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The cr Subunit Conserved
Region 3 Is Part of “5’-Face”of
Active Center of Escherichia coli
RNA Polymerase*

RNA cross-link sites inu are available. This is partially due to
the low yields of cross-linking (7). Mapping of the adduct sites
in u is further complicated by the anomalous mobility of the u
polypeptide and its fragments on SDSgels (9). In this work we
map the site in u cross-linked to initiating ATP analogs derivatized with broadly specific, cross-linkable groups. To identify u fragments harboring thecross-link site we used a com(Received forpublication, May 31, 1994) bination of chemical and proteolytic degradation of native and
denatured u subunit-RNA adducts and matrix-assisted laser
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We modified RNAP in open promoter complexes with crosslinkable nucleotide derivatives (Fig. lA) as the priming (+1)
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first phosphodiester bond with [a-32PlUTPas specified by the
+2 positionof the template.As a result, theradioactive dinucleRibonucleotide analogs bound
in the initiating site of
otide reporter group was
covalently attached to amino acids in
Escherichia coli RNA polymerase holoenzyme in open
promoter complexes werecross-linkedto the p and d o the vicinity of the initiating centerof the enzyme (10). Denasubunits. Using limited
proteolysis and chemical degra- turation andSDS-polyacrylamide gel electrophoresis of the redation, the cross-link site in d o was mapped to a seg- action products, followed by autoradiography, revealed the dement between aminoacids Glusos and Metm1
containing rivatized RNAP subunits (Fig. 1B).
The alkylating groups positioned at the 7-, p-, or a-phosthe C-terminal part of conserved region 3. This result,
when reconciled with genetic data onthe interaction of phates of theinitiatingadenine nucleotide allresultedin
d o conserved regions 2 and 4 with the -10 and -35 pro- highly effective labeling of the p subunit’ (10). The ATP anamoter regions, respectively, allows us to model the ori- logue also modified appreciable amounts of the u subunit (Fig.
entation of the d o subunit domainswithin the open pro- Ut). Modification of u with the ADP* reagent was much less
efficient and was only evident when the gel was overexposed.
moter complex.
No modification of u occurred when the AMP* reagent was
used. Similar results were obtained whenRNAP in open comIn prokaryotes,specific initiation of transcription by the cat- plexes formed on the lacUV5 and the phage A P, promoters
alytically competent core RNAP’ (subunit composition, a2pp’) were labeled (data not shown).
Trypsin and CNBr cleavage were used t o fragment the u
is dependent upon binding of specificity u factors. Different u
factors allow transcription from different setsof promoters (re- polypeptide in order to localize the cross-linking site of the
viewed in Ref. 1).Sequence analysis reveals four colinear re- ATP* derivative. Preliminary experimentsshowed that the ragions of extensive homology among u factors (1, 2). The high dioactive band of cross-linked u could be excised from a n SDS
u factors suggests gel and renatured to yield activeprotein. The renatured u
degree of evolutionary conservation between
that theconserved regions participate in functionscommon to subunit-dinucleotide adduct bound RNAP core enzyme (data
all u factors, e.g. binding t o core enzyme, promoter recognition, not shown). Moreover, the resulting holoenzyme formed an
open complex on the T7 A1 promoter, and the dinucleotide
and DNA melting.
the nucleotide speciis also the best adduct could be extended with[(u-~’P]CTP,
The main u factor of Escherichia coli, u7”,
+3
of
the
promoter
(data
not
shown). We therefied
by
position
studied. Genetic studies indicatethat part of conserved region
-10 box of the fore reasoned that cleavage of the renaturedu subunit-pppApU
2 of u7’(amino acids 435-443) interacts with the
promoter (3,4),
while part of the C-terminalconserved region 4 adduct would proceed just as native u.To this end, renatured
(amino acids 584-588) recognizes the -35 promoter box (4, 5). and derivatizedu subunit was mixed with unlabeled carrier u
Data from different laboratories demonstrate that u can be protein purified from superproducing cells (12) for the cleavage
cross-linked to the 5’ end of nascent RNA oligomers in early reactions. In each case, the productsof the reactions were reternary complexes (6-8). Therefore, a segment of u in the open solved by SDS-polyacrylamide gel electrophoresis and Coopromoter complex is close to the +1 position of the DNA tem- massie staining, andpolypeptides containing the cross-linked
adduct were visualized by autoradiography.
plate. Unfortunately, no data on localization of the nascent
Trypsin degradationof the u polypeptide proceedsin a highly
ordered manner3 (13) and
could therefore be used for cross-link
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and radioactivity accumulated ina band with apparentmobilfact.
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FIG.1. Affinity labeling of RNA polymerase. A, cross-linkable
derivatives of adenosine nucleotides used in this work. B, RNApolymerase in open complexes a t the phage T7 A1 promoter was modified
with the reagents shown in panel A. The reaction products were separated on an 8% Tris/glycine SDS-polyacrylamide gel and stained with
Coomassie Blue (left panel).The modified subunits were visualized by
autoradiography (right panel ). Reactive derivatives of ATP, ADP, and
AMP were synthesized as described (10, 11).10-pl modification reactions contained -0.5 pg of reconstituted wild type RNAP holoenzyme
(14) and 0.5-1.0 mM derivatized initiating substrate in the
transcription
buffer (14). Reactions were supplemented with 10 mM sodium borohydride andincubated a t 37 "C for 1h. 100 ng of 137-base pair polymerase
chain reaction-generated DNA fragment carrying the A1 promoter of
phage T7 (14) was added together with 10 pCi of [CY-~~PIUTP
(3000
Cilmmol), and incubation was continued for 30 min. The resulting 32P
labeling of RNAP depended on the addition of the template DNA.
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FIG.2. Limited proteolysis of derivatized u subunit. u subunit
affinity-labeled with ATP* was excised from the gel shown in Fig. 1B
and renatured in thepresence of unlabeled carrier u subunit. Aliquots
of renatured u subunit were then treated with increasing amounts of
trypsin, and reaction products were separated on a 10% Tris-Tricine
SDS-polyacrylamidegel that was stained with Coomassie Blue (A) and
autoradiographed (B).
Affinity labeling reaction products were resolved
by electrophoresis in precast Tridglycine SDS-polyacrylamide gels
(Novex). Gels were stained with 0.2 M cold KC1 and autoradiographed.
The u polypeptide band was extracted from the gel and renatured
according to Ref. 24. The renatured protein was mixed with unlabeled
carrier u and subjected to trypsin digestion for 30 min a t room temperature. The molar ratios of trypsin to u subunit ranged from 1:400 to
1:25. Reactions were stopped by the addition of SDS-containing electrophoresis loading buffer and immediate boiling. The low mobility radioactive band in B is the cross-linked p subunit, which invariably was
present in trace amounts in our cross-linked u preparations.

ity of about 14 kDa (lanes 6-91, which disappeared a t still
higher trypsin concentrations (lane 10).
The pattern of trypsin degradation of native u was identical
to that of cross-linked u (data not shown). Native u was digested under conditions that yielded the 22.5- and 65.0-kDa
mobility fragments (Fig. 2A, lane 2). The N-terminal sequence
of the 65.0-kDa fragment, determined using standard methods
(141, was identical to the N-terminal sequence of the intact u
subunit. The N-terminal sequence of the 22.5-kDa fragment
indicated that the fragment was generated by cleavage at
localizing the cross-link site between ThrM9and the C
terminus of u a t amino acid 613.
Next, u was digested under conditions that yielded the 14kDa mobility fragments. The products of the tryptic reaction
were purified by fast protein liquid chromatography gel filtