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Mutations at Position-10 in theA Pgr Promoter Primarily Affect Conversion of the
Initial Closed Complex (R to a Stable, Closed Intermediate (RP
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ABSTRACT. The effects of mutations of 10 T:A to A:T, C:G, or G:C in thel Pg promoter on formation

of transcriptionally competent open complexes were studied by DNAse | footprinting, Kideitivity,

and abortive initiation kinetic analysis. The mutatiens0A (T:A — A:T) and —10C significantly reduce

ki, the composite rate constant for conversion of closed complexe} i@GR&pen complexes (RPbut do

not affectKg, the equilibirium constant for formation of closed complexes. Unlike the other mutants or
wild-type Pg, the mutation with the largest effect on open complex formatiehQG (T:A — G:C),
substantially decreases the occupancy of the promoter. When reduced occupancy is taken into account,
the calculated effect of the mutation &nis a 20-fold reduction. Analysis of open complex formation by

a three-step pathway that includes an additional intermediatgjriRlRates that the primary effect of all
three mutations is a reduction in the rate of isomerization of fRARR, which precedes DNA strand
separation. Thus, RNA polymerase holoenzyme must recognize specific base pairs-itOthegion of

Pr while the DNA is still double-stranded. Comparison of the observed level of stable complexes (RP
plus RR) with the level of productive complexes (RRndicates that the-10G mutation may also affect

the equilibrium between RRNnd RRB at 37. Open complexes formed at the three mutant promoters are
approximately 3-5 times less stable at 3Than those formed at wild-typerg.

Open complex formation by eubacterial RNA polymerase  We examined the effects of mutations at a single sitEQ)
holoenzyme (RNAPF)can be characterized minimally by a in the A Pg promoter on kinetic parameters associated with
simplified, two-step pathway (mechanism 1), in which RNAP each of the three steps in mechanism 2, one goal being to

and promoter DNA form a specificlosedcomplex, RR determine whether particular mutations in th&0 consensus
which isomerizes to thepencomplex, RR (1): region affect DNA strand separation per se. The latter
« question is of particular interest since RNAP recognizes
R+ P-—‘iRPC«—kf>RP0 (mechanism 1) specific—10 consensus nycleotldes on]y in the nontemplate
k DNA strand when it initiates transcription on templates

containing preformed heteroduplexes spanning tHE)

During isomerization, DNA strands separate to permit base region @). In addition, the holoenzyme binds sequence-

pairing between substrate NTPs and the template stiand ( o : ) L
3). The dependence of open complex formatiod & (4, specifically to single-stranded DNA containing thelO

5) andlacPyys (6) on temperature and salt implicated at least consensiJs sequehc@.( ' . '
one additional intermediate, Rfmechanism 2): At 37 °C, mutation of the T:A base pair at10 to G:C

has the strongest effect on open complex formation, while
K, K, Kq . mutations to A:T and C:G have much less severe effects.
R+ P<=RF; ZRPi‘__‘RPo (mechanism 2) The mutant phenotypes correlate well with the in vivo effects
of the corresponding mutations in the R&# promoter {0).
Step 2 is thought to involve an isomerization of RNAP that At 20 °C, values ofKz obtained from temperature-shift
“nucleates” strand separatior?, (3, 7). RB, which is experiments for the mutant promoters were not significantly
equivalent to4 in other formulations of the same mechanism different from those obtained for wild-tyges. On the basis
(3), has properties common to both open and closed of an analysis of the rate of equilibration of Rihd RR
complexes. The DNA strands in the complex are not yet after the temperature shift, we conclude that neither the 3-
separatedd), but because the second step is irreversible, to 4-fold effects of the—10A (T:A — A:T) and —10C
is a component ok in mechanism 1. In addition, like RP  mutations ork at 37°C nor the 20-fold effect of-10G can
RP is resistant to polyanions). be explained by a change K. These results indicate that
at least some interactions between specific nucleotides in
* To whom correspondence should be addressed. Telephone: 319-the —10 region and RNAP take place prior to strand
33?:6\1b1b1rzi/ i';ﬁgag?tg-%ii-e}ogﬁts)_ CpA, cytidyly63 5)-adenosine; separation. Furthermore, our data demonstrate-thaiC, a
Glu, glutamate; N'IPP ribo%ucle(’)sige ’ tr)ighgsyphate; RNAP (R’NA mutation fr.om T:Ato C.I:G,. WhIC.h should Stablhze.the DNA
polymerase holoenzyme); BPRR, and RR. RNA polymerase double-helix in the region in which strand separation occurs,
promoter open, closed, and intermediate complex, respectively. does not significantly inhibit strand separation per se.
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Py was purified by elution from an Elutip column (Schleicher

-35 10 Wl and Schuell, Keene, NH). To assay binding by RNA

5’ -TTGACTATTTTACCTCTGGCGETGATAATGGTTGCATS -3 polymerase, prewarmed DNA (final concentration, 1 nM)

3’ -AACTGATAAARTGGAGACCGCCACTATTACCAACGTAC-5 and RNAP (final concentration, 20 nM active enzyme) were
R S ® incubated in transcription buffer. At indicated times, (415

aliquots were taken and treated withub of DNAse | (2
uag/mL at 20°C or 0.5ug/mL at 37°C) in 10 mM Tris-HClI,

