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During infection of Escherichia  coli by bacterio- 
phage  T7, E. coli RNA polymerase  utilizes  only three 
promoters (Al ,  A2, and A3). In vitro,  the A promoters 
predominate at very  low polymerase  concentration, 
but  at  higher polymerase  concentration  the  minor B, 
C,  D, and E promoters are used with  equal  efficiency. 
The  binding  constant  for  the  initial  association of  po- 
lymerase  with  promoters  and  the  forward rate of iso- 
merization  to an “open” complex capable of initiation 
have been measured for  the  Al, A3, C, and D  promoters 
using the  abortive  initiation  reaction. At 80 mM KC1, 
37 “C, both major and  minor  promoters isomerize rap- 
idly (tllz = 10 to 30 s). In  contrast,  initial  binding  to 
the minor  promoters (KI = 10’) is at least  10-fold 
weaker  than  binding  to major  promoters KT 2 lo’), 
suggesting  promoter  selectivity  in  the T7 system oc- 
curs  at  the point of initial binding. Association kinetics 
of the  A1  and C promoters  on  intact T7  were  the  same 
as measured on restriction  fragments of length 2600 
base  pairs. All open complexes dissociated with  half- 
lives  longer  than 1 h. Overall  equilibrium  binding con- 
stants  estimated  from  kinetic  measurements  ranged 
from 1O’O to r10” M” for  minor and major  promoters, 
respectively. Data on heparin  attack  and  abortive ini- 
tiation  turnover  rates  indicate open complex polym- 
erase conformation may be different  at  the A 1  and A 3  
promoters. 

“major” A  promoters  predominate in vitro as well.  At higher 
(but less than  saturating) polymerase concentration, however, 
the “minor” B, C, D, and E  promoters  transcribe with equal 
efficiency (7-9). Thus,  the differences in polymerase associa- 
tion  and initiation at  minor compared to major T7 promoters 
might be expected to be small but critical in determining 
function in vivo. 

The  extent of repression of the lac operon by lac repressor 
correlates directly with the  extent of equilibrium repressor- 
operator binding (10). In  the case of RNA polymerase and  T7 
promoters, however, dissociation of the polymerase-promoter 
complex is extremely slow (9) relative to  the rate of initiation 
(1,11, E ) ,  such that equilibrium of polymerase with promoter 
is not  obtained before initiation of RNA synthesis. The mo- 
lecular mechanism controlling promoter selectivity must de- 
pend on the kinetics of association. In  this paper, we present 
detailed measurements of the kinetics of polymerase interac- 
tions with two major (A1 and A3) and two minor (C and D) 
T7 promoters  contained on isolated T7 restriction fragments. 
Measurements were done under solution conditions for which 
we also made comparative promoter utilization studies.’ 

A minimum two-step association of polymerase with the 
promoter (13) is well established (1, 14, 15). It may  be sche- 
matically written as 

R + P 2 RP, S RP, 2 RNA initiation 
kl kL1 NTP 

Selective interaction of RNA polymerase with promoter 
regions of DNA is a major control  point for regulation of cell 
growth in prokaryotes (reviewed in Refs. 1-3). Initiation of 
transcription at some promoters is modulated by the presence 
or absence of effector molecules, but for many well-studied 
Escherichia coli promoters the sole determinant of the fre- 
quency of initiation appears  to be the association of the 
promoter with RNA polymerase. Bacteriophage T7 is a stand- 
ard example. Early in infection, E. coli RNA polymerase 
initiates at roughly equal frequency from the closely spaced 
Al, A2, and A3 promoters (Fig. 1). A product of this message 
is a T7-specific RNA polymerase responsible for middle and 
late  T7 transcription. No other E.  coli RNA polymerase- 
specific transcripts have been detected  in significant amounts 
in vivo (4-6). At very low polymerase concentration, the 
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where RPi represents the initial site-specific complex of RNA 
polymerase ( R )  with promoter ( P ) ,  and RP, represents the 
final complex primed for initiation upon addition of nucieo- 
side triphosphates. RP, is generally referred to  as  the “open 
complex” since base pairing  near the initiation  point  has been 
disrupted (16, 17). We  will not use the common term “closed 
complex” for RPi, since kinetically any number of closed 
intermediates may occur between RPi and RP,. Stahl  and 
Chamberlin (7) presented data suggesting that both major 
and minor T7 promoters rapidly form initial binding com- 
plexes but  that discrimination occurs at  the second step in 
favor of major promoters. Until recently, no available tech- 
nique provided for direct measurement of these individual 
steps. McClure (14) has now shown that  the delay (7) in 
approach to steady state turnover of abortive initiation prod- 
uct  after mixing of polymerase and promoter in the presence 
of nucleoside triphosphates may  be used to determine the 
initial binding constant KI = k l /k - ,  and  the isomerization 
rate kB. A  related  method employing full-length transcription 
yields similar data (15). We have applied the abortive initia- 
tion approach to  the  T7 promoters since quantitation is more 
facile. We have also measured k-2, and overall equilibrium 
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binding constants relative to synthetic copolymers, by the 
methods of Cech and McClure (9). 

MATERIALS AND METHODS 

Polymerase and DNA-RNA polymerase was isolated from E. coli 
(Grain Processing) by the method of Burgess and Jendilsak (18). Per 
cent active polymerase was measured periodically by the  T7 template 
functional assay method of Chamberlin et al. (19). Activity ranged 
from 40 to 80% of total concentration. Total polymerase concentra- 
tion is reported here unless otherwise indicated. Bacteriophage "7 
was  grown in E. coli and  the DNA isolated by standard procedures 
(9). Poly(dAT)' and poly(d1C) were purchased (P-L Biochemicals). 
Nucleoside triphosphates (P-L Biochemicals) were purified as previ- 
ously described (11).  Fragments of  DNA created by restriction nu- 
clease digestion were isolated after gel electrophoresis by electroelu- 
tion from gel strips or by digestion of IV,N'-bis-acrylylcystamine 
acrylamide gels with 2-mercaptoethanol (20). Contaminating acryla- 
mide  was removed by loading DNA onto DEAE-A25 Sephadex COI- 
umns, rinsing with 0.1 M KCl, and eluting the DNA at 1 M KCl.  DNA 
was then dialyzed into 0.05 M KC], 0.01 M Tris  (pH 7.5). 0.001 M 
EDTA. Promoter-containing  fragments were identified using pub- 
lished gel patterns (21-24) and sequence data for the left end of T7 
(25) .  The fragments used in this work are  illustrated in Fig. 1. T7Dll l  
is  a deletion mutant missing A2 and A3 (total deletion is 1131 base 
pairs3). T7C5 is functionally identical to wild type but  is used because 
the left-end HaeIII fragment runs free from contaminating  fragments 
on preparative gels. 

Abortive Initiation Assays-The principle and properties of the 
abortive initiation assay have been reported (26,27). Briefly, abortive 
initiation is the reiterative production of a short oligoribonucleotide, 
usually a dinucleoside tetraphosphate, when only two or three nu- 
cleoside triphosphates  are  present  in  a  transcription reaction. The 
abortive initiation  products used in  this work were pppApU for the 
AI and A3 promoters, pGpUpU for the D promoter, and pApC for 
the C promoter. Product was separated as described (11) by ascending 
chromatography. 

To obtain association delay times ( T ) ,  the appropriate combination 
of starting nucleotide (1 mM) and elongating nucleotide (0.04 mM), 
with the corresponding ~~-~'P-labeled nucleotide added to between 
300 and 2000 cpm/pmol, was preincubated 10 min at 37 "C with DNA 
template (2 nM genome) in standard reaction buffer (80 mM  KC1, 40 
mM Tris, pH 8, 10 mM  MgC12, and 1 mM dithiothreitol.) RNA 
polymerase at concentrations varying from 25 to 250  nM was added 
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FIG. 1. Transcriptional map of T7 for E. coli RNA polym- 
erase. "A" promoters are active in vivo early in infection. B, C,  D, 
and E promoters are known to transcribe only in vitro. Restriction 
fragments used in this work are also shown. Lengths of fragments 
and positions in gel patterns were determined from Refs. 21-25. 

' The abbreviations used are: poly(dAT), poly[d(A-T):d(A-TI]; 
poly(dIC), p~ly[d(I-C):d(I-C)]. 

