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Core RNA Polymerase from E. coli
Induces a Major Change
in the Domain Arrangement of the s70 Subunit

the core enzyme acts as an allosteric modulator of s70

DNA binding activity. This model suggests that binding
of s70 to the core should produce a large scale movement
of s70 domains.
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with the core enzyme were first observed by Wu et al.
(1976). More recently, we have shown that conformation
of conserved domains of s70 that were suggested toSummary
participate in core-induced structural change (regions
1, 2.4, and 4.2) was indeed affected by the core enzymeLuminescence resonance energy transfer measure-
(Callaci et al., 1998). Also, the core enzyme inducedments were used to show that binding of E. coli core
conformational changes in s70 that could be detectedRNA polymerase induced major changes in interdo-
in the region of the protein responsible for binding themain distances in the s70 subunit. The simplest model
nontemplate single-stranded DNA (Callaci and Heyduk,describing core-induced changes in s70 involves a
1998).movement of the conserved region 1 by z20 Å and

In this work, we investigated the nature of core-the conserved region 4.2 by z15 Å with respect to
induced conformational changes in s70 and addressedconserved region 2. The core-induced movement of
directly the question of whether the core enzyme doesregion 1 (autoinhibition domain) and region 4.2 (DNA-
indeed induce a large scale movement of s70 domainsbinding domain) provides structural rationale for allo-
as predicted by the model (Dombroski et al., 1993b). Thesteric regulation of s70 DNA binding properties by the
approach taken was to introduce luminescence donorscore and suggests that this regulation may not only
and acceptors to different conserved domains of theinvolve directly the autoinhibition domain of s70 but
protein and to use luminescence resonance energyalso could involve a modulation of spacing between
transfer measurements (LRET) (Selvin and Hearst, 1994;DNA-binding domains of s70 induced by binding of core
Selvin et al., 1994; Selvin, 1996) to monitor distancesRNAP.
between these domains in free s70 and in s70-core en-
zyme complex. We observed a major rearrangementIntroduction
of s70 domains consistent with the proposed model.
In addition, it was discovered that as a result of coreRNA polymerase from Escherichia coli is a multisubunit
polymerase binding, DNA-binding domains of s70 movedenzyme composed of two a subunits, large b and b9
away from each other such that their spatial separationsubunits, and the s subunit. In the cell, two major forms
in the holoenzyme became much more compatible withof the polymerase are found: core enzyme (subunit com-
z17 bp separation of 210 and 235 elements of pro-position a2bb9) and holoenzyme (subunit composition
moter DNA. We propose that this movement of DNA-a2bb9s) (Burgess et al., 1969; Burgess and Travers, 1970;
binding domains of s70 could be an important mecha-Record et al., 1996). The core polymerase is capable of
nism by which the ability of s70 to recognize promotertranscription elongation but is unable to initiate tran-
DNA is regulated.scription at specific promoter sites. The initiation of tran-

scription at specific promoter sites is carried out by the
holoenzyme (Burgess et al., 1969; Hinkle and Chamber- Results
lin, 1972; Record et al., 1996). Therefore, s subunit is
responsible for the promoter recognition by E. coli RNA Donor-Acceptor-Labeled Double-Cysteine
polymerase. However, free s70 is not able to bind specifi- Mutants of s70

cally at promoter DNA sites (Wellman and Meares, 1991). The overall design of our experiments was to incorpo-
This was shown by studies with polypeptide fragments rate luminescence donors and fluorescence acceptors
s70 to be due to the autoinhibition of s70 DNA binding into specific locations in the s70 and to use the resonance
activity by the N-terminal domain of s70 (Dombroski et al., energy transfer between donor and acceptor to measure
1992, 1993a). A model of regulation of s70 DNA binding interdomain distances in free s70 and s70 bound to the
activity by the core enzyme was proposed based on core enzyme. Incorporation of a donor into one specific
these data. In this model, the N-terminal domain of s70 domain of the protein and the acceptor into some other
was proposed to be located in the free protein such that domain of the same protein is a difficult problem. We
it would sterically block the access of promoter DNA to used Eu31 chelate, (Eu31)DTPA-AMCA-maleimide (Hey-
DNA-binding domains of s70 (regions 2.4 and 4.2). Bind- duk and Heyduk, 1997, 1998), as a donor since the
ing of s70 to the core enzyme was proposed to induce unique luminescence properties of europium chelates
a movement of the N-terminal domain to “unmask” s70 greatly facilitate observation and determination of en-
DNA-binding domains allowing the protein to recognize ergy transfer in systems where stoichiometric labeling
promoter DNA (Dombroski et al., 1993b). In this model, with donor and acceptor is not possible (Selvin and

Hearst, 1994; Selvin et al., 1994; Selvin, 1996; Heyduk
and Heyduk, 1997). We engineered, using site-directed* To whom correspondence should be addressed (e-mail: heydukt@

wpogate.slu.edu). mutagenesis, pairs of unique reactive cysteine residues
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and 6 is eliminated by time gating, that is, nanosecond
fluorescence of directly excited acceptors decays to
zero shortly after the excitation pulse and does not con-
tribute to emission-measured microseconds after the
excitation pulse (Selvin and Hearst, 1994; Selvin et al.,
1994; Selvin, 1996; Heyduk and Heyduk, 1997). Also,
emission of directly excited acceptors in products 1
and 2 is eliminated in the same way. Thus, the decay
observed at 617 nm (donor decay) should be a sum of
a decay of unquenched donor (no LRET, products 4, 7,
and 8) and a decay of the donor engaged in LRET (prod-
ucts 1 and 2). In addition, any emission of the acceptor
observed in a microsecond time range could be only
due to excitation of the acceptor through energy transfer
from the donor and should decay with the lifetime(s) of
a donor engaged in energy transfer with the acceptor
(Selvin and Hearst, 1994; Selvin et al., 1994; Selvin, 1996;
Heyduk and Heyduk, 1997). Thus, fitting simultaneously
decays of donor and sensitized acceptor, decay compo-
nents due to energy transfer can be determined even if
their amplitudes are small and their lifetimes are close
to lifetimes of unquenched donors (Heyduk and Heyduk,
1998). Figure 1C shows an example of a typical ab-
sorbance spectrum of donor and acceptor-labeled s70.
The absorbance peaks characteristic for protein (z280
nm), for (Eu31)AMCA-DTPA donor (z328 nm), and Cy5
acceptor (z647 nm) can be identified showing that
the random labeling scheme used to prepare donor-
acceptor-labeled protein was successful.

Luminescence Decays of Labeled s70

Luminescence decays of s70 labeled only with (Eu31)
DTPA-AMCA-maleimide (donor-only samples) were rig-
orously single exponential (Figure 2A). Also, with donor-
only s70, no emission at 670 nm (wavelength of sensitized
acceptor emission) was observed (Figure 2C). In con-

Figure 1. Design for LRET Experiments trast, the decay of the donor in donor-acceptor-labeled
(A) Localization of reactive cysteine residues in double-cysteine s70 was not single exponential, and the presence of fast-
mutants of s70. Positions of cysteine residues are indicated by decaying component(s) was apparent (Figure 2B). The
shaded boxes. Conserved regions of s70 are shown as white boxes

appearance of the fast-decaying component(s) in thewith numbers identifying each region as defined by Lonetto et al.
donor decay was accompanied by the appearance of a(1992).
large fast-decaying sensitized acceptor signal (Figure(B) Schematic representation of all possible products of the donor–

acceptor modification scheme employed in this report. The products 2C). Thus, the fast decaying component(s) was due to
whose contribution to emission in microseconds after excitation energy transfer between donor and acceptor in donor-
pulse is eliminated by time gating are crossed out. acceptor-labeled s70. In principle, the observed energy
(C) An example of absorption spectrum of donor ((Eu31)DTPA-

transfer could also be intermolecular in nature, particu-AMCA-maleimide) and acceptor (Cy5-maleimide) labeled s70. The
larly if some aggregation of labeled s70 could occur.spectrum shown is for [S366C, S442C]s70 mutant.
However, all luminescence decay experiments were per-
formed with proteins that were purified on a sizing col-
umn, making the presence of a significant amount ofinto domains of s70 chosen as desired targets of modi-

fication with donors and acceptors (Figure 1A). These the aggregates unlikely. In addition, in a control experi-
ment in which various ratios of s70 labeled with donor-double-cysteine mutants of s70 were modified with

thiol-reactive donor ((Eu31)DTPA-AMCA-maleimide) and only and s70 labeled with acceptor-only were mixed, no
energy transfer was observed (data not shown). Thus,thiol-reactive acceptor (Cy5 maleimide; Callaci et al.,

1998) in a random manner, thus producing a mixture of under conditions used for LRET experiments, the ob-
served energy transfer was between donor and acceptorall possible products of such modification (Figure 1B).

Only products 1 and 2 (Figure 1B) contain donor and located on the same s70 molecule.
Decay data for donor-acceptor-labeled s70 were ana-acceptor in a configuration suitable for energy transfer.

However, due to a microsecond lifetime of europium lyzed as described previously (Heyduk and Heyduk,
1998). Donor and sensitized acceptor decays were fittedchelate donor and nanosecond lifetime of the acceptor,

a signal from several species illustrated in Figure 1B simultaneously to a three-exponential decay equation.
The slowest decay time (t3) was the same as the lifetimecould be easily eliminated. A signal from species 3, 5,
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Table 1. Summary of LRET Results for Free s70

s70 Protein td (ms)a tda (ms)b E R (Å)c

[A59C, S366C]s70 611 6 4 39 6 17 0.94 6 0.03 35 6 3
[A59C, S442C)s70 653 6 7 33 6 9 0.95 6 0.02 34 6 2
[A59C, R596C]s70 623 6 5 34 6 6 0.95 6 0.02 34 6 1
[S366C, S442C]s70 660 6 3 44 6 11 0.93 6 0.02 35 6 2
[S366C, R596C]s70 632 6 4 70 6 16 0.89 6 0.03 39 6 3
[S442C, R596C]s70 659 6 4 45 6 7 0.93 6 0.02 36 6 2

a Lifetimes of donor-only s70 samples.
b The average of t1 and t2 (see Results) for donor–acceptor labeled
s70 samples.
c The errors shown were calculated taking into account only the error
of lifetime determination. The actual errors of distance determination
are very likely to be higher due, for example, to possible uncertainty
of orientation factor value. The actual errors are difficult to estimate
quantitatively but are likely to be z12% (the maximal error due to
uncertainty of the orientation factor).

we used the weighted average of two fast-decaying
components (t1 and t2) as discussed previously (Heyduk
and Heyduk, 1998).

The luminescence lifetimes for all double-cysteine
mutants of s70 modified with donor-only and with donor
and acceptor were used to calculate interdomain dis-
tances (Table 1). The only parameter used in these calcu-
lations that cannot be determined experimentally is the
orientation factor (k2) (Selvin, 1995). We have assumed
2/3 for k2, which is characteristic for completely random-
ized orientation of donor and acceptors. A possible error
of distance measurements due to this assumption is
small (#12%) in the case of europium chelates used as
donors because of their long lifetimes and the depolar-
ization of emission caused by multiple electronic transi-
tions (Selvin and Hearst, 1994; Selvin et al., 1994; Selvin,
1996; Heyduk and Heyduk, 1997).

Luminescence Decays of Labeled s70 Bound
to the Core RNAP
The luminescence decays of donor-only s70 remained
single exponential in s70 bound to the core RNAP (data
not shown). The effect of core-binding on luminescence
decays of donor-acceptor-labeled s70 is illustrated in
Figure 3. The fast-decaying portion of the curve in free
s70 (Figure 3A) was not observed in the decay of s70

bound to the core RNAP (Figure 3B). The analysis of the
decay curve by nonlinear fitting to a three-exponentialFigure 2. Luminescence Decays of Donor-Only and Donor–
decay curve revealed that the apparent disappearanceAcceptor s70

of the fast-decaying portion of the curve was due to aLuminescence decay curves for donor-only s70 (A and C) in compari-
son to donor–acceptor s70 (B and C). The data shown are for [S366C, major increase in the lifetimes of fast-decaying compo-
S442C]s70 mutant. (A) donor decay of donor-only s70; (B) donor decay nents (t1 and t2). The simplest interpretation of the core
in donor–acceptor s70. Insets in (A) and (B) show the first 500 ms of RNAP effect on luminescence lifetimes of labeled s70

decay curves. Solid lines show nonlinear regression of the data to
shown in Figure 3 is that the distance between the donora single exponential decay equation (A) and triple-exponential decay
and acceptor in this s70 was increased upon s70 bindingequation (B), as described in the text. (C) Sensitized acceptor decay
to the core RNAP, resulting in a decrease in energycurves for donor-only s70 (circles) and donor–acceptor s70 (triangles).
transfer and an increase in t1 and t2. Similar effects
of core binding were observed with other s70 proteins
although the extent of lifetimes changes was differentof a donor-only sample, and thus, we attributed this

decay component to products of s70 modification that for different proteins (Table 2). The measured lifetimes
were used to calculate distances between domains ofcontained donor but no acceptor (products 4, 7, and 8

in Figure 1B). Two lifetimes (t1 and t2) were necessary s70 in complex with the core RNAP (Table 2). Comparison
to corresponding distances in the free protein (Table 1)to adequately describe the fast-decaying portion of the

decay curve. For all LRET calculations presented here, shows that a major increase in distances (10–21 Å) was



Molecular Cell
232

Their luminescence lifetimes are extremely long (micro-Table 2. Summary of LRET Results for Core-Bound s70

seconds) (Heyduk and Heyduk, 1997). The local and
s70 Protein td (ms)a tda (ms)b E R (Å)c

segmental motions in proteins occur with nanosecond
correlation times. Within the microsecond time scale of[A59C, S366C]s70 624 6 1 292 6 26 0.52 6 0.05 54 6 2

[A59C, S442C)s70 653 6 1 163 6 23 0.75 6 0.04 46 6 2 europium chelate emission, there is ample time for the
[A59C, R596C]s70 650 6 7 306 6 26 0.51 6 0.05 55 6 2 protein to experience all the local and segmental mo-
[S366C, S442C]s70 633 6 2 81 6 7 0.88 6 0.02 39 6 1 tions. Thus, the distance measured by energy transfer
[S366C, R596C]s70 602 6 3 243 6 27 0.62 6 0.05 51 6 2

using europium chelate as a donor most likely reflects[S442C, R596C]s70 634 6 4 238 6 5 0.64 6 0.02 50 6 1
the distance of the closest approach of donor and ac-

a Lifetimes of donor-only s70 samples. ceptor rather than the average distance between them.
b The average of t1 and t2 (see Results) for donor-acceptor-labeled Therefore, for one selected s70 protein ([S442C, R596C]s70),
s70 samples.

we have also determined whether the change in energyc The errors shown were calculated taking into account only the error
transfer upon s70 binding to core RNAP could be alsoof lifetime determination. The actual errors of distance determination
recorded using a fluorescence donor–acceptor pair withare very likely to be higher due, for example, to possible uncertainty

of orientation factor value. The actual errors are difficult to estimate nanosecond lifetimes of the excited state. The energy
quantitatively but are likely to be z12% (the maximal error due to transfer with such probes is sensitive to changes in
uncertainty of the orientation factor). average distance between a donor and an acceptor.

The s70 protein was labeled with a mixture of donor
(CPM) and acceptor (DAMBI) in molar ratio 1:3. The

observed for all but one s70 protein. Only the distance purified labeled protein contained both the donor and
between residue 366 and 442 was not changed signifi- the acceptor as shown by the presence of absorbance
cantly (within limits of experimental error) upon binding peaks at z390 nm (CPM) and z460 nm (DABMI) in a
of s70 to the core enzyme. spectrum of the labeled protein (Figure 4A). Fluores-

Luminescence probes used as donors in this work are cence emission measurements with labeled free and
core-bound s70 revealed a significant increase of donorunusual compared to the standard fluorescence probes.

Figure 3. The Effect of Core RNAP on Luminescence Decay of Donor–Acceptor s70

(A) Free donor–acceptor s70. (B) Donor-acceptor s70 in complex with the core RNAP. (C) Donor-acceptor s70 dissociated from the holoenzyme
(as described in Experimental Procedures) with the excess of unlabeled s70. The data shown are for [A59C, R596C]s70. Insets in (A), (B), and
(C) show the first 500 ms of the decay curves. Solid lines show nonlinear regression of the data to the triple-exponential decay equation, as
described in the text. (D) Decays of sensitized emission of acceptor for the same samples for which donor decays are shown in (A), (B), and
(C): (open circles) free donor–acceptor s70; (open triangles) core-bound donor–acceptor s70; (closed triangles) dissociated donor–acceptor s70.
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Figure 4. Fluorescence Energy Transfer in s70 Labeled with CPM (Donor) and DABMI (Acceptor)

The data shown are for [T442C, R596C]s70. (A) Absorption spectrum of purified CPM and DABMI-labeled s70. (B) Fluorescence emission spectra
of CPM and DABMI labeled (donor-acceptor-labeled) free s70 (curve a) and s70 bound to the core RNAP (curve b). (C) Fluorescence emission
spectra of CPM-only (donor-only) labeled free s70 (curve a) and s70 bound to the core RNAP (curve b).

emission upon binding to the core RNAP (Figure 4B), possible species. We have thus performed an experi-
ment in which donor-acceptor-labeled s70 mutants re-indicating that a decrease of energy transfer between
constituted to the holoenzyme were mixed with 114 bpthese probes occurred upon core binding since with
unlabeled promoter fragment under conditions allowingdonor-only s70 only a small change of donor emission
open complex formation. The complexes formed werewas observed (Figure 4C).
challenged with heparin, and stable open complexes
were resolved using native polyacrylamide electropho-Specificity of Core-Induced Changes in Luminescence
resis (Straney and Crothers, 1985). We determined thatProperties of Labeled s70

open complex bands in polyacrylamide gel exhibitedThe procedure for s70 preparation involves a denatur-
fluorescence of Cy5, luminescence of Eu31, and sensi-ation–renaturation step (Gribskov and Burgess, 1983;
tized fluorescence of Cy5 (data not shown). Thus, thisCallaci and Heyduk, 1998). Therefore, it is important
experiment directly showed that donor-acceptor-labeledto establish that labeled s70 mutants obtained by such
s70 mutants were capable of open complex formation.procedure are correctly folded and functional. Several
Since formation of the open complex involves coopera-observations suggest that labeled s70 mutants were
tion of many domains of s70, this result strongly arguesproperly folded and formed a functional specific com-
that labeled s70 mutants were properly folded functionalplex with the core polymerase.
proteins.

Double-Cysteine Mutants of s70 Were Active
Donor-Acceptor-Labeled s70 Bound the Core

Sites for introducing cysteine residues in double-cyste- with a High Affinity
ine mutants of s70 were selected based on our previous Figures 5A–5C show sizing column profiles of labeled
experiments with single-cysteine mutants of s70 (Callaci

s70 in the presence of increasing amounts of core RNAP.
et al., 1998) such that cysteine incorporation should The formation of labeled s70–core complex was apparent
have a minimal effect on transcriptional activity of s70. as shown by the appearance of a fluorescent peak co-
Consistent with this selection strategy, the activity of eluting with the peak of core RNAP. The complexes
double-cysteine mutants of s70 used in this work was between labeled s70 and the core polymerase were able
similar to the wt protein (75%–120% of wt activity; data to survive repeated chromatography on the sizing col-
not shown). umn at low nanomolar concentrations indicating high
Donor- and Acceptor-Labeled s70 Mutants Were affinity of the labeled s70 for binding the core. Figure 5D
Capable of Forming the Open Complex shows a plot of the fraction of s70 in a complex with core
After modification with donor and acceptor, the activity RNAP (as determined from sizing column experiments)
of s70 mutants was significantly reduced (15%–50% of as a function of molar ratio of core to s70 in a sample
wt activity; data not shown). This reduction most likely loaded on a sizing column. The fraction of s70 bound to
was due to steric effects resulting from introducing fluo- the core increased until z1:1 input ratio of core/s70.
rochromes into sites close to the residues directly in- The maximum amount of s70 bound was 70%–90% for
volved in interactions with promoter DNA. Thus, this different preparations of labeled s70 mutants. The change
reduction in activity most likely occurs at the level of of the acceptor signal was found to correlate well with
holoenzyme-promoter DNA binding, downstream from the amount of s70 bound to core enzyme (Figure 5D).
the events studied in this report (s70–core interactions). Thus, changes in luminescence of labeled s70 in the
However, donor and acceptor-labeled proteins were a presence of core were due to a formation of a specific
heterogenous mixture of different species (Figure 1B). 1:1 complex between s70 and core RNAP.
A possibility thus existed that in this mixture the species Labeled s70 Mutants and the WT s70 Competed for
providing LRET signal (1 and 2 in Figure 1B) could be the Same Binding Site in the Core Polymerase
completely nonfunctional and inactive, and the reduced Superdex 200-purified holoenzyme containing labeled

s70 was incubated with a 10-fold excess of unlabeledactivity observed could be 100% due to the remaining
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Figure 5. Correlation between Binding of Donor-Acceptor-Labeled s70 to the Core RNAP and the Changes of Sensitized Emission of Acceptor

The data shown are for [A59C, R596C]s70. (A) Superdex 200 elution profile of free donor–acceptor s70; (B) Superdex 200 elution profile of
donor–acceptor s70 mixed with core at 0.5:1.0 molar ratio; (C) Superdex 200 elution profile of donor–acceptor s70 mixed with core RNAP at
1:1 molar ratio. The elution of labeled s70 was followed by fluorescence of Cy5 (excitation at 647 nm, emission at 670 nm). (D) A plot of fraction
of s70 bound to the core RNAP and sensitized acceptor fluorescence as a function of the molar ratio of core to s70. The fraction of s70 bound
to core RNAP was determined by running mixtures s70 and the core RNAP on Superdex 200 and calculating a total fluorescence in fractions
containing s70 and the holoenzyme, respectively. The sensitized emission of acceptor was measured at 670 nm with pulsed excitation of the
donor at 337 nm (N2 laser). Sensitized emission was integrated for 1250 ms with a delay of 250 ms after the excitation pulse. (E) Release of
labeled s70 from the holoenzyme by competition with the wt s70. Superdex 200 profile of a holoenzyme sample incubated with a 10-fold excess
of unlabeled s70 is shown (details of the experiment are described in Experimental Procedures).

s70 overnight, and the mixture was loaded on a Superdex Labeled s70 Proteins Exhibited the Same Pattern
of Limited Digestion with Trypsin as Observed200 column. The majority of labeled s70 was displaced

from the holoenzyme as shown by the appearance of for the WT Protein
Susceptibility to limited proteolysis by trypsin is a sensi-free labeled s70 peak in a Superdex 200 column profile

(Figure 5E). Peak fraction containing free s70 (fraction tive test for overall folding of s70 protein (Lowe et al.,
1979; Callaci and Heyduk, 1998). With all labeled s70#15, Figure 5E) was collected and was used for lumines-
mutants, limited proteolysis with trypsin produced acence lifetime determination. The dissociated s70 exhib-
characteristic protease-resistant 40 kDa fragment (dataited identical decay curve as observed with the free
not shown) observed in the case of the wt protein (Lowes70 (Figure 3D). The experiment illustrated by Figure 5E
et al., 1979).showed a direct competition between wt and labeled

In summary, although none of the above control ex-s70 for binding to the core. The experiment illustrated
periments by themselves conclusively prove that la-by Figure 3D indicated that labeled s70 mutants were
beled s70 mutants were properly folded and capable ofproperly folded since the dissociated s70 should not con-
specific and functional interaction with the core, takentain any improperly folded protein, as it was derived
together, these results strongly indicated that this wasfrom only these s70 molecules that exhibited the ability
the case.to bind to the core RNAP. Identical luminescence decays

for free s70 and dissociated s70 were also obtained using
a different method of dissociating labeled s70 (chroma- Discussion
tography of the holoenzyme containing labeled s70 on
a minicolumn with BioRex-70 attached to a minicolumn We have measured all distances between four sites in

free s70 protein and in s70 protein in complex with thewith DEAE-cellulose (Lowe et al., 1979; data not shown).
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Figure 6. Three-Dimensional Models of s70

Domain Architecture in Free s70 and Core-
Bound s70

The models were built as described in Experi-
mental Procedures. A fragment of s70 crystal
structure (residues 355–446) is shown in rib-
bons representation whereas the positions of
s70 domains deduced from LRET measure-
ments are shown as spheres. Positions of
domains in free s70 are indicated by a letter
f whereas positions in the holoenzyme are
indicated by a letter h. The rotation of LRET
models around the 366–442 axis is arbitrary
and was chosen for convenient visualization

of residue 59 and residue 596 movement induced by the core. (A) and (B) show two views of the model differing by a rotation of z908 around
the x axis. The models were rendered using RIBBONS (Carson, 1991). The coordinates of the crystal structure of s70 (Malhotra et al., 1996)
were obtained from Brookhaven Protein Data Bank (accession code 1sig).

core RNAP. The sites selected for these distance mea- respect to each other along the residue 366–residue 442
axis until minimal differences in positions of residuessurements are located in conserved domains of s70 in-

volved in recognition of 210 and 235 DNA sequences 59 and 596 between free s70 and core-bound s70 were
achieved. Thus, the final product of this model building(residues 442 and 596, respectively), in a conserved

domain of s70 involved in autoinhibition of promoter DNA shown in Figure 6 represents the simplest set of molecu-
lar motions sufficient to produce core-induced rear-binding activity (residue 59), and in a nonconserved re-

gion of the protein in the vicinity of a putative core rangement of s70 domains consistent with LRET data.
These molecular motions include a movement of onlybinding region s70 (residue 366). The picture emerging

from our distance measurements is that a major s70 two domains: translation of region 1 (residue 59) by z20
Å and region 4.2 (residue 596) by z15 Å in directionsprotein domain rearrangement takes place in response

to binding of the core RNAP as indicated by large illustrated by arrows in Figure 6. Thus, although five out
of six measured distances were found to increase uponchanges (increases) of interdomain distances observed

upon s70–core RNAP complex formation. core RNAP binding (Tables 1 and 2), only movement
of two domains was necessary to model the observedIn order to better understand the nature of the core-

induced changes in s70, the three-dimensional models distance changes. Domain movements in s70 are large,
but domain motions of this magnitude and larger (up toof domain architecture were built for free s70 and for

core-bound s70. Both in the case of free protein and z60 Å) were observed in other systems (Gernstein and
Krebs, 1998).the core-bound protein, self-consistent models (i.e.,

models in which all the distances between s70 domains The changes induced in s70 by the core polymerase
were modeled in Figure 6 as a rigid body movementwere identical to those measured by LRET) could be

built. This provides some additional assurance that the (translation) of the domains. This, however, is not the
only possible mechanism by which distance changesdistances measured by LRET are correct since only a

limited combination of distances would allow building observed by LRET could be obtained. Alternative inter-
pretation of observed distance changes could involvesuch self-consistent models. The built models were then

superimposed on the s70 fragment for which the three- more complex movements such as relative rotation of
the domains or a combination of rotation and translation.dimensional structure is available (Malhotra et al., 1996)

(Figure 6). The superimposition of the model with the Another interesting possibility could be that the core
induced changes in the flexibility of s70. Since the life-crystal structure was possible because our distance

measurements included two sites (residues 366 and 442) time of the donor used for LRET measurements was in
a microsecond range, the distances determined mostthat were also present in the crystallized fragment of

s70. Distances between these two sites measured by likely corresponded to a distance of the closest ap-
proach between the donor and the acceptor. Thus, anLRET both in free s70 as well as in the holoenzyme were

very similar to each other (35 Å and 39 Å) and also to a apparent increase of several interdomain distances in
s70 induced by core could be a result of a decrease indistance between these two sites in the crystal structure

(z35 Å). Thus, in building the model we assumed that flexibility of s70 in the holoenzyme. Although the observa-
tion of similar LRET effects induced by core polymerasethese sites are not affected by binding of the core en-

zyme. The spheres representing positions 366 and 442 using probes with nanosecond lifetimes argues against
this interpretation (Figure 4), it does not rule out com-in a model built based on LRET data were aligned with

positions 366 and 442 in the structure of crystallized pletely the possibility that flexibility changes play some
role in observed interdomain distance changes. Thereprotein fragment, and the rest of the LRET model was

rotated along the residue 366–residue 442 axis to obtain is now a well-documented example of the importance
of domain flexibility for the function of RNAP—thea configuration of the other domains such that no steric

clash with the remainder of s70 structure occurred. Fi- C-terminal domain of a subunit (Ebright and Busby,
1995). Interestingly, the anti-sigma factor FlgM, whichnally, the relative positions of models for free s70 and

core-bound s70 were set by rotating the models with binds to and inhibits s28 and which was suggested to
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Experimental Proceduresplay the role analogous to the region 1 of s70, was shown
to be disordered in solution and partially ordered in

Materialscomplex with s28 (Daughdrill et al., 1998). We are cur-
7-diethylamino-3-(49-maleimidylphenyl)-4-methylcoumarin (CPM) (Sip-

rently attempting to determine the flexibility of s70 do- pel, 1981), 4-dimethylaminophenylazophenyl-49-maleimide (DABMI)
mains in free protein and in the holoenzyme. Whatever (Chang et al., 1983) were from Molecular Probes, Inc. (Eugene, OR).

Monosuccinimidyl ester of Cy5 (Mujumdar et al., 1993) was pur-the precise nature of core-induced domain movement
chased from Amersham (Arlington Heights, IL). The succinimidylmight be, the two important conclusions are that the
ester of Cy5 was converted to maleimide as described previouslycore induces a movement of region 1 away from DNA-
(Callaci et al., 1998). (Eu31) DTPA-AMCA-maleimide, the luminescent

binding domains and that the core induces repositioning donor used in LRET experiments, was prepared as described (Hey-
of DNA-binding domains. duk and Heyduk, 1998). Escherichia coli K12 cell paste was obtained

The major motivation for undertaking the studies de- from the University of Alabama Fermentation Facility. All other
chemicals were of the highest purity commercially available.scribed in this report was to test the hypothesis that

binding of the core RNAP induces a movement of region
Double-Cysteine Mutants of s70

1 to unmask DNA-binding domains of s70. This hypothe-
The plasmid containing rpoD gene for the wt s70 was a gift from Dr.

sis was derived from the model proposed by Dombroski Akira Ishihama (National Institute of Genetics, Mishima, Japan). The
et al. (1993b) to explain why free s70 could not bind double-cysteine mutants of s70 were constructed from single-cyste-
promoter DNA. Our results suggest a major movement ine mutants of s70 described previously (Callaci et al., 1998). The

mutants were obtained by exchanging appropriate unique restric-of region 1 (residue 59) induced by core binding. We
tion site fragments between corresponding single-cysteine s70 mu-have shown previously that core RNAP induces an in-
tant DNA. [A59C, S442C]s70, [A59C, S366C]s70 mutants were madecrease in solvent accessibility of residues in region 4.2
by replacing a SacII-ClaI fragment of [A59C]s70 mutant with SacII-

(Callaci et al., 1998). Both these results are consistent ClaI fragments of [S442C]s70 and [S366C]s70 mutants, respectively.
with the unmasking nature of core-induced conforma- [S366C, R596C]s70 and [S442C, R596C]s70 mutants were made by

replacing a SacII-ClaI fragment of [R596C]s70 mutant with SacII-ClaItional transition in s70 and with the important role of
fragments of [S442C]s70 and [S366C]s70 mutants, respectively. Theregion 1 in this transition. Our result suggests also an
[A59C, R596C]s70 mutant was made by replacing ClaI-NsiI fragmentadditional mechanism for regulation of promoter binding
of [R596C]s70 mutant with ClaI-NsiI fragment of [A59C]s70 mutant.

activity of s70 by core RNAP. The distance between re- The [S366C, S442C]s70 mutant was made by replacing BstBI-NcoI
gion 2.4 (residue 442) and region 4.2 (residue 596) was fragment of [S366C]s70 mutant with BstBI-NcoI fragment of
z35 Å in free s70. Regions 2.4 and 4.2 are thought to [S442C]s70 mutant. To replace the fragments, the appropriate plas-

mids were digested with restriction enzymes, the resulting frag-interact with two regions of promoter DNA separated
ments were purified by agarose gel electrophoresis, and the appro-by a z17 bp spacer. The distance between regions 2.4
priate fragments were ligated by T4 DNA ligase. The identity of alland 4.2 in free s70 is much too small to allow a simultane-
mutants was confirmed using dideoxy DNA sequencing method

ous interaction of these two regions with corresponding (Sanger et al., 1977). The s70 protein expression, purification, limited
DNA sites. The distance between region 2.4 and 4.2 is proteolysis with trypsin, and transcriptional activity were performed
increased to z50 Å in the holoenzyme, a distance much as described previously (Callaci and Heyduk, 1998).

Core RNAP was purified from E. coli K12 cells using the methodmore compatible with z17 bp separation between bind-
of Burgess and Jendrisak (1975) utilizing chromatography on DNA-ing sites in DNA. Experimental evidence for the role of
cellulose, Sephacryl 300 HR, and Bio-Rex 70 anion exchange col-

s70 in sensing the spacing between the 210 and 235
umn (Bio-Rad Laboratories, Richmond, CA).

region of promoter DNA was recently presented (Dom-
broski et al., 1996). Therefore, our results suggest that Labeling of s70 Mutants with Donor and Acceptor

Fluorescence ProbesDNA binding activity of s70 could also be regulated
Samples of each double-cysteine mutant of s70 (0.5–1.0 mg) werethrough a modulation of spacing between DNA-binding
precipitated with 60% ammonium sulfate by the addition of thedomains of the protein induced by binding of core RNAP.
appropriate volume of saturated ammonium sulfate solution. Protein

As already discussed, the distance change between pellet was collected by centrifugation and dissolved in 75 ml of 50
DNA-binding domains could also occur as a result of a mM Tris (pH 8.0), 1 mM EDTA, 5% glycerol containing 6 M GdHCl.
more complex movement (e.g., rotation of domains). DTT was added to a final concentration of 0.5 mM, and mixtures

were incubated for 1 hr at room temperature. DTT was removed bySuch interpretation would also lead to a conclusion that
a microspin G-50 column (Pharmacia) equilibrated with the aboveDNA binding activity of s70 is regulated by the core
buffer. DTPA-AMCA-maleimide was added such that the molar ratiothrough repositioning of DNA-binding domains, although of DTPA-AMCA-maleimide to s70 cysteines was z0.4. The reaction

the nature of this repositioning would be more complex was allowed to proceed for 1 hr at room temperature. Cy5 maleimide
than a simple “spacing sensing” described above. was then added in excess (1 mM), and the reaction was allowed to

continue for another 2 hr. When samples of s70 labeled with donor-Our data provided direct evidence for a large scale
only were prepared, a modification with nonfluorescent N-ethylma-domain rearrangement in s70 induced by core RNAP
leimide was performed in place of the Cy5 maleimide modificationbinding. Functionally important domain motions in pro-
step. The reaction was stopped by addition of 1 mM DTT. The

teins in response to ligand binding have been observed excess of unreacted fluorochromes was removed by a microspin
in many systems (Gernstein and Krebs, 1998). The ex- G-50 column equilibrated with 50 mM Tris (pH 8.0), 1 mM EDTA,

5% glycerol containing 6 M GdHCl. The eluate from G-50 columnperimental strategy presented in this report—a combi-
was diluted to z0.75 ml with the above buffer, dialyzed first againstnation of site-directed mutagenesis and energy transfer
100 ml of the same buffer for a few hours, and next against 50 mMmeasurements enhanced through the use of lanthanide
Tris (pH 8.0), 5% glycerol buffer overnight with three changes of

chelate probes—could generally be used in other sys- 100 ml of the buffer. Refolded proteins were incubated for 15 min
tems, especially in complicated multiprotein complexes with slight excess of Eu31 and were purified from aggregates on a

Superdex 200 FPLC sizing column (Pharmacia). Labeling of s70 withas the RNAP holoenzyme studied in this report.
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CPM and DABMI was performed as described above for DTPA- and ti is the lifetime of the ith component. Such global fitting is
possible due to unique characteristics of europium chelate-Cy5 do-AMCA-maleimide and Cy5 maleimide modification.
nor–acceptor pair (long microsecond lifetime of the donor and nano-
second lifetime of the acceptor). The decay of sensitized acceptorDissociation of Fluorochrome-Labeled s70 from the Holoenzyme
in a microsecond time scale occurs with the lifetime(s) of the donorby Competition with Native s70

engaged in energy transfer with the acceptor (Selvin, 1996; HeydukHoloenzyme (0.25 mM) containing fluorochrome-labeled s70 purified
and Heyduk, 1997). Thus, the decays of the donor and sensitizedon Superdex 200 FPLC sizing column was incubated overnight at
acceptor are described by the same lifetimes but different ampli-48C with 2.5 mM native unlabeled s70 in 400 ml of 50 mM Tris/HCl
tudes (Equation 2).(pH 8.0), 0.25 M NaCl, 5% glycerol. The mixture (200 ml) was loaded

onto Superdex 200 FPLC sizing column, and the fractions containing
LRET Calculationsfree fluorochrome-labeled s70 were collected and were used for
The energy transfer (E) was calculated from measurements of lumi-fluorescence experiments.
nescence lifetime of a donor in the absence (td) and in the presence
of acceptor (tda): E 5 1 2tda/td. The distances between donor andDissociation of Fluorochrome-Labeled s70 from the Holoenzyme
acceptor were calculated according to Förster (1948): R6 5 R6

o(1 2Using Bio-Rex 70/DEAE Cellulose Chromatography
E)/E, where R is a distance between a donor and an acceptor, andThe dissociation of holoenzyme by Bio-Rex 70/DEAE cellulose chro-
Ro is a distance at which the energy transfer is 0.5. The Ro formatography was performed based on the method described by
(Eu31)DTPA-AMCA and Cy5 donor–acceptor pair (55 Å) was calcu-Lowe et al. (1979). The holoenzyme containing fluorochrome-labeled
lated as described previously (Heyduk and Heyduk, 1997). In calcu-s70 was formed by mixing 2.5 mM core RNAP with 3.7 mM labeled
lating Ro, a completely randomized orientation of donor and ac-s70 in 200 ml of 50 mM Tris/HCl (pH 8.0), 250 mM NaCl. After incuba-
ceptor fluorochromes was assumed (Selvin and Hearst, 1994; Selvintion for 15 min at room temperature, the mixture was loaded on
et al., 1994; Selvin, 1996; Heyduk and Heyduk, 1997).a Superdex 200 FPLC sizing column, and the fractions (z1.5 ml)

containing the holoenzyme were diluted to 0.1 M NaCl with 50 mM
Model BuildingTris/HCl (pH 8.0), 5% glycerol. The holoenzyme solution (3.75 ml)
Models of the three-dimensional architecture of s70 domains werewas loaded on a 1 ml Bio-Rex 70 column attached to a 0.1 ml column
built using the distance constraint routine of ChemSite (Pyramidwith DEAE cellulose. Both columns were equilibrated with 50 mM
Learning, Stanford, CA). The models were superimposed on theTris/HCl (pH 8.0), 0.1 M NaCl, 5% glycerol. The columns were
crystal structure of s70 fragment (Malhotra et al., 1996) using MIDASwashed with 5 ml of the starting buffer. The DEAE cellulose column
(Ferrin et al., 1988) (Computer Graphics Laboratory, University ofwas disconnected, and the dissociated fluorochrome-labeled s70

California, San Francisco, supported by NIH P41 RR-01081) by man-captured by the DEAE column was eluted with 300 ml of the buffer
ually aligning residues 442 and 366 of the crystal structure withcontaining 0.5 M NaCl. The fractions eluted from DEAE cellulose
spheres representing positions 442 and 366 of the models builtcolumn were loaded onto a Superdex 200 FPLC sizing column.
based on LRET data. The final rendering was done using RIBBONSFractions containing free fluorochrome-labeled s70 were collected
(Carson, 1991).and were used for fluorescence experiments.
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