 435 

nuc1e0t1de5 1n 1en9th f0r a11 0f the pXY300 5er1e5 except 

pXY308, re5u1t5 fr0m term1nat10n at t0, and the next 

1ar9e5t tran5cr1pt (508-575 nuc1e0t1de5) 15 the read- 

thr0u9h t0 the fra9ment end at the 5ma1 51te. (7he 

fa1nter, 1ar9er tran5cr1pt ha5 n0t 6een 1dent1f1ed, 6ut 1t 

m19ht 6e a fu11-1en9th tran5cr1pt 0f the fra9ment that 1n1- 
t1ate5 at 0ne end.) 

6ENE5 • DEVEL0PMEN7 221 

 Cold Spring Harbor Laboratory Press on August 25, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Yan9 et a1. 

A60ut 5-7% 0f the RNA p01ymera5e that 1n1t1ate5 at 

kp9, 1n v1tr0 read5 thr0u9h t0 1n the a65ence 0f Q pr0te1n 
(6ut 1n the pre5ence 0f Nu5A pr0te1n). 7 h e  effect 0f Q 

pr0te1n 15 t0 1ncrea5e readthr0u9h t0 40-55% f0r a pr0- 

m0ter 5e9ment that re5p0nd5 t0 Q, f0r examp1e, the fra9- 

ment fr0m pXY306 c0nta1n1n9 p9, and 49 nuc1e0t1de5 0f 

the 65 RNA c0d1n9 5e4uence. A5 we 065erved prev10u51y 
(6rayhack and R06ert5 1982), re5p0n5e t0 k Q pr0te1n 1n 

v1tr0 15 5pec1f1c t0 kp9,; thu5 k Q pr0te1n 91ve5 n0 1n- 

crea5e 1n readthr0u9h fr0m DNA 5e9ment5 c0nta1n1n9 
the k ear1y r19htward pr0m0ter p9 0r the 1ate pr0m0ter 0f 

pha9e 82 {pXY314, pXY312). F19ure 3 and 7a61e 1 5h0w 

that the re5p0n5e 0f each fra9ment t0 Q pr0te1n 1n v1tr0 
matche5 the re5p0n5e 0f the parenta1 p1a5m1d t0 Q pr0- 

te1n 1n v1v0. 

A5 15 true f0r the natura1 5e9ment pw-t~, 0n wh1ch Q 

act5, ant1term1nat10n fr0m the rec0n5tructed pR,--t  0 5e9- 
ment5 re4u1re5 Nu5A pr0te1n. F19ure 4 5h0w5 that Nu5A 

pr0te1n ha5 d15t1nct effect5 0n tran5cr1pt10n 1n v1tr0 fr0m 

th15 DNA 1n the a65ence and 1n the pre5ence 0f Q pr0- 

te1n. W1th0ut Q, Nu5A pr0te1n depre55e5 readthr0u9h 0f 

t0 fr0m 25% t0 a60ut 4%. W1th Q, Nu5A 1ncrea5e5 

readthr0u9h t0 a60ut 40%. 7he effect 0f Nu5A 0n the 

natura1 PR,-tR, 5e9ment 15 51m11ar, a1th0u9h there 15 1e55 

readthr0u9h 1n the a65ence 0f 60th Q and Nu5A (6ray- 

hack et a1. 1985). A 5ec0nd d1fference 15 that wherea5 Q 

5119ht1y 1ncrea5e5 readthr0u9h fr0m p9,-t9, 1n the a6- 
5ence 0f Nu5A (6rayhack et a1. 1985), we have 065erved 

n0 effect 0f Q w1th0ut Nu5A at a11 w1th p9,-t0, a1th0u9h 

a few percent 1ncrea5e 1n readthr0u9h m19ht 6e undetec- 

ta61e. 

7he 51te e55ent1a1 f0r Q funct10n 1n v1v0 and 1n v1tr0 

1nc1ude5 the DNA 5e9ment 5pann1n9 the RNA 5tart 51te 

70 1dent1fy 5e4uence5 a550c1ated w1th the 1ate 9ene pr0- 
m0ter that are e55ent1a1 f0r Q funct10n, we a55ayed 

5even de1et10n DNA5 f0r re5p0n5e t0 Q pr0te1n 1n v1v0 

and 1n v1tr0 (F19. 3; 7a61e 1). 7he5e de1et10n5 have re- 
m0ved 5e9ment5 0f DNA fr0m the r19ht 0f the RNA 