W. Studier, personal communication. 

at time zero. Aliquots (10 pl) were taken at appropriate times and 
streaked  on paper prestreaked with 0.1 M EDTA to assure quenching 
of the reaction. Control reactions were identical except that RNA 
polymerase was preincubated 10 min with DNA and  the reaction 
initiated by addition of nucleotides in reaction buffer. The delay time, 
T ,  was determined by nonlinear regression analysis of the  rate of 
approach to linear abortive initiation turnover. Assuming that both 
k, and k-, are  fast relative to k2 (pre-equilibrium condition), that k-2 
<< kz (see Ref. 9 for supporting  arguments), that polymerase is in 
excess, and d(RPJ/dt = 0, then T reduces to 

7 = - + - - " - -  
1 k-1 
kz klb(R) 

(14). A plot of T versus 1/R is referred to by McClure (14) as a TAU 
plot. The T intercept yields l /k2 directly; the inverse of the slope 
corrected for kz yields KI = kl/k+ TAU plots were constructed using 
estimated active polymerase concentrations since the slope depends 
on [R] .  

To obtain dissociation rates and relative equilibrium binding con- 
stants,  the methods described by Cech and McClure (9) were followed. 
Briefly, dissociation was measured by preincubating 40 nM polymer- 
ase with 2 nM template for 10 min at 37  "C prior to addition of 
competing synthetic copolymer DNA (0.05 mM phosphate for 
poly(dAT), 1 mM phosphate for poly(d1C)) a t  time zero. Aliquots 
were  removed at  later times and mixed with nucleotides in reaction 
buffer for 5 to 10 min, depending on the stability of the complex. 
Relative binding constants were obtained by first incubating polym- 
erase with nonsaturating  concentrations of synthetic copolymer (on 
the order of  20 FM poly(dAT), 200 pM poly(dIC)) 5 min at  37 "c 
before addition of 2 nM promoter-containing template. At times 
ranging from 5 min to 2 h  later, aliquots were  removed and mixed 
with appropriate nucleotides to monitor abortive initiation for 10 
min. Turnover rates independent of time of incubation were taken as 
indication that equilibrium between promoter and copolymer binding 
had been achieved. Relative binding constants were calculated from 
equilibrium turnover  rates relative to maximum turnover  rates a t  full 
promoter occupancy using the theory of McGhee and von Hippel (28) 
to correct for overlapping site effects. 

RESULTS 

From the slope and intercept of TAU plots (see "Materials 
and Methods") values of kz and KI were determined for 
promoters  on T7 restriction fragments. Table I is a summary 
of data measured at 37 "C under standard conditions for the 
following promoters: A1 and D promoters on the T7Dl l l  left- 
end HaeII11639 fragment; the A3 promoter on the T7' Hha1493 
fragment; and  the C promoter on the  T7Dlll H ~ u I I ~ ~ ~  frag- 
ment. All reported data for ka and K, are based on  estimated 
active polymerase concentrations. A typical lagtime (7) ex- 
periment for the D  promoter is plotted  in Fig. 2. 7 uersus 1/R 
(TAU  plot) is shown for the A l ,  C, and D  promoters  in Fig. 
3. We estimate error  in 7 to be 10-20% or a minimum f10 s. 
This means that  the relative error for the rapidly associating 
A  promoters is rather high. The slope of TAU plots, from 
which KI is derived, is subject to  an additional  error of  10- 
20% in estimates of polymerase activity. The  standard devia- 
tion escalates for the major promoters since the slope is so 
small relative to errors in 7. For the major promoters, k2 is 
accurate  within  a factor of 2 or less, but KT represents an 
approximation,  perhaps only a lower limit. 

Given the condition k-l >> kz,  k-2 equals the dissociation 
rate, k0m observed when RP, is challenged with a sequestering 
agent  for free polymerase (14). Experimental procedure has 
been described under  "Materials and Methods." Table I con- 
tains k-2 data measured for the A1 and A3 promoters using 
poly(d1C) as challenger (see also Fig. 4) and for the C promoter 
using poly(dAT). Dissociation from the D  promoter was mea- 
sured with both  synthetic copolymers, since the promoter- 
specific abortive  initiation  product pGpUpU was not synthe- 
sized from either copolymer alone. Identical results were 
obtained with both challenging agents. Results were inde- 
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TABLE I 
Kinetic parameters of major (A) and minor (C and 0) T7 promoters 

Data determined as described under "Materials and Methods," at 37 "C and 80 mM KC1 unless otherwise 
indicated. 

A1 A3 D C C" Db 
Intercept of TAU plot (s)' 11 24 17 27 43 28 
kz(S-') 0.09 0.04 0.06 0.04 0.02 0.04 
k, = l/slope of TAU plot 3 X lo7 2 X lo7 1 x lo6 1 x lo6 5 X lo4 1 x lo6 

(M-' S-') 
KI  3 x lo8 4 x lo8 2 X lo7 3 X lo7 2 x lo6 4 X lo7 
tllZ for kd (rnin) 64 64 230 200 68 360 
k-z(s-l)e 2 x 2 X 10-~ 5 X 10-5 6 X lo-' 2 X 10-~ 3 X 10-5 
K ,  = KIk2 /k -2  (predicted, 1 x 10" 1 x 10" 2 x 1O'O 2 x 1O'O 3 x lo8 4 x 1O'O 

"Measured at 10 "C, 80 mM KCI. 
*Measured at 37 "C, 100 mM KCl. 
'Estimated  uncertainty f10 s. 
dEstimated uncertainty  +50%, lower limit for A promoters. 
'Estimated uncertainty &30%. 
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FIG. 2. Measurement of delay time T for T7 D promoter at 
89 nM active RNA polymerase. Reaction mixture contained 2 nM 
T 7 D l l l  HaeII11639 fragment, 80 mM KC], 40 mM Tris,  pH 8, 10 mM 
MgC12, 1 mM dithiothreitol, 1 mM GMP,  and 0.04 mM [a-32 PIUTP. 
U, RNA polymerase was preincubated with template at 37 "C 
10 min before addition of GMP + UTP at time zero. Total accumu- 
lated product pGpUpU as a function of time is plotted. M, 
template was incubated with GMP + UTP for 10 min before addition 
of RNA polymerase at time zero. The determination of 7 = 1/kb 
assumes [RP,] = [&](I - e-%). 
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FIG. 3. T plotted as a function of estimated active RNA 

polymerase concentration (TAU plot). For the A1 promoter on 
the T7Dl l l  HaeIIIIe39 fragment at 37 "C ( O " 0 ) ;  for the D pro- 
moter (same fragment) a t  37 "C (X-X); for the C promoter on the 
T7' HpaII1470 fragment at 37 "C (U); and for the C promoter 
(same fragment) at 10 "C (U). Experimental protocol is as 
described in Fig. 2. 

I . > . . . . I . . . . .  
2 0  40 60 80 100  120' 

Time (minutes) 

copolymer challenge for the A1 promoter on the T 7 D l l l  
FIG. 4. Dissociation rates, kd = k-a, determined by excess 

HaeIIIlese fragment using 1 m~ (phosphate) poly(d1C) 
(M); and the C promoter on the T7+ HpaI1,70 fragment 
using 50 p~ (phosphate) poly(dAT) (M). Promoter (2 nM) 
was preincubated under standard conditions 10 min at 37 "C before 
addition of  copolymer at time zero. Aliquots were taken at  indicated 
times and assayed for abortive initiation product accumulated in 5 
min as described under "Materials and Methods." 

pendent of copolymer concentration  in  the range tested for 
these  experiments (0.5 to 1 mM poly(dAT), 0.8 to 2 mM 
poly(d1C). 

Equilibrium binding  constants Keg = klk2/k-lk-2,  calcu- 
lated  from measured kinetic  parameters,  are  on  the  order of 
10" and 10'" M-' for  the major and  minor  promoters, respec- 
tively (Table  I). Direct measurement of these  constants  has 
been  difficult, in  part because the  binding  constant is so high. 
Distribution of polymerase  between promoter  and a synthetic 
copolymer  is, however, easy to quantitate by abortive  initia- 
tion. Moreover, if polymerase is  first  bound  to  synthetic 
copolymer before addition of promoter-containing DNA, an 
equilibrium distribution is rapidly achieved. This procedure, 
using abortive  initiation  to  determine  per  cent polymerase 
bound  to  promoter versus poly(dAT)  or  poly(dIC), was used 
to  determine KR . pmmater/KR . (see "Materials  and  Meth- 
ods"). Binding of polymerase to  the A1 promoter relative to 
poly(dAT)  as well as  to poly(d1C)  was  measured  using CpA 
to  prime CpApU synthesis  from  the  promoter.  Poly(dAT) was 
found to  support  no  synthesis of CpApU. Thus,  the  ratio 
K R . u T / K R . d I C  E 6 was established,  making possible compari- 
son of binding  constants for any two  procedures. Ratios 
determined by comparison of relative binding  constants  are 
listed in  Table 11. 

In  order  to  compare  our  results  with  related published 



RNA Polymerase Interactions with T7 Promoters 1619 

TABLE 11 
Relative binding constants 

Estimated uncertainty +50%. 

Measured Predicted from 
kinetic constants 

KR.AIIKR-~AT = 80 KR.AIIKR.D = 5 
KR  AIIKR d~c = 500 KR-DIKR c = 1 
KR  DIKR-~AT = 20 
KR  CIKR UT = 24 

observations, two variations  in  salt  and  temperature were 
tested. Association and dissociation parameters were mea- 
sured for the D promoter at 100 mM KC1 and for the C 
promoter at  10 "C. The  increase in KC1 concentration  to 100 
mM reproduced the  conditions  under which  McClure (14) 
examined  the D promoter  on  intact  T7  template. Using the 
same HaeIII16so fragment  as  in  the 80 mM studies, we found 
that kz decreased from 0.06 to 0.04 s-', and KI increased  from 
2 x IO7 to 4 X lo7 M" (Table  I).  We chose to  test  the C 
promoter at 10 'C, because Wiggs et al. (8) reported very  poor 
utilization of this  promoter  at low temperature.  The  drop  in 
temperature  surprisingly reduced the value of k2 for the C 
promoter by only a factor of  2, but  decreased Kr by a n  order 
of magnitude  (Table  I). 

We also  measured association rates at 80 mM KC1 for  the 
A1 and C promoters  on  intact T 7 D l l l  DNA.  We could detect 
no significant  difference,  over  a wide range of polymerase 
concentration,  from  measurements  on 1639 and 470 base  pair 
fragments, respectively (data  not  shown). 

Previous  attempts  to  compare  abortive  initiation  turnover 
rates  from  promoters  that  direct  synthesis of the  same  product 
have been  inconclusive  (27).  A  major  difficulty has been 
uncertainty  in  template  concentration  due  to  contaminating 
DNA  fragments.  We  circumvented  this  problem by isolating 
a 656 base  pair  fragment  containing  Al,  and a 493 base  pair 
fragment  containing A3, by secondary  HhaI digestion of a 
previously  isolated T7+ Hue111 left-end  fragment (Fig. 1). Gel 
analysis showed no  contamination. To  confirm  template  con- 
centration calculated from UV absorption,  both  fragments 
were independently  titrated  with  RNA polymerase. Maximum 
pppApU production occurred at  one active polymerase/pro- 
moter for each  fragment. Abortive initiation  turnover was 
then assayed under  identical  conditions  on  the two fragments. 
The  amount of pppApU produced  per min/genorne  averaged 
65 for the A1 promoter  and 20 for  the A3 promoter. Using the 
T7C5 HaeIII1260 fragment  that  contains  both  promoters,  turn- 
over was  roughly  130 (less  accurate  due  to  DNA  concentration 
uncertainty). We  conclude that  the  abortive  initiation  turn- 
over rate  is  promoter-dependent  even when the  product  di- 
nucleotide is  the  same for both promoters. This  result was 
confirmed by measuring residual  pppApU production  from 
the Hae1111z50 fragment  after cleavage of the DNA within 
either  the A1 or A3 promoter sequence by an  appropriate 
restriction nuclease (TaqI for inactivation of AI, HinfI for 
inactivation of A3).  Although this procedure was less quanti- 
tative  due  to a slight  inhibition of the  turnover  rate by the 
presence of restriction nucleases, the  same  approximate  ratio 
of turnover  rates for A1 versus A3 was  observed. Cleavage by 
both  restriction nucleases  did not  entirely  eliminate  abortive 
initiation  product  accumulation.  The  most probable  expla- 
nation  is  that  other  sites  on  the  intact  left-end  fragment 
produce small  amounts of pppApU. 

DISCUSSION 

The A1 and A3 promoters  are  both  characterized by strong 
initial equilibrium association  with polymerase (Kr E 4 x 108) 

and  rapid conversion to  the  RP, complex  (half-life in  the 
range of 10  to 30 s). McClure (14)  reported very similar  data 
for the A2 promoter measured on  intact  T7C5 DNA. The 
overall rate of association, k, = Krkn, is slightly faster  than 
reported  rates for X P R  (29) and lacUV5 (30). Note  that KI 
may  very well be  larger than  estimated, since the extremely 
weak dependence on polymerase concentration coupled with 
estimated  error  in  the  data does not allow for determination 
of an  upper limit. Both  promoters  exhibit a  dissociation half- 
life of about 60 min. Predicted  binding  constants for both 
promoters  are  therefore ~ 1 0 ' ~  M-'. The  similarity of the 
measured  parameters  for  the  three A promoters  is  not  sur- 
prising,  since  no  significant differences in utilization  have 
been  observed (9). Rosenberg et al. (31)  reported a very similar 
overall rate of open complex formation for A1 on  an  intact 
T7  template  measured by what  they  term  the  quantitative 
transcription assay.  However, the  same group found  the  half- 
life of dissociation  for the A1 open complex to be  only 5 min 
at 100 mM NaCl (32). 

Polymerase association with each of the two minor  pro- 
moters, C and  D,  is also  nearly  identical  kinetically. We found 
that  the  minor  promoters undergo a relatively rapid isomeri- 
zation to  the  open complex  only  2- or %fold slower than  the 
fastest A promoter.  The range of kz values for  the major 
promoters  indeed overlaps that of the  minor  promoters. More 
striking  is  the 10-fold lower initial  binding  constant K I  of the 
minor  promoters.  Two conclusions may be derived. First,  the 
fact  that measured  values are highly dependent  on  the 
strength of the  promoter  but  not  dependent  on  the size of the 
DNA template  (in  the  range  studied) reinforces the  assump- 
tion  that measured KI values reflect promoter-specific bind- 
ing. Second, the  fact  that relative  differences  between major 
and  minor  promoters  are  much larger  for KI than for kz 
suggests that  initial  binding  rather  than  the  rate of isomeri- 
zation may control  the  pattern of promoter utilization during 
early T7 infection.  A similar  pattern was  observed for  the X 
PR promoter  compared  to  the  x3  mutant,  although  in  this case 
the relative  differences in  both  parameters were larger (19). 
The  T7 minor  promoters  actually form open complexes  some- 
what  faster  than does the  extremely weak X PRM promoter  in 
the  presence of CI repressor (33,34). 

Stefan0  and  Gralla (30) have pointed  out  that when the 
RP, complex is sufficiently unstable,  the observed KI becomes 
a measure of nKB, where n is  the  number of nonspecific 
binding  sites overlapping the  promoter  and KB is  the  nonspe- 
cific association binding  constant.  Since a reliable  value  for 
KB has  not been established,  it is unclear  whether  the K, 
values  for the  minor  promoters  represent  the  true values or 
rather  an  upper limit. Published Kr data for the X PR-x3 
mutation  (29), X P R M  (33, 34), and 7 lac promoter  mutations 
(30)  all fall  between 0.6 X lo7 and 3 X lo7 "I. No lower 
values  have  been reported.  The overall  association rate k, = 
K1kz is, however, unaffected by competition  from nonspecific 
binding (30). 

Sequences for  the  Al, A2,  A3 (23), C  (35), and D  (25) 
promoters  along with a composite promoter of most frequently 
observed  sequence  (2, 36) are shown in Fig. 5. Insufficient 
information is available to  determine  what sequence charac- 
teristics  distinguish major  from minor  promoters  in  the  T7 
system. The  T7 promoters  in  fact  match  the canonical pro- 
moter sequence remarkably well in comparison to  other  pro- 
moter sequences  which are known to be used in vivo (2,  33). 
Considering  only the 6 base  pair -10 and -35 regions and  the 
size of the  spacer region, the  minor  promoter sequences in 
general contain only one  additional  mismatch  than  do  the 
major promoters.  The sequence of the  minor D promoter,  for 
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a A 3 . t  .... cTTGACa ....... .......).. T A t A A T  ....... 

A A M A G A G T A X T A A A G T C  TAACCTATAGGATACTTACAGCCAJ A1 
AAAACAGGTATTGACAACATGAAGTAACATGCAGTAAGATACAAATCE A2 

AACAAAACGGTTGACAACATGAA GTAAACACGGTACGATGTACCACAJ A 3  

GATAAGCMCTTGACGCAATGTT  AATGGGCTGATAGTCTTAT C T T L  C 

AAGATAGGCGTTGACTTGATGGG TCTTTAGGTGTAGGCTTTA G G T E  0 

23 ( A I ,  A2, and A3) ,  35 ( C ) ,  and 25 (D) .  The most frequently 
FIG. 5. T7 early promoter  sequences  taken  from  references 

observed bases (2, 36) are  shown for comparison. Capital letters 
represent bases present in more than 61% of sequenced  promoters. 
Lower case letters  represent a frequency z46%, 

example, is identical to  that of the major A1 promoter  in the 
-35  region and  in  the size of the spacer. All bases of the -10 
region of the D  promoter occur in the same position at least 
once in one of the A  promoters, except the G at  position -11 
which occurs rarely in known promoters. Other less obvious 
differences outside the 12  base  pairs of the -10 and -35 
regions may of course contribute significantly to the assumed 
inactivity of the minor promoters in uiuo. In particular, the 
region of lesser homology a t  -45  may  be important (36). 
Nevertheless, the  T7 promoter  characteristics  appear to refute 
the concept that  the sequence of the -10 region controls the 
rate of isomerization but  not  initial binding. 

Tau plot data for the D  promoter at 100 mM KC1 measured 
on the HaeIIIlG39 fragment is in good agreement with the  data 
for the D  promoter on intact  T7 DNA published by McClure 
(14). We used estimated active polymerase concentrations to 
determine K,  values. If the slope of McClure's data is corrected 
for his  estimate of polymerase activity, agreement is within 
experimental  error. These  data along with our own observa- 
tions on the effect of template  length on A1 and C  promoter 
behavior suggest that  at 80 to 100 mM  KC1, polymerase 
association kinetics  are  independent of template length for 
length 2 500 base pairs. 

The C  promotor was chosen for testing  at 10 "C because of 
evidence that  it is used very infrequently, if at  all, in compar- 
ison to  other  T7 promoters at low temperature in vitro (8). 
Fortunately, abortive initiation  turnover was substantial at  
10 "C if preincubation was sufficiently long. Tau plot analysis 
surprisingly showed little change in  the isomerization rate  but 
rather a large decrease in  the initial binding constant. The 
low temperature KI is in  fact an order of magnitude lower 
than  the minimum observed at  37 "C (see above). Both  the 
low magnitude and  the unexpected temperature dependence 
of Kr might be explained by temperature  dependent  nonspe- 
cific binding, but  the  data of de Haseth et al. (37) do not 
support this hypothesis. Presumption of a  3-step mechanism 
with the first two steps  in pre-equilibrium (38) is of limited 
help. The decrease in KI observed at  low temperature may  be 
assumed to be entirely in the second pre-equilibrium step, 
perhaps involving a  protein  conformational change. However, 
the maximum reduction in the  true value of k2 at low temper- 
ature would still be only a factor of  2. 

Dissociation rates for the  Al, A2,  A3, and D promoters 
determined by heparin challenge and for the A2 and D pro- 
moters measured by poly(dAT) challenge were reported ear- 
lier (9). We have found that poly(d1C) functions as well as 
poly(dAT) as challenging agent,  although the concentration 
which must be used to sequester all free polymerase is ap- 
proximately 10-fold higher. Dissociation rates clearly bear  no 
direct  relationship  to  promoter strength. Of the  T7 promoters 
that have been studied, the minor promoters have signifi- 
cantly slower rates of dissociation than do the major A  pro- 
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moters. Neither can a direct inverse relationship exist, be- 
cause the  strong X PR promoter and  its  mutant x3 have 
identical dissociation rates of the same magnitude as the  T7 
minor  promoters (29). In all cases, however, two necessary 
assumptions, that dissociation is very slow relative to  the 
forward rate of isomerization and  to  the time required for 
determining T, are valid. 

Heparin has frequently been used as a sequestering agent 
for dissociation assays despite evidence that  it directly attacks 
polymerase-promoter complexes (9, 39). Using heparin, Cech 
and McClure (9) reported dissociation half-lives of about 5, 
30, 50, and 210 min for the  Al, A2,  A3, and D  promoters, 
respectively, at  heparin  concentrations 580 bg/ml. For all but 
the A1 promoter,  these rates satisfactorily match  those re- 
ported here and by Cech and McClure (9) from copolymer 
challenge experiments. Cech and McClure also reported the 
rate of direct attack of heparin on the polymerase-D promoter 
complex to be  340 M" min".  If the same attack  rate applied 
to the A1  promoter complex, the expected half-life extrapo- 
lated to zero heparin  concentration would increase from 5 to 
5.03 min, not 60 min as measured by either poly(dAT) or 
poly(d1C)challenge. Pfeffer et al. (39) also observed an appar- 
ent high degree  of heparin destabilization of the A1  complex. 
Our data indicate that  the A1 promoter is unique in its 
extreme  sensitivity to heparin. This sensitivity may  be due to 
a unique conformation of the open complex at  the A1  pro- 
moter. In any case, it must be concluded that heparin  chal- 
lenge is not  a reliable technique for application to all pro- 
moters. 

Absolute equilibrium binding constants have not been di- 
rectly determined. Nevertheless, it is possible to compare 
measured ratios to ratios calculated from measured rate con- 
stants. Agreement of the predicted and observed ratios  listed 
in  Table I and I1 is good. The magnitude of the predicted 
absolute binding constants is also within the range expected 
from competition filter binding assays (40). Using a  template 
competition assay, Kadesch et al. (41) estimated K ,  = 6 X 
10" M" for +,he A1 promoter at  100 mM NaCl. The advantage 
of using kinetic measurements to establish equilibrium con- 
stants is that  the question of whether or not equilibrium has 
indeed been attained need not be raised. 

The initiation  step itself, schematically identified by the 
rate  constant k3, must also be considered a  potential regula- 
tory  step. The  rate of formation of the first few phosphodiester 
bonds may  be promoter-dependent, or natural abortive initi- 
ation (recycling) even in the presence of physiological concen- 
trations of all four nucleotides may reduce the  rate of com- 
petent RNA synthesis. Natural abortive  initiation of products 
two to eight bases in length is now known to occur with high 
frequency at  the lacUV5 (42) and  Tn5 (43) promoters, and 
probably with lower frequency at X PR, (44). In the first two 
cases, recycling may very well  be rate-limiting in uiuo. How- 
ever, no evidence exists for natural abortive  initiation at  the 
T7 A promoters (45). Less is  known about relative rates of 
formation of initial phosphodiester bonds. It is not yet clear 
how the steady state  rate of abortive  initiation should be 
interpreted in relation to the rate of initial phosphodiester 
bond formation  during productive RNA synthesis. It has been 
argued that  the release of the abortive initiation product can 
at  most be only partially  rate-limiting during steady state 
abortive initiation (11). Comparison of abortive initiation 
turnover rates for pppApU from the A1  and A3 promoters 
therefore suggests that  the  rate of formation of a bond of 
identical sequence may be promoter-specific. Barring  stabili- 
zation of the  ternary complex by adjacent unpaired DNA 
bases, the abortive initiation rate probably reflects promoter- 
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specific differences in open complex conformation. It is en- 
tirely possible such differences in rates of bond formation  are 
never large enough to influence the overall rate of mRNA 
initiation and synthesis (11, 27, 45), but  it should be kept  in 
mind that  the potential  exists for promoter-dependent rates 
of phosphodiester bond formation. 

In summary, the ability to measure the kinetics of RNA 
polymerase-DNA interactions is a necessary step  in  the gen- 
eral effort to correlate the sequence of DNA regulatory regions 
with control of gene expression. Data presented here demon- 
strate  that  the  rate of association of polymerase with  promoter 
and conversion to  the RP,, complex is greater than 10-fold 
faster for the very strong T7 major promoters than for the 
less strong minor promoters. The  latter are  apparently  not 
used in vivo but  are very active during in vitro transcription 
at polymerase concentrations  far below saturation levels for 
the major promoters. No other transcriptional  property of 
these  promoters  can be correlated with frequency of utiliza- 
tion. Nearly all of this difference in k, resides in the  initial 
binding step R + P $ RPi. Speculation at  this point as  to 
what  features of promoter sequence distinguish the major 
from minor promoters is premature. Only more data on the 
effects of mutations  or stepwise chemical changes in  promoter 
sequence can resolve this question. 
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