_ ) pH 8.0, 5 mM MgC}, 1 mM CaC}, 2 mM DTT, and 0.1 M
Ficure 1: Nucleotide sequence &fz. Sequences corresponding

to the—10 and—35 consensus sequencesTATAAT-3' and 5- KCl for 1 min. Ree_lctlons were stoppz)ed by add_|t|on of one
TTGACA-3, respectively) are underlined. Nucleotide sequence Volume of formamide stop buffer (98% formamide, 10 mM

changes are indicated for thel0 mutations used in this study. EDTA, pH 8.0, 1 mg/mL xylene cyanol, 1 mg/mL bro-
Vertical arrows at—4, —3, and+2 indicate cleavage sites for  mophenol blue). Products were separated by electrophoresis
KMnO,. The open arrow denotes the transcription start site. The gn 3 7 M urea/8% polyacrylamide gel and analyzed on a
llél(\:/léédm:tt_aygnv\;i?ﬁ F;gs(gg():’t ‘{ch':_h is present on all templates, is Molecular Dynami_cs phosphoimag_er. Fractio_nal occupancy
at each time point was determined by (i) subtracting
EXPERIMENTAL PROCEDURES background intensities from intensities of selected bands in
two protected regions (neat35 and+1) and an unprotected
region (near—60), which are boxed in Figure 2; (ii)
calculating the ratio of intensities (after subtracting back-
ground) in selected bands in the protected region to the
intensities in the absence of RNAP; and (iii) normalizing
ith a respect to the corresponding ratios for reference bands
in the unprotected region. Fractional occupancies based on
intensities of the bands at35 (see Figure 2) ot+1 were
within 10% of each other in almost all cases and were
averaged to yield the data in Table 1. Positions of the bands
in the gel were determined by comparison with partial
sequencing ladders and with previous footprints obtained in
our laboratory 11) and the Record laboratorg)(
KMnOy-Sensitiity. DNA (final concentration 1 nM,
labeled and purified as described for DNAse | footprinting)

0.5 mM CpA and 5uM o-[?P]-UTP (spec. act. 0-40.8 and RNAP (final concentration, 20 nM, active enzyme) were

Ci/mmole). Samples were analyzed as described previouslyprewarmed' mixed, and incubated at 20 or A7 in
(14) and the data were fit to eq 13): transcription buffer without DTT. Samples (4£.) were

taken and added to 1 of KMnO4 (14.8 mM) for 1 min.
Tope= 1/ + 1Kk [RNAP] (1) Reactions were stopped by addition of 2D of stop mix
obs B (3.5 M -mercaptoethanol, 1.4 M NaOAc). Reference DNA
Rates of dissociationk{) of preformed complexes were (2 uL of the original labeled 367-bp fragment, digested by
measured in the presence of 3@/mL of heparin as  Hincll to generate a 137—bp labeled fragment) was added,
described previously1¢) using abortive initiation or gel ~ followed by phenol extraction and two cycles of ethanol
mobility shift assays to measure dissociation at 37 ¢, 20 Precipitation. Pelleted DNA was resuspended in #&0of
respectively. piperidine (1/10 dilution), incubated at 9C for 30 min,
Determination oKz was based on the method devised by Precipitated with ethanol, and then resuspended in formamide
Buc and McClure §), except that open complexes were dye buffer. Following electrophoresisica 7 M urea/8%

C T G
10G 10A 10C

Plasmids and DNA Fragment8acteriophage Mt101
contains a phagé 678-bpEcoRI—Hindlll DNA fragment
inserted betweeicdRl andHindlll sites in the polylinker
of a derivative of M13mp181(1). Oligonucleotide-directed
mutagenesis of Mt101 was used to generate the mutants use
in this study. DNA fragments used as templates for RNAP
were obtained from plasmids containiRgy andPg, which
were constructed by inserting 372-BpoRI—Nsil fragments
from Mt101 derivatives into pSW304.0). All templates also
contained the mutation KM11, which inactivategy (12).

Determination of Kinetic Parameter3.o determineKg
and ki (1, 13), DNA (0.05-1.0 nM) and RNAP were
combined in transcription buffer [40 mM Tris-HCI, pH 8.0,
0.1 M potassium glutamate (KGlu), 10 mM MgCIL mM
dithiothreitol, and 10@:g/mL of bovine serum albumin] plus

assayed by probing for sensitivity to KMnQollowing a polyacrylamide gel, the products were quantified using a
shift of preformed open complexes from 37 to 20, as ~ Molecular Dynamics phosphoimager.
described previouslyld). Data obtained after the temper-  Enzymes and MaterialRNAP holoenzyme was purchased

ature-shift were fit to a rearranged version of eq 1 of Buc from Epicenter (Madison, WI) or purified by the method of

and McClure 6), in whichf is the fraction of open complexes ~ Burgess and Jendrisakq) as modified by Lowe et al16).
remaining as a function of time after the temperature The fraction of active enzyme was determined by titration

downshift: of DNA containing only thel late promoterPr (17).
Restriction enzymes, T4 DNA ligase, and Klenow fragment
f= [e*ﬁt + Kal/(1 + Ky) (2) were purchased from New England Biolabs (Beverly, MA)
and Promega (Madison, WI). CpA was obtained from ICN
DNAse | Footprinting. EcBI-digested pSW305 deriva- Biomedicals (Irvine, CA). DNAse | was purchased from
tives were labeled at their nds by incubating the DNA  Sigma Chem. Co. (St. Louis, MO). Radioactive substrates
with the Klenow fragment of DNA polymerase | in the were obtained from Amersham/Searle (Arlington Heights,
presence of -32P]-dATP followed by incubation with  IL).
unlabeled dATP. Following digestion of the radioactive DNA RESULTS
by Hindlll, the products were separated by polyacrylamide
gel electrophoresis and the isolated 367HmoRI—Hindlll Formation of Open Complexes at 37 and°ZQ The goal
fragment, labeled on thel strand (top strand in Figure 1), of this research was to analyze the effects of mutations at
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Ficure 2: DNAse | footprints at wild-type and mutant derivativesRy Samples were withdrawn at the indicated times and treated with
DNAse | as outlined in Experimental Procedures. The region protected from DNAse | digestion extends approximate®Cfrimm-45

on thel | strand (top strand in Figure 1). DNA templates used in the left (wild-type), centdd), and right ¢ 10G) panels are indicated.
Regions used in calculating fractional occupancy are indicated by boxes in the zero time sample for Wwigety@€. The upper, middle,

and lower boxes enclose an unprotected region redfl, bands at-34, —35, and—37, and bands at1, +3, and+8, respectively.
Positions of bands were determined by comparison with a partial DNA sequence ladder and with previously published footprints of wild-

type Pr (3, 11).

Table 1: Occupanéyof Pr on Mutant and Wild-Type Templates

KMHO4-
sensitivity

DNAse | footprinting

occupancy plateau time plateau  time

might occur on mutant templates at°’3 on mutant or wild-
type templates at 20 Therefore, all DNA templates con-
tained the mutation KM11 (Figure 1), which inactivaigg,.
The protected regions (Figure 2) for wild-type and the two

DNA  temp at30min level achieved level achieved mutant promoters are not significantly different from each

template  (°C) (%) (%) (min® (%)  (min)’ other, nor do they differ signficantly from previous footprints
Pr \(Nild-tyr))e 37 nb 98+2 ~1 =100 ~1 for wild-type Pr obtained in our laboratoryi () or the Record
Pr(-10C) 37 76+13 89+2 30-60 84+12 ~30 i A
Pr(-10G) 37 5310 75£0 ~30 661 14 30 laboratory 8). The protected region extends primarily from

—45 to +20, with some protection also observed at about
Pr(—10C) 20 652 85+2 60-120 55+3  60-120 —50. There is no detectable difference between footprints
Pr(-10G) 20 502 61x5 ~120 >27+2° >120 obtained at 20and those obtained at 3@t any time point.

2 For DNAse | footprinting, occupancy was determined by comparing This is expected since & the footprints for RPand RR
the intensity of bands in the protected region of the gel to the intensity gre indistinguishable3}.
of bands in the unprotected region. For permanganate sensitivity, . .
occupancy is defined as the intensity of the band corresponding to  Although the wild-type T at-10 in the nontemplate (top)

cleavage at-3, relative to the intensity of the same band on the wild- strand ofPg is not so highly conserved as some consensus
type template at 37C. Percentages are averages of two experiments nycleotides, the mutations10C and—10G significantly

+ range for the permanganate experiments and averages of three O%teduce the overall rate of open complex formation. At
more experimentst SD for the DNAse | footprinting experiments. o . . N

bnt, not tested; no 30-min sample was taken because maximal 37 C and 20 nM RNAP, it tal_(es about 1 min to a(.:h'eve
occupancy was attained in less than 10 rfiRlateau not attained by ~ maximal occupancy on the wild-type template, while ap-
120 min.¢ Indicated times are the estimated times at which maximal proximately 30 min or longer are required on the mutant
occupancy was achieved based on quantitative analysis of phosphotemplates (Table 1). Furthermore, the mutatierl0G
rimager data obtained at the time points indicated in Figures 2 and 3. decreases the final occupancy g by about 25%

—10 of Pr kinetically and determine whether any of the In similar experiments, open complexes were assayed by
mutations directly affected the strand separation step in theprobing the sensitivity of separated DNA strands to KMnO
three-step pathway to the open complex (mechanism 2). Wewhich induces cleavage at thymidine residues in single-
focused on mutations at10, because it is close to the site stranded DNA 19). Permanganate sensitivity should be
at which strand separation is initiateti8f. To explore the characteristic only of RP but not RR (3, 20). Because the
effects of the mutations qualitatively, the ability of RNAP 3" end of the top strand (Figure 1) is labeled witR, these

to form a DNAse | footprint on the mutant and wild-type assays are specific for T's in the top strand, and cleavage of
templates was assayed in standard transcription buffera T closer to the '3end of the fragment should preclude
containing 0.1 M KCI. Although RNAP aPry does not detection of cleavagefa T closer to the 5end on the same
interfere with open complex formation at wild-tyg#; at strand. Bands due to cleavage at thymidine residue2at

37° (12), we wanted to avoid the possibility that interference —3, and —4 are the most prominent. Figure 3 illustrates

Prwild-type 20 98+6 96+5 3-30 64+4  10-40
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wild-type (-10C) (-10G)
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_ v )
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37° 20° 37° 20° 37° 20°
Ficure 3: Assays of KMn@-sensitivity of binary complexes as a function of time of incubation &t @pen complexes were allowed to
form for indicated times at 25 nM RNAP at 37Samples were withdrawn at the indicated times and treated with KNs@escribed in
Experimental Procedures. Arrows indicate the positions of bands representing cleavie®e-e8, and—4 as well as the position of
reference DNA, which was added to each sample to monitor the recovery of the kivke®ed DNA during phenol extraction and
electrophoresis. The positions of bands were verified by comparison with-aT®ONA sequencing ladder (leftmost lane).

8

results of assays of KMnsensitivity as a function of time

of incubation of 20 nM RNAP and template DNA at3Gr

20° in buffer containing 0.1 M KCI. Maximal levels of

KMnOg4-sensitivity of the T at—3 were achieved at ap-

proximately the same time that the maximal occupancies 6 -

were observed in the footprinting experiments (Table 1). At

37 °C, maximal occupancies of wild-tyge; and the—10C

mutant promoter are nearly the same in both the footprinting =

and permanganate assays, indicating that few, if any, of the £ , |

stable complexes are R, 20). However, as measured by £

KMnOg-sensitivity, the—10G promoter forms only about

two-thirds the number of open complexes (RBs wild-

type Pg, and the DNAse | footprinting assays (Figure 2)

indicate that the mutant promoter forms about three-fourths

as many stable complexes (R#us RB) as the wild-type

promoter. Thusthese data suggest that as many as1%%

of the stable complexes formed at th&0G mutant promoter T

may be RR However, there is substantially variability in 0 \ \ ] \

plateau levels determined in permanganate sensitivity assays, 0 10 20 30 40 50

at least in part because of the lack of an appropriate internal [RNAP]™, (uMy!

standard for normalization of data obtained with different FiGure 4: Tau plots for wild-typePs and—10 mutant promoters.

template DNAs. Values ofrqpsand standard errors were obtained from lagtime assays
For all three templates, the plateau levels &t @@ble 1) (13) of the synthesis of the abortive initiation product CpApU,

are lower in the permanganate assays than in DNAse | which corresponds to nucleotides-&t, +1, and+2 of Pr. Straight

- i lines represent a weighted least squares best fit of the lagtime data
footprinting assays, indicating that not all stable complexes t0 eq 1 (see refl4). The data for the10G promoter are not

are open, i.e., as reported previousdy, fome could be RP ¢orrected for incomplete occupancy (see text). Symb@swild-
Kinetic Analysis of Effects of Mutations atL0 on Open type Pg; gray-shaded squares, 10A; 10C; v, 10G.

Complex Formation at R The footprinting data indicate that

the mutations delay formation of strand-separated (open)consistency, all subsequent kinetic experiments were per-
complexes at both 37 and 2@ but do not identify the  formed in the presence of KGlu.

step(s) in the pathway to the open complex that are affected .

by the mutations. To address this question, abortive initiation ~ ValU€S Ofzebs were plotted as a function of 1/[RNAP] to
lagtime assaysl@) were used to determingps the average ~ d€términeKg and ki (1, 13) as defined by the two-step
time required for open complex formation at several RNAP Mechanism. The time required for open complex formation
concentrations for each mutant. These experiments wereWas greatest foPr (—10G) and smallest for wild-typ€r
performed in the presence of 0.1 M potassium glutamate (Figure 4). Calculated values Kgks (Table 2) and inspection
(KGIlu) instead of KCI, because the footprinting analysis ©Of Figure 4 indicate that the effects 6fl0A and—10C on
(Figure 2) indicated that the 10G promoter failed to achieve ~ Promoter function are virtually identical and are different
full occupancy. On the basis of previous studies in which from the effects of-10G. On the basis of the calculated
substitution of KGIu for KCI increased final occupancy at kinetic parameters, none of the three mutations significantly
wild-type Pg at >0.2 M salt concentration2(), we hoped  affects Kg, but all three mutations decreage the rate
that the substitution would increase the occupancy of the constant for conversion of RRo RR,, approximately by
—10G template. This did not prove to be the case, but for factors of 3 (10C), 4 (-10A), and 8 (10G).

]
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Table 2: Kinetic Parametérgor P Mutants at 37

Pr T ke Ks Kgks Kd Keq
allele (s) (1072s) 1AM (10*M~1s™) (10°5s™) (10'°°M~Y
wild-type 11+ 6 9.0+5.0 13.44+10.3 121+ 27 0.87+ 0.08 14+ 4.4
—10C 32+5 3.1+ 0.5 18.4+ 4.8 57+ 6 3.2+1.6 18+1.2
—10A 46+ 23 22+ 1.1 23.6+ 20 52+ 18 48+ 1.3 1.1+ 0.68
—-10G 88+ 32 1.1+ 04 16.4+ 8.2 18+ 3 2.0+ 0.55 0.9+ 0.4
—10G°" 228+ 165 0.44+ 0.32 10.9£ 10.3 4.7+ 1.1 2.0+ 0.55 0.244+0.12

aValues forz, ki, Kg, andKgk; were calculated from tau plots (Figure 4) as outlined in Experimental Procedures. Standard errors were determined
from the residuals of the least-squares fit to eq 1. Valuds affe the meant standard error for the least-squares fit to data from two or more
experimentsKeq = KiK2Kz = Kgki/ky (7, 23). Data for—10G°" are based on values forl0G corrected for incomplete occupancy as outlined in
the text.

The reduced occupancy of thel0G mutant promoter that  who used abortive initiation to follow the reequilibration of
was observed in Figures 1 and 2 is also reflected in steady-RR and RR at thelacPyys promoter following a temperature
state rates of abortive synthesis, which varied between 30shift. The rationale for these experiments is that immediately
and 50% of the wild-type rate. Incomplete occupancy leads preceding the shift, the extent of cleavage at thymidine
to observed values afpsthat are lower than the actual values residues will reflect the number of open complexes JRP
and must be corrected by dividing each valuegf by the formed at 37, but reequilibration between RBnd RR at
fractional occupancy obtained in the lagtime assay. For the 20° will result in reduced sensitivity to KMnQ After the
two-step mechanism, use of this correction factor can be shift, there should be three types of stable complexes in rapid
derived from the treatment of Strickland et a22). An equilibirum: RPR and two forms of RP (3, 20, 24). RR
elegant treatment of multistep models based on fewer should be insensitive to KMnd3, 20), RP,; should be fully
assumptions 23) demonstrated that the same correction strand-separated, resulting in KMpduced cleavage at
factor must be applied even for mechanisms that include +2, while RR; should be partially open, which should be
additional steps (O. Tsodikoff, personal communication; ref reflected by cleavage at3 and—4 (Figure 3) but not at
23). When the data for the-10G promoter were corrected  +2 (3, 20, 24).
for fractional occupancy (average occupancy in this set of
lagtime assays= 0.30, 0.32, and 0.53 at 20, 50, and 100
nM [RNAP], respectively) and then replotted to fit eq 1, the
calculated values of the kinetic parameters wege= 10.9
+10.3x 106 ML ks = 0.444 0.32 x 1025 % andKgk
=474+ 1.1x 10* M1 s1 (Table 2). Thus, the mutation
actually decreasds by a factor of~20 andKgks by a factor
of ~25. That is, the mutant promoter is substantially weaker
than was indicated by the original uncorrected data.

Determination of Dissociation Rate Constar@se reason

For wild-type and the-10C and—10A mutant promoters,
open complexes form on all (or nearly all) templates during
the initial incubation, but based on the steady-state rates of
abortive synthesis, footprinting data, and gel mobility shift
assays4b), this is not the case for the10G promoter (gel
mobility shift data not shown). Therefore, to prevent forma-
tion of complexes between free RNAP and DNA following
the temperature shift, we performed the temperature-shift
experiments in the presence of 2@/mL heparin, which
for lower equilibrium levels of RP could be that open prevents RNAP binding to DNA but does not inactivate RP

or RR, (see above).

complexes are unstable. Therefore, we allowed complexes i . o
to form at 37 and then monitored their dissociation in the A phosphorlmgger_ was used to quan'qu_ dqta similar to
presence of 3@g/mL of heparin by assaying samples for those |Ilustrat_ed in Figure 3. A clearer dlstlnctlon_ between
activity in abortive initiation experiments. [In 0.1 M glutamate, Pands reflecting cleavage at3 and —4 was obtained at
the dissociation rate for wild-type complexes is essentially |0Wer phosphorimager intensities than are displayed in Figure
constant in the range from 10 to G3/mL of heparin (data 3 (See also refld). At 37°, the wild-type promoter was
not shown), indicating that there is very little, if any, direct €XPected to yield only fully strand-separated open complexes
attack of heparin at 30g/mL on open complexes (see also (RFe2) at time zero. However, as in Figure 3, the band
ref 4).] The observed values d& (Table 2) indicate that ~ 'epresenting cleavage a3 was 2-3 times as intense as
complexes formed on all four templates are very stable (half- the band at-2, not only for the wild-type promoter but for
lives approximately 520 h), but that complexes formed at the mutants as well. We interpret this observation to mean
the mutant promoters are approximatelyStimes less stable  that when DNA strands are fully separated, the F-&tis
than those formed at the wild-type promoters. Thiis, much more sensitive to cleavage than is the Fat A
which equalKgki/kq (7, 23), for wild-type Pg is 14 x 1010 similar result was reported by Tsodikov et 0.
M1, which is about 60 times as great as the corrected value In Figure 5, the decay in occupancy of KB plotted as
for the —10G promoter mutant (Table 2). a function of time relative to the initial intensity of the band

Intercorversion of RPand RR. Since, at 37C, all three at +2. The data were fit to eq 2, yielding valueskf and
mutations affect, they could in principle affect the third ~ f and fractional occupancies listed in Table 3 (columas)L
(DNA strand-separation step) in the three-step pathway There is very little difference among the four promoters in
described by mechanism 2. To investigate the effects of the conversion of RRo RR,. While there is apparently an
mutations on the equilibrium between R&hd RR, we increase inBapp for two of the mutants{10C and—10A),
assayed for open complexes by probing with KMnO determination of the rate of reequilibration is subject to
following a temperature-shift from 37to 2C°. This is a substantial experimental error. In addition, the plateau values
modified version of experiments of Buc and McClug, ( indicate that there is no significant differenceKs.
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. of bands at-3 to those att2 were about 20% lower than
the corresponding ratios in the experiments with the wild-
type and—10G promoters.) In any event, calculation of rate
constants associated with the formation of Rém RP. (see
next section) indicate that variations in the measured plateau
levels and equilibrium constants in Table 3 do not contribute
significantly to the overall rate of open complex formation.
Effects of Mutations onkThe mutations at-10 all affect
ki, which reflects the overall rate of conversion of RB
RP,. In terms of promoter recognition, an important question
is whether the mutations affelgtprimarily through an effect
on ks andk_3 or through an effect ok,. This is equivalent
to asking whether the mutations primarily affect DNA

1.0

0.9

Fractional KMnO, Sensitivity

i & 4 ; unwinding (and recognition of single-stranded DNA) or steps
E % 3,4 preceding DNA unwinding (including recognition of double-
- i stranded DNA). The relationship between the parameters of
+ the three-step and two-step models is given by the following
: ‘ ‘ ‘ ‘ equations @, 23):
0 10 20 30 40 50 60
Time (min) Kg = Ky(ky + K3 + K_g)/(k; + k_3) (39)
FiIGURe 5: KMnOs-sensitivity assays of interconversion of Rid
RP, at 20 °C. At indicated times, samples were withdrawn for 1/kf = 1/kz + 1/(k3 + k—3) = 1/kz + 18 (3b)
treatment with KMnQ as outlined in Experimental Procedures. At
each time point, the band corresponding to cleavage attthe _
thymidine residue was quantified using a phosphorimager. After kd =k 1+ Ks) (30)

correcting for the amount of radioactivity in the reference band at
each time point and normalizing to the value at time zero, the data Note thatKgki = Kk, and wherk, < ks + k3, Kg = Kg,
were fit to eq 2. Each point represents the average of two

experiments. The graph in each case represents the theoretical be&nd ki = ko. i i

fit to eq 2. Symbols, represent wild-tygex (®, curve 1);—10A For our purposes, the key question is whethef 1/
(m, curve 2);—10C (gray-shaded up triangle, curve 330G (gray- contributes significantly to ¥/, the time required for the
shaded down triangle, curve 4). transition from RPto RPR,. Equation 3b can be used to

calculate the times required for each step (Table 4, columns

The same experiments were assayed by monitoring the1—3). In these calculations, we used valuessofbtained
decay in intensity of the band at3 as a function of time at  from assays of KMn@sensitivity at—3 (Figure 5), which
20°. The data are plotted in Figure 6, this time with 100% reflects the total population of open complexes. Values of
reflecting the intensity of the band at3 at zero time.  \ere determined at 20 but the other parameters were
Fractional occupancy at equilibrium (Table 3, columns 3 and measured at 37 To approximate expected valuesffthe
6) was calculated from the computer-estimated equilibrium measured values have been multiplied by a factor of 15. This
constants. If all of the Complexes at equilibrium were,RP Corresponds to the predicted Chang$i|for IaCPUVS over
fractional occupancies in columns 3 and 6 should be the same temperature rangé).(On the basis of this
identical. The fact that the fractional sensitivities based on approximation, we conclude that for all three mutants, the
the extent of cleavage at3 are greater than or equal to the  rate-limiting step in the isomerization of RB RR, is the
corresponding values based on cleavageaindicates that  formation of RP (k) and that the predominant effect of the
(as expected) at equilibrium at 20some open complexes  mutations is clearly ork.. For the —10G promoter, this
are RBy (24). conclusion is valid whether corrected or uncorrected values

If relative sensitivities of the T's at-3 and +2 are of 1/ are used in the calculations but is much more dramatic
unchanged during the time course of the experiment, thewhen the appropriately corrected data are used. For wild-
fraction of stable complexes in each state (F#P,;, and type Pgr, the contribution of 18 to 1k is proportionately
RP,2) at equilibrium can be calculated (Table 3, columns 3, greater because the isomerization ot RPRR is very fast.
6, 7, and 8). Although the fractional occupancies are not Although these calculations depend on extrapolation of
identical for all promoters, differences among them are too values of f obtained at 20 to obtain estimates of the
small to account for the observed differencesir{Table corresponding values at 37except in the case of wild-type
2). For the—10A and—10C promoters, there is an apparent Pg, calculations of I, would hardly be affected if values
deficiency in the total fraction of open complexes (column for 8 for the mutants were overestimated by a factor of 5.
6). For these mutants, the plateau values in Figure 6, which Table 4 (columns 46) presents similar calculations of
reflect total open complex, are not very different from those kinetic parameters at 201In this case, since (1/k;) is
in Figure 5, which reflect RB. Thus, there may be a measured at 37(Table 2), estimates of at 20 were
deficiency in RRB;. However, considering potential errors in  obtained by multiplying values obtained at°3Jy a factor
guantification of phosphorimaging data and possible variation of 8. Again, this approximates the changekjrfor lacPyys
in cleavage conditions, the apparent deficiency is probably over the same temperature ran@g At 20°, the mutations
not significant. (Data for these two mutants were obtained have a major effect okp, but, as expected, the equilibrium
in separate experiments in which the ratio of the intensities between RPand RR contributes to a slightly greater extent
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Table 3: Determination oKz app and fSapp Based on KMn@-Sensitivity*

sensitivity of thymidine at-2

sensitivity of thymidine at-3

equilibrium fraction®

1) (2) B (3) feo 4) (5) B3 (6) fe12 ) (8
template K3(2) (min*l) (RP02/RPIOI) K3(73) (min*l) [(RP01+ RPDQ)/RPtm] RP,1/RPt RB/RPot
wild-typePr 0.6+ 0.06 0.7+ 0.08 0.4+ 0.05 1.1+ 0.02 1.6+ 0.05 0.5+ 0.02 0.1+ 0.07 0.5+ 0.02
Pr(—10A) 0.7+ 0.02 2.6+ 0.7 0.4+ 0.02 0.8+0.04 43t+18 0.4+ 0.03 0.02+ 0.05 0.6+ 0.03
Pr(—=10C) 0.6+ 0.03 2.7+ 0.0.6 0.4+ 0.03 0.7+ 0.02 3.2+ 0.6 0.4+ 0.02 0.01+ 0.05 0.6+ 0.02
Pr(—10G) 0.6+ 0.02 1.1+ 0.03 0.4+ 0.02 1.3+ 0.07 2.5+ 0.2 0.6+ 0.05 0.2+ 0.07 0.4+ 0.05

aValues ofKs andf (& standard errors) were determined from a computerized best-fit of data in Figures 5 and 6 to eq 2; at equilibrium,
K3(2)/(1 + Ks(z)) andfe1,2= K3(—3)/(1 + K3(—3)). b RRB,/RPo= 1 — fe1,2 (CO|Umn 7), RRB/RPo = fel,2 — feo (COlUmn 8) Values oKj3 for the —10G
promoter are not corrected for the fraction ofiRHor to the temperature shift (see Discussion).

1.0

Fractional KMnO, Sensitivity

0.4 R4

0.3

—b— H— -+

0.2 I T I I T

30 40 50 60
Time (min)

FicurRe 6: KMnOs-sensitivity assays of interconversion of Rid
RP, at 20°C. Data are from the same experiments as in Figure 5,

except that each point is based on quantification of cleavage at the

thymidine residue at-3. Symbols are as in Figure 5.

to the time required for open complex formation than it does
at 37.

DISCUSSION

Effects of —10 Mutations. Qualitatively, the Kkinetic
analysis indicates that at position10 in Pg, the rank

it is now known that mutations in the35 region can affect
eitherKg or ki or both (L1, 27—29). However, all-10 region
mutations for which kinetic data have been published affect
only ki (28, 29). While the original hypothesis was that
mutations in the—10 region would directly affect DNA
strand separation per se, the kinetic analysis (Table$) 2
indicates that the primary effect of the mutations-dt0 in

Pr is on the isomerization of RRo RR, which is thought

to involve both a conformational change in RNAB, ()

and DNA untwisting 80).

Thus, at 37, DNA strand-separation at wild-typer is
not rate-limiting @, 3), and extrapolation of values gffrom
20 to 37 indicate that it is not rate-limiting for the mutants.
The data in Table 3 also indicate that the mutations do not
substantially affect the transition from R® RPR, even at
20°, when a significant fraction of the complexes at equi-
librium are RR.

Evidence that the mutations do not affect strand-separation
per se comes primarily from experimentally determined
values ofK; at 20°. However, calculations df; at 37 based
on extrapolated values ¢f (Table 4) are consistent with
this conclusion. The extrapolation was based on the assump-
tion that the temperature-dependence of kinetic parameters
for Pr would be similar to that of the corresponding
parameters fotacPyys. The validity of this assumption is
supported qualitatively by data from the Record laboratory
(2, 3, 7, 20), although the temperature-dependencg bfs
not been measured directly. Nevertheless, the estimates of
p obtained by extrapolation could be subject to substantial
error without significantly affecting the calculated values of
k.. In addition, the extrapolation was performed by multiply-
ing the 20 values off3 by a factor of 15, which is actually

ordering of promoter strength as a function of the sequenceg |ow estimate of the corresponding factor facPuys (6).

in the nontemplate (top) strand is C ~ A > G. This
hierarchy is identical to that found in vivo for thent
promoter (0).

The kinetics of open complex formation at wild-tyjae
Pr (andlacPyys) as a function of temperature, salt concen-

tration, and presence of divalent cations have been well-

studied {, 4—6, 21). For wild-type Pgr, experimental data
(3—5, 20) provide substantial support for the three-step

mechanism, which has been thoroughly analyzed theoreti-

Thus, the extrapolation yielded values for3lthe time
required for equilibration of RRand RR, that are likely to

be overestimates (and thus exaggerate the potential effect
of this step ork).

Finally, because complexes detectible by gel mobility shift
assays are very stable at°2(half-times~10 h, data not
shown), the mutations must decrease the forward rate
constantk; in the three-step mechanism (see eq 3c).

Isomerization of RPto RR,. Equation 2 6) is based on

cally (23). However, the effects of single base pair substitu- models that include only one form of open complex. When
tions on kinetic parameters characterizing the three-stepboth RR; and RR; (24) are taken into account, the transition
pathway have not been fully analyzed for any promoter. from RR to RR,; yields an equation for the time course of
Historically, it was suspected that information required for reequilibration of RPand RR, that has the same form as
the two-step pathway to the open complex was partitioned that of eq 2, buKs; and 3 are more complicated functions

between the two consensus regiors3b, TTGACA, and
—10, TATAAT) for ¢’%containingEscherichia coliRNAP
(26). Despite initial evidence in favor of such partitioning,

of the equilibrium and rate constants associated with a two-
step isomerization than simpli; and (= ks + k-3).
However, since RR and RR; are in rapid equilibrium, the
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Table 4: Time Required for Isomerization from Ri8 RR2
@) 2 3 4 5) (6)

Pr T 16 1/k; T 16 1/k;

allele 37 37 37 20° 20° 20°

w.t. (—10T) 11+ 6 25+0.1 8.5+ 6 88+ 48 38+ 1.2 50+ 49

—10C 32+5 0.9+ 0.4 31+ 6 260+ 40 14+ 6.0 240+ 50

—10A 46+ 23 1.3+ 0.2 45+ 23 370+ 180 19+ 3.3 320+ 210

—10G 88+ 32 1.6+0.1 86+ 32 700+ 24 24+ 2.0 620+ 30

—10G°" 230+ 170 1.6+0.1 230+ 170 1800+ 1300 24+ 2.0 1800+ 1300

a All of the data are expressed in secondss 1/k at 37 is based on tau plots (Figure 3); valuestadt 20 are based on extrapolation of data
for lacPyys (6). 1/6 at 20 was determined in temperature-shift experiments (Table 3; Figure 5); values af 37 are based on extrapolation of
data forlacPyys (6). Values of 1k, were calculated using eq 3b. Data fet0G°" are based on values ferl0G corrected for incomplete occupancy

as outlined in the text.

apparent constants should be a close approximation to thethen the actual fraction of open complexes after reequili-

actual constantsld, 23).

bration must be 7580% of the observed fraction. Thus, for

The foundation for these experiments, especially the use —10G, the fraction of open complexes at equilibrium at 20
of temperature shifts, is based in part on the observation that(based on cleavage at3) should be 0.460.42 rather than

two different methods of measuring the fractionla¢Pyys

0.56 and the actual value &% should be about 0.7 instead

open complexes yielded nearly identical results at severalof 1.3. Neither the corrected nor uncorrected value of the

different temperatures between 14 and °Z5 (6). One of
the methods involved downshifts to several different tem-

peratures, while the other involved continuous incubation at

the same temperatures. Fdr Pg, thermodynamic and

equilibrium constant is significantly different from the wild-
type value (1.1).

Thus, a mutation from T:A to G:C, which should stabilize
the DNA double-helix in the region in which strand separa-

structural analyses of complexes formed at various temper-tion occurs, appears to inhibit DNA strand separation.

atures or after a shift to°Oyielded results consistent with

formation of the same kinetic intermediates at each temper-

However, this difference must be based on nucleotide
sequence and not just the stability of the double helix, since

ature 8—5, 20, 23). The more recent mathematical treatement _1oc a change from T:A to C:G does not detectably alter
of the three-step model based on experimental data obtainedg, at 37,

for Pr wild-type provides further support for the kinetic
analysis 23). Although there could be small variations in

structure among kinetically equivalent intermediates, espe-

cially in the region in which strand separation occut8)(
such differences would not alter the kinetic analys23) (
on which the conclusions presented here are based.

For all of the mutants, complexes formed af 3nd then
shifted to 20 reequilibrated very rapidly (Figures 5 and 6)

in comparison to their dissociation rate. These results support.

the assumptions on which the determinatioiKgfvere based

and the conclusion that the mutations primarily affect step(s)

in open complex formation prior to DNA strand separation
per se.
Nevertheless, one difference between th80G mutant

and the wild-type promoter suggests a possible effect of the

mutation onKs at 37. The estimated maximal occupancy
of the mutant promoter based on DNAse | footprinting is

Effects of K on k;. Equation 3b predicts that a change in
K3 should affeckg. If, for example, at 37, 96% of the stable
complexes at the wild-type promoter were; Riut only 90%
were RR at a mutant promoteky would be reduced by a
factor of 2.5. These differences in levels of iRiuld be
undetectable experimentally but could account for observed
decreases iky for any of the mutant promoters. For the
—10G promoter, one might expect an even greater decrease
in kg, but given imprecision in the measurements of half-
lives of very stable complexes and in determining the fraction
of RR, for the wild-type promoter, the measurementKef
and ky are consistent within the limitations of the experi-
ments. On the basis of eq 3c and the data in Tables 2 and 3,
it is possible that a small fraction (perhapd%) of stable
complexes at the wild-type promoter at’3fe RR. That is,

K3 for the wild-type promoter appears to be&25.

~75% (Figure 2), but the estimated occupancy based on Reduced Occupancy of thel0G Mutant Promoterin

KMnOg-sensitivity (Figure 3) is~66%. These data indicate
that 10-15% of the stable complexes formed at th&0G
promoter are RPIn a direct comparison of stable complex
formation with steady-state rates of abortive synthesis,

the three-step mechanidfaq (K1K2Ks) for the formation of
open complexes is given byski/ky (6, 7, 23). For —10G,
the corrected value oKeq 0.2 x 109 M™%, yields an
estimated occupancy at 20 nM RNAP of 76%, based on eq

relative occupancy of the mutant template measured in gel 10 of Tsodikov and Record@) and a value oK of 3.5 for

mobility shift assays (data not shown) was again ap-
proximately 75%, but-20—25% of the complexes formed
were inactive in abortive initiation. [For the sake of argument,
it is assumed that all the “non-productive” complexes &t 37
are RRPand none are RRPor inactive for some other reason.]
Thus, at 37, estimates oKj for the mutant promoter range
between 3.5 (2625% RR) and 8 (16-15% RR), which
differs substantially from the wild-typk; (see next section
and ref3).

If, at time zero, just prior to a temperature shift (Figures
5 and 6), only 75-80% of the stable complexes are kP

the mutant promoter. Although this calculated reduction in
occupancy of RPis not so great as the observed reduction
(roughly about 50%, depending on the experiment), there is
substantial experimental error in the corrected valuiéghf

and in measurements kf. What is most notable is that the
equilibrium constant for the wild-typBr is about 60 times
the value for the mutant promoter.

Previously, we considered the possibility that incomplete
occupancy could reflect the formation of binary complexes
at an overlapping promotet4). Such complexes would have
to exclude (compete with) open complex formationPat
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be inactive in abortive initiation assays (or require substrates
other than CpA and UTP), and be undetectable in gel
retardation or DNAse | footprinting assays. The existence
of a competing promoter with these properties seems
unlikely.

In the previous studyld), we observed 60% occupancy
of a Pr mutant with a single bp deletion between th&é0
and—35 consensus region$4). Interestingly, the corrected
values ofKgk (7.2 x 10* M1 s7Y) andKeq (2.1 x 10° M)
for the deletion mutant are very similar to the values obtained
for the —10G promoter. This should not be surprising since
incomplete occupancy will, in any case, be a property of
relatively weak promoters.
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