5tart 51te (F19. 1), and the rema1nder 0f the p9, pr0m0ter 

re910n 15 fu5ed thr0u9h an Ec0R1 11nker t0 a DNA 5e9- 

ment c0nta1n1n9 term1nat0r t0, 10cated 370 nuc1e0t1de5 
d0wn5tream 0f the j01nt. De1et10n5 t0 + 63, +49, +47, 

and + 18 a11 re5p0nd t0 Q, wherea5 de1et10n5 t0 + 4, - 1, 

and - 3 6  d0 n0t. De1et10n A[ + 18] repr0duc161y re5p0nd5 

t0 Q 1n v1tr0 a60ut ha1f a5 we11 a5 the prev10u5 three. A5 

expected, the de1et10n t0 - 3 6  de5tr0y5 pr0m0ter func- 

t10n 1n v1tr0 (data n0t 5h0wn) and 1n v1v0 (7a61e 1), 6e- 

cau5e 1t rem0ve5 the e55ent1a1 pr0m0ter e1ement5 at 

- 3 5  and -10.  H0wever, the de1et10n5 t0 - 1  and +4 

1eave an act1ve pr0m0ter that d0e5 n0t re5p0nd t0 Q. 

7he5e re5u1t5 5h0w that e55ent1a1 5e4uence5 ex15t 6e- 

tween +4 and + 18, a 5e9ment 0f the 65 RNA c0d1n9 

re910n. 50ma5ekar and 52y6a15k1 (1983) a150 f0und that 

5e4uence5 after the RNA 5tart 51te are nece55ary f0r Q 

funct10n 1n v1v0. 

70 te5t whether the 5e9ment fr0m + 4 t0 + 18 15 5uff1- 

c1ent f0r Q funct10n, we fu5ed 1t t0 a d1fferent pr0m0ter. 

U51n9 the H1nf1 51te 6AC7C 6e91nn1n9 at nuc1e0t1de 

- 5 0f PR, and a H1nf1 51te 6e91nn1n9 at - 7 0f the pha9e k 
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F19ure 4. 7he effect 0f Nu5A pr0te1n 0n tran5cr1pt10n term1na- 
t10n and Q-med1ated ant1term1nat10n at t 0 1n v1tr0. 7he DNA 
temp1ate wa5 the H1nd111-5ma1 fra9ment 0f pXY307. 7ran- 
5cr1pt10n react10n5 c0nta1ned 800 nM Q pr0te1n where 1nd1- 
cated. 

pr0m0ter P0, we c0n5tructed the fu510n pXY309 5h0wn 

1n F19ure 1; 1t c0nta1n5 the p9, 5e9ment fr0m - 6  t0 +47 
and KP0 5e4uence5 t0 the 1eft 0f -6 .  7h15 15 an act1ve 
pr0m0ter 1n v1v0 and 1n v1tr0 (F19. 3, 7a61e 1), 6ut 1t d0e5 

n0t re5p0nd t0 Q 6y e1ther a55ay. 7he fu510n 15 n0t per- 

fect, 1n that the Pw 5e9ment 15 0ne nuc1e0t1de c105er t0 
the - 1 0  pr0m0ter e1ement than 1t 15 1n PR• 1t5e1f; 1t 15 

p055161e that the RNA 1n1t1ate5 at the 5ec0nd aden1ne 0r 

at an0ther nuc1e0t1de near6y. De5p1te th15 re5ervat10n, 

we c0nc1ude that the pre5ence 0f the - 6  t0 +47 5e9- 

ment 1n near1y 1t5 natura1 10cat10n d0e5 n0t c0nfer 0n a 

f0re19n pr0m0ter the a6111ty t0 re5p0nd t0 Q pr0te1n. 

7w0 further m0d1f1cat10n5 0f the PR, 5e9ment 5h0w 

that the mere pre5ence 0f a11 0f the natura1 5e4uence5 

6ef0re and after the RNA 5tart 51te d0e5 n0t 5uff1ce t0 

c0nfer re5p0n5e t0 Q pr0te1n, 1f the5e 5e9ment5 are 5epa- 

rated. We made 1n5ert10n5 0f 10 and 18 nuc1e0t1de5 6e- 

tween - 1 and + 1 0f p9,, y1e1d1n9 p1a5m1d5 pXY316-1 

and pXY316-2 (F19. 1). 8y the prev10u5 cr1ter1a, 60th are 
act1ve pr0m0ter5, 6ut ne1ther re5p0nd5 t0 Q pr0te1n 1n 

v1v0 0r 1n v1tr0 (F19. 3, 7a61e 1). 7he 6ehav10r 60th 0f 

the5e a1tered pr0m0ter5 and 0f the de1et10n5 1nd1cate5 

that a DNA 5e9ment 1nc1ud1n9 the pr0m0ter, and a p0r- 
t10n 0f the f1r5t 18 nuc1e0t1de5 0f the 65 c0d1n9 5e4uence 

mu5t 6e 1ntact f0r Q t0 m0d1fy tran5cr1pt10n. 

We 5h0wed prev10u51y that the tran5cr1pt10n pau5e at 

+ 16 0ccur5 n0rma11y dur1n9 1n v1tr0 tran5cr1pt10n 0f 

DNA 0f the Q-re5p0n51ve p1a5m1d pXY304 [A( + 18)], 6ut 

n0t DNA 0f the n0nre5p0n51ve p1a5m1d pXY302 A[(- 1)] 

(6rayhack et a1. 1985). We a150 have f0und that the 0ther 

der1vat1ve5 0f p9, that d0 n0t re5p0nd t0 Q- - the  de1et10n 

pXY303 [A(+4)], the 1n5ert10n mutant5 pXY316-1 and 

pXY316-2, and the P0/PR• fu510n pXY309--a150 d0 n0t 
enc0de a detecta61e pau5e at + 16 dur1n9 tran5cr1pt10n 1n 

v1tr0 (X. Yan9 and J.W. R06ert5, unpu61.). Furtherm0re, 

the 1n5ert10n mutant5 d0 n0t enc0de pau5e5 d15p1aced 

d0wn5tream 6y the 1en9th 0f the 1n5ert10n, a5 m19ht 6e 

expected 1f the pau5e were enc0ded 0n1y 1n the 0r191na11y 

tran5cr16ed DNA 5e9ment that 15 m0ved d0wn5tream 6y 

the 1n5ert10n. 0ur  re5u1t5 1mp1y that pau51n9 at + 16 15 

 Cold Spring Harbor Laboratory Press on August 25, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


affected 6y 5e4uence5 60th up5tream 0f - 6  and d0wn- 

5tream 0f + 4, and that the5e 5e4uence5 cann0t 6e 5epa- 

rated 6y 10 0r 18 6p 0f extrane0u5 DNA. 7he fa11ure 0f 

a11 the mutant DNA5 t0 enc0de a pau5e at + 16 may 6e 

5uff1c1ent t0 exp1a1n the1r 1na6111ty t0 re5p0nd t0 Q pr0- 

te1n. 

H19h eff1c1ency 0f ant1term1nat10n at the 5ec0nd 0f tw0 

tandem term1nat0r5 

7he 9reate5t eff1c1ency 0f ant1term1nat10n that we have 

f0und 1n v1tr0 15 a60ut 50%. 8y c0n5truct1n9 p1a5m1d5 

c0nta1n1n9 tw0 term1nat0r5 1n a r0w and mea5ur1n9 
readthr0u9h 0f the 5ec0nd term1nat0r, we can a5k 1f th15 

eff1c1ency ref1ect5 the fract10n 0f RNA p01ymera5e m01e- 

cu1e5 that are m0d1f1ed 6y Q, 0r, 1n5tead, the pr06a6111ty 

that a Q pr0te1n-m0d1f1ed RNA p01ymera5e e5cape5 a 

term1nat0r. 1f ant1term1nat10n 6y the m0d1f1ed RNA 

F19ure 5. Act1v1ty 0f Q pr0te1n 0n tandem term1nat0r5 1n 
v1tr0.7emp1ate5 were H1nd111-5ma1 fra9ment5 0f the 1nd1cated 
p1a5m1d5. P1a5m1d pXY304-1 15 der1ved fr0m pXY304 (the + 18 
de1et10n) 6y 1n5ert10n, 1nt0 1t5 Ec0R1 51te, 0f a 92-6p fra9ment 
c0nta1n1n9 the term1nat0r 0f pha9e 82, wh1ch c0rre5p0nd5 t0 tR, 
0f k (J. 60119er and J.W. R06ert5, unpu6115hed). RNA 1n1t1ated at 
Pw and term1nated at the pha9e 82 term1nat0r 15 de519nated t52 
1n the f19ure; RNA that read5 thr0u9h the pha9e 82 term1nat0r 
t0 the 5ec0nd term1nat0r 15 de519nated t0 1n the f19ure. RNA 
read1n9 thr0u9h 60th term1nat0r5 15 de519nated R7. P1a5m1d 
pXY308 ha5 the w11d-type 65 RNA re910n (the H1nd111-Ec0R1 
5e9ment 0f F19. 1a) c10ned 1nt0 the pXY300 5er1e5 vect0r de- 
5cr16ed 1n F19. 16, 50 that pr0m0ter PR, 15 f0110wed 6y term1n- 
at0r5 t•, and t0 1n tandem. RNA 1n1t1ated at PR, and term1nated 
at t R, 15 named 65; RNA that read5 thr0u9h t R, t0 the 5ec0nd 
term1nat0r 15 de519nated t 0. Nu5A pr0te1n wa5 added t0 150 nm 
where pre5ent. 

Ant1term1nat10n re9u1at0ry 51te 

p01ymera5e 15 50% eff1c1ent at each term1nat0r, then 

0n1y a60ut ha1f 0f the tran5cr1pt5 that pa55 the f1r5t ter- 
m1nat0r 5h0u1d a150 pa55 the 5ec0nd. 0n  the 0ther hand, 

1f ant1term1nat10n 15 m0re near1y 100% eff1c1ent, 6ut 

0n1y ha1f 0f the RNA p01ymera5e m01ecu1e5 are m0d1- 
f1ed 6y Q near the pr0m0ter, then m05t 0f the en2yme 

m01ecu1e5 that pa55 the f1r5t term1nat0r a150 5h0u1d pa55 

the 5ec0nd. 

7he 6ehav10r 0f p1a5m1d5 c0nta1n1n9 tw0 term1nat0r5 

1n a r0w, pXY304-1 and pXY308, 5h0w5 that the 5ec0nd 

p05516111ty 15 c0rrect. P1a5m1d pXY304-1 15 1dent1ca1 t0 

pXY304, except that a DNA 5e9ment c0nta1n1n9 the ter- 
m1nat0r t52 (the c0unterpart 0f ~tR,, der1ved fr0m pha9e 

82) 15 p1aced 1n the Ec0R1 51te at + 18 6etween P~t, and 

term1nat0r t0. P1a5m1d pXY308 ha5 the natura1 pR,-tR, 

5e9ment p1aced 6ef0re term1nat0r t0. F19ure 5 5h0w5 the 

effect 0f Q pr0te1n and Nu5A pr0te1n 0n 1n v1tr0 tran- 

5cr1pt10n 0f the5e p1a5m1d5; each RNA 6and 15 de519- 

nated 6y the name 0f the term1nat0r that 91ve5 r15e t0 1t. 

1n the pre5ence 0f Nu5A a10ne, 11tt1e 5ynthe515 e5cape5 

the f1r5t term1nat0r 1n e1ther p1a5m1d. W1th Nu5A and Q 

pr0te1n t09ether, m05t RNA that e5cape5 the f1r5t ter- 

m1nat0r reache5 the end 0f the fra9ment and d0e5 n0t 

5t0p at t0, the 5ec0nd term1nat0r. 7he effect 15 part1cu- 

1ar1y apparent f0r pXY304-1, 6ecau5e 1n th15 exper1ment 

the A( + 18) de1et10n a110w5 0n1y a60ut 15% ant1term1na- 

t10n thr0u9h the f1r5t term1nat0r, a5 we determ1ned 6y 

c0unt1n9 rad10act1v1ty 1n p1ece5 0f the 9e1 0f F19ure 5 d1- 
rect1y (5ee a150 7a61e 1); yet 12% 0f the RNA p01ymera5e 

90e5 thr0u9h 60th term1nat0r5. 7he re5u1t 0f 0m1tt1n9 
Nu5A pr0te1n c0nf1rm5 that there 15 11tt1e ant1term1na- 

t10n 6y Q pr0te1n w1th0ut Nu5A. 1t 15 u5efu1 that en0u9h 

tran5cr1pt10n 1eak5 pa5t t82 1n the a65ence 0f Nu5A t0 
mark the p051t10n 0f the tran5cr1pt term1nated at t0 1n 

pXY304-1, and thu5 t0 dem0n5trate that t0 15 1n fact 

funct10na1 1n th15 p1a5m1d. 

7he act1v1ty 0f pXY308 1n v1v0 15 c0n515tent w1th 

the5e re5u1t5 (7a61e 1). 80th term1nat0r5 are act1ve 1n 

v1v0, 6ecau5e 9a1act0k1na5e 5ynthe515 w1th0ut 1P76 15 

10-f01d 1e55 than w1th e1ther term1nat0r a10ne (c0mpare 

pXY308 w1th pXY307 and pXY310), and 15 1n fact e4ua1 

t0 the pr0m0ter-1e55 6ack9r0und (pXY301). Yet 1nduc- 

t10n 0f Q pr0te1n w1th 1P76 y1e1d5 0n1y 5119ht1y 1e55 9a- 
1act0k1na5e fr0m pXY308 than fr0m p1a5m1d5 w1th 0n1y 

0ne term1nat0r. 

D15cu5510n 

7he5e exper1ment5 def1ne the 51te at wh1ch the pha9e k 

9ene Q ant1term1nat0r m0d1f1e5 RNA p01ymera5e. 7he 

5ma11e5t DNA 5e9ment we 1501ated that re5p0nd5 t0 Q 

pr0te1n 1nc1ude5 the -35  and - 1 0  e1ement5 0f the 1ate 

9ene pr0m0ter and extend5 thr0u9h 18 nuc1e0t1de5 0f 

the 1ate RNA c0d1n9 re910n. 7he 1na6111ty 0f 5evera1 rear- 

ran9ement5 0f th15 5e9ment that are 5t111 act1ve pr0- 

m0ter5 t0 re5p0nd t0 Q 5u99e5t5 that Q funct10n re4u1re5 

the natura1 5e4uence 5pann1n9 the 1ate RNA 5tart, ex- 
tend1n9 fr0m a 51te up5tream 0f nuc1e0t1de - 6  t0 a 51te 

6etween nuc1e0t1de5 + 4 and + 18. 51nce Q pr0te1n can 

m0d1fy RNA p01ymera5e that ha5 pau5ed after mak1n9 
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Yan9 et a1. 

16 nuc1e0t1de5 0f the 1ate 9ene tran5cr1pt, pau51n9 at 

+ 16 m a y  6e a nece55ary 5tep 1n the en9a9ement 0f Q 

pr0te1n. C0rre5p0nd1n91y, the D N A  5e9ment e55ent1a1 

f0r Q funct10n may  1nc1ude 5e4uence5 that 1nduce the 

pau5e at + 16, a5 we11 a5 5e4uence5 that Q pr0te1n 61nd5. 

A11 0f the Q-n0nre5p0n51ve pr0m0ter5 we have made 6y 

de1et10n 0r rearran9ement 0f PR• fa11 t0 enc0de the pau5e, 

and th15 defect may  6e 5uff1c1ent t0 acc0unt f0r the1r 1n- 

act1v1ty. 7hu5, the5e exper1ment5 d0 n0t 5h0w wh1ch 

D N A  5e9ment5 1n the e55ent1a1 re910n Q pr0te1n 61nd5 

(0r wh1ch D N A  5e9ment5 enc0de RNA that Q pr0te1n 

61nd5). We 5pecu1ate that when  RNA p01ymera5e c0n- 

tact5 D N A  60th 1n the pr0m0ter and 1n the 1ate RNA 

c0d1n9 re910n, a pau5e en5ue5; and th15 pau5e pr0v1de5 

the 5u65trate that Q pr0te1n rec09n12e5. 

7 h e  c0mp1ete a9reement 6etween 1n v1v0 and 1n v1tr0 

a55ay5 0f each DNA f0r re5p0n5e t0 Q pr0te1n 91ve5 u5 

c0nf1dence that the 1n v1tr0 react10n accurate1y ref1ect5 

the act10n 0f Q pr0te1n 1n v1v0. Rec0n5truct1n9 the re9u- 

1at0ry 5y5tem 0n p1a5m1d5 a150 a110wed u5 t0 5h0w that 

tw0 term1nat0r5 f0re19n t0 the natura1 K 1ate 9ene re9u1a- 

t0ry 5e9ment, t0 and t82, are pa55ed 6y Q-m0d1f1ed RNA 

p01ymera5e. 7h15 re5u1t a9ree5 w1th the n0t10n that the 

9en0me 5pec1f1c1ty 0f ant1term1nat10n re51de5 1n the Q 

pr0te1n en9a9ement 51te near the pr0m0ter, and n0t 1n 

the term1nat0r. 

We de519ned the Q-50urce p1a5m1d (UV5-Q2) thr0u9h 

tr1a1-and-err0r t0 re9u1ate PR• pr0per1y. A 51m11ar p1a5m1d 

c0nta1n1n9 0n1y 0ne c0py 0f the Q 9ene tran5cr16ed fr0m 

pr0m0ter  1ac UV5 9ave a very 10w 1nduced 1eve1 0f 9a1ac- 

t0k1na5e, wherea5 an0ther p1a5m1d carry1n9 0ne c0py 0f 

Q tran5cr16ed fr0m the 5tr0n9er tac pr0m0ter 1eaked 

en0u9h Q act1v1ty t0 91ve a h19h 1eve1 0f 9a1act0k1na5e 

fr0m re5p0n51ve p1a5m1d5 w1th0ut 1nduct10n (X. Yan9 

and J.W. R06ert5, unpu61.). 7he  re1at1ve 1eve1 0f expre5- 

510n 0f the Q 9ene fr0m the three p1a5m1d5 15 c0n515tent 

w1th the mea5ured 5tren9th 0f the 1acUV5 and tac pr0- 

m0ter5. 

Why m19ht m0re Q pr0te1n 6e re4u1red 1n v1v0 than 1n 

v1tr0• A1th0u9h the Q pr0te1n c0ncentrat10n 1n the ce11 

15 50mewhat  uncerta1n, the determ1nat10n 15 un11ke1y t0 

6e wr0n9 6y a fact0r 0f 2 5 . 7 h e  pr0te1n 1t5e1f 5h0u1d n0t 

6e d1fferent, 6ecau5e the D N A  5e9ment carry1n9 9ene Q 
1n UV5-Q2 15 a150 the 50urce 0f Q pr0te1n 1n a d1fferent 

p1a5m1d u5ed t0 make  Q pr0te1n f0r pur1f1cat10n. P05- 

5161y m05t Q pr0te1n 1n the ce11 15 unava11a61e 6ecau5e 1t 

15 1n501u61e 0r trapped 6y 1nc0rrect 61nd1n9. C0nce1va61y 

Q pr0te1n ex15t5 1n a f0rm m0re fav0ra61e t0 1t5 funct10n 

after 1t ha5 6een 5u6jected t0 pur1f1cat10n, e.9., a5 a d1mer 

that a55em61e5 much  1e55 eff1c1ent1y 1n v1v0. A m0re 1n- 

tere5t1n9 exp1anat10n 15 that a h19h c0ncentrat10n 0f Q 

pr0te1n 15 re4u1red f0r k1net1c rea50n5. 7he  tran5cr1p- 

t10na1 pau5e at + 16 where Q act5 15 very 10n9 1n v1tr0, 

1a5t1n9 a60ut 5 m1n. Pre5uma61y Q pr0te1n cann0t 

m0d1fy an RNA p01ymera5e m01ecu1e that ha5 e5caped 

the pau5e (6rayhack et a1. 1985); 1f the pau5e were much  

5h0rter 1n v1v0 [and 1t 15 kn0wn that 50me pau5e5 are 

unnatura11y 10n9 1n v1tr0 (Ka55avet15 and Cham6er11n, 

1981)], then a m u c h  h19her c0ncentrat10n 0f Q pr0te1n 

c0u1d 6e re4u1red f0r 1t t0 react eff1c1ent1y w1th RNA 

p01ymera5e dur1n9 the pau5e 1n the ce11. Dur1n9 pha9e 

9r0wth, a h19h c0ncentrat10n m19ht 6e unnece55ary 1f Q 

pr0te1n 15 made near 1t5 51te 0f act10n and thu5 can act 1n 

c15. Q 15 th0u9ht  t0 act m0re eff1c1ent1y 1n c15 than 1n 

tran5 1n v1v0 (Ech015 et a1. 1976; 8urt  and 8rammar  

1982). 

7 h e  fact that  ant1term1nat10n 15 0n1y part1y eff1c1ent 

1n v1tr0 at the f1r5t 0f tw0 term1nat0r5, 6ut a1m05t c0m- 

p1ete1y eff1c1ent at the 5ec0nd, a150 may 6e exp1a1ned 6y 

the 6ehav10r 0f Q pr0te1n at the + 16 pau5e 51te. 1n v1tr0, 

0n1y a60ut ha1f 0f the RNA p01ymera5e m01ecu1e5 pau5e 

at a11; pre5uma61y the 50% ant1term1nat10n eff1c1ency 

ref1ect5 the fract10n that d0 pau5e, and are theref0re 5u5- 

cept161e t0 m0d1f1cat10n 6y Q pr0te1n. 0 n c e  1t 15 m0d1- 

f1ed, the a6111ty 0f RNA p01ymera5e t0 pa55 0ne 0r 5ev- 

era1 term1nat0r5 15 then very h19h. 

Mater1a15 and m e t h 0 d 5  

8acter1a1 5tra1n5 

A11 exper1ment5 u5ed the 5tra1n H8101 [F•1a c/Q]; 9a1K2, recA 13, 
06ta1ned fr0m K. McKenney. 

P1a5m1d5 

pUV5-Q2. P1a5m1d pUV5-Q2 wa5 der1ved fr0m the 10w-c0py- 
num6er p1a5m1d p5E 150, wh1ch 15 c0mpat161e w1th p8R322 and 
wh1ch c0nfer5 5pect1n0myc1n re515tance (5.J. E11ed9e and 6.C. 
Wa1ker, per5. c0mm.). F1r5t, a 8amH1-Ec0R1 fra9ment c0n- 
ta1n1n9 the 1acUV5 pr0m0ter fu5ed t0 9ene Q [de1eted t0 the 
r19ht end 0f the 9ene at nuc1e0t1de 44,549 (Dan1e15 et a1. 1983) 
and ended w1th an Ec0R1 11nker] wa5 c10ned 1nt0 the 5.5-k6 
Ec0R1-8amH1 fra9ment 0f p5E150; then a 5ec0nd c0py 0f the Q 
9ene, 60unded 0n the r19ht 6y an Ec0R151te a5 a60ve, and 0n the 
1eft 6y the C1a1 51te at 43,825 f111ed and ended w1th an Ec0R1 

11nker, wa5 1n5erted 1nt0 the Ec0R1 51te. 
pXY300 5er1e5.7he5e were der1ved fr0m pK0 1 (McKenney et a1. 
1981). 7he un14ue H1nd111 51te 0f pK01 wa5 chan9ed t0 a 89111 

51te, and a 190-6p 5au3A1 fra9ment c0nta1n1n9 the Kt0 term1- 
nat0r (6p 38,476-38,664; Dan1e15 et a1. 1983) wa5 c10ned 1nt0 
the 89111 51te. A p1a5m1d w1th Kt 0 1n the c0rrect 0r1entat10n wa5 
ch05en. 7he un14ue Ec0R1 51te 300 6p up5tream 0f the t 0 1n5er- 
t10n 51te wa5 0pened, an Ec0R1-8amH1 adapter added t0 the 1eft 
51de (a5 0r1ented 1n F19. 1), and the 375-6p 8amH1-H1nd111 p1ece 
fr0m p8R322 added t0 the 8amH1 adapter end; the Ec0R1 51te 
t0 the 1eft 0f 8amH1 51te wa5 then de5tr0yed. A11 0f the pXY300 
5er1e5 p1a5m1d5 were c0n5tructed 6y 1n5ert1n9 e1ther a H1nd111- 

Ec0R1 fra9ment 0r a 89111-Ec0R1 fra9ment 1nt0 th15 vect0r. 

P1a5m1d5 pXY301-pXY307 c0nta1n 5e9ment5 fr0m the 
H1nd111 51te 1n 9ene Q t0 a 8a131 nuc1ea5e 9enerated end at the 
de519nated nuc1e0t1de near the 1ate RNA 5tart 51te (5ee F19. 1a), 
f0110wed 6y the Ec0R1 11nker 66AA77CC; the num6er 1n pa- 
renthe5e5 1nd1cate5 the 1a5t nuc1e0t1de that 15 pre5ent 1n the 
de1et10n. P1a5m1d pXY310 c0nta1n5 the w11d-type H1nd111- 

Ec0R1 p1ece (F19. 1a) c10ned 1nt0 a der1vat1ve 0f pXY300 fr0m 
wh1ch term1nat0r t 0 had 6een de1eted. P1a5m1d pXY308 15 de- 
5cr16ed 1n the 1e9end t0 F19ure 5. P1a5m1d pXY313 c0nta1n5 the 
1ate RNA pr0m0ter re910n 0f pha9e P22; an Ava1 51te at the 
+ 48 p051t10n 0f the P22 1ate RNA c0d1n9 re910n wa5 chan9ed t0 
an Ec0R1 51te, and a 480-6p fra9ment c0nta1n1n9 the car60xyter- 
m1na1 part 0f P22 Q pr0te1n (60unded 6y a H1nd111 51te 0n the 
1eft), the P22 1ate pr0m0ter, and the f1r5t 48 6a5e5 0f the P221ate 
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Ant1term1nat10n re9u1at0ry 51te 

RNA wa5 c10ned 1nt0 the pXY300 vect0r. P1a5m1d pXY312 c0n- 

ta1n5 the 1ate pr0m0ter and the f1r5t 52 6a5e5 0f the 1ate RNA 0f 

pha9e 82 1n a 160-6p H1nd111-Ec0R1 fra9ment (J. 60119er and 
J.W. R06ert5, unpu61.), pXY314 c0nta1n5 the K ear1y pr0m0ter 

PR and the f1r5t 50 6a5e5 0f the Cr0 me55a9e a5 de5cr16ed (Lau 
and R06ert5 1985). 

Var1ant pXY309 wa5 c0n5tructed a5 f0110w5: the 77-6p 89111- 

H1nf1 DNA fra9ment 0f k (nuc1e0t1de5 38,678-38,755; Dan1e15 
et a1. 1983) c0nta1n1n9 the - 35 and - 10 5e4uence5 0f pr0m0ter 

P0 wa5 119ated t0 the 57-6p H1nf1-Ec0R1 fra9ment fr0m pXY305 
(c0nta1n1n9 nuc1e0t1de5 - 4  t0 +47 0f the w11d type PR 5e- 
4uence, p1u5 6 6 A A 7 7  fr0m the Ec0R1 11nker), and the re- 

5u1t1n9 89111-Ec0R1 fra9ment wa5 c10ned 1nt0 the 8amH1- 

Ec0R1 5ect0r 0f the pXY300 5er1e5 p1a5m1d5. Var1ant5 pXY316-1 
and pXY316-2 were c0n5tructed a5 f0110w5: the H1nd111-Ec0R1 

p1ece 0f pXY302 (the de1et10n t0 - 1), 61unt-ended 6y f1111n9 1t5 
Ec0R1 end, wa5 119ated 1n the pre5ence 0f P5t1 11nker 

(6C76CA6C)  t0 the H1nf1-Ec0R1 p1ece 0f pXY306 (nuc1e0- 
t1de5 - 4  t0 +49 0f the w11d-type 5e4uence, p1u5 6 6 A A 7 7  
fr0m the Ec0R1 11nker), wh1ch had 6een f111ed at 1t5 H1nf1 end. 

7he re5u1t1n9 H1nd111-Ec0R1 p1ece5 were c10ned 1nt0 the 
H1nd111-Ec0R1 5ect0r 0f the pXY300 5er1e5 p1a5m1d5. 7he re- 

5u1t1n9 p1a5m1d pXY316-1 rece1ved 0ne P5t1 11nker dur1n9 the 
61unt-end 119at10n and thu5 ha5 a 18-6p 1n5ert c0nta1n1n9 a P5t1 

51te, wherea5 pXY316-2 rece1ved n0 11nker and thu5 ha5 a 10-6p 
1n5ert. 

1n v1tr0 tran5cr1pt10n 

7ran5cr1pt10n 1n v1tr0 wa5 perf0rmed and tran5cr1pt5 were ana- 

1y2ed 6y 9e1 e1ectr0ph0re515 a5 de5cr16ed (6rayhack et a1. 1985). 
5ynthe515 wa5 1n1t1ated 6y 51mu1tane0u5 add1t10n 0f ma9ne- 
51um 10n5 and r1famp1c1n. A11 react10n m1xture5 c0nta1ned 150 

nM Nu5A pr0te1n and 500 r1M Q pr0te1n (where pre5ent), un1e55 

1nd1cated 0therw15e. DNA fra9ment5 were pur1f1ed 6y prec1p1ta- 

t10n 0f 1ar9er fra9ment5 w1th p01yethy1ene 91yc01 (L15 1980). 

Mea5urement 0f Q pr0te1n ma55 1n ce115 

E. c011 5tra1n H8101[F•1ac1Q] carrY1n9 pUV5-Q2 and pXY306 
wa5 9r0wn 1n L 6r0th c0nta1n1n9 0.04 m9/m1 5pect1n0myc1n, 
0.1 m9/m1 amp1c1111n, and d1fferent c0ncentrat10n5 0f 1P76. 

After 9r0wth t0 0D650 = 0.9, 5amp1e5 were 5u6jected t0 1mmu- 
n0610t a55ay f0r Q pr0te1n a5 de5cr16ed 6y L0vett and R06ert5 
(1985). 7he am0unt 0f Q pr0te1n 1n a114u0t5 0f ce115 wa5 deter- 

m1ned 6y 5cann1n9 w1th a den51t0meter 5D5 9e1 tran5fer5 

5ta1ned a5 de5cr16ed 6y L0vett and R06ert5 (1985), u51n9 a5 a 
5tandard pur1f1ed Q pr0te1n m1xed w1th ce115 and pr0ce55ed 

thr0u9h e1ectr0ph0re515 and 610tt1n9 exact1y 11ke the exper1- 
menta1 5amp1e5; the c0ncentrat10n 0f Q pr0te1n wa5 ca1cu1ated 

a55um1n9 a ce11 v01ume 0f 1 ~3. 

A55ay 0f 9a1act0k1na5e 

6a1act0k1na5e wa5 a55ayed a5 de5cr16ed (McKenney et a1. 1983). 

A c k n 0 w 1 e d 9 m e n t 5  

7he5e exper1ment5 were 5upp0rted 6y 9rant 6M21941 fr0m the 

Nat10na1 1n5t1tute5 0f Hea1th. We thank J0hn L15 f0r cr1t1c121n9 

the manu5cr1pt, M.1. M0r5e f0r c0n5truct1n9 p1a5m1d pXY309, 

K. McKenney, 6. Wa1ker, and 5. E11ed9e f0r 5tra1n5, and 1. 60- 
119er f0r he1pfu1 d15cu5510n5 and 91ft5 0f mater1a15. 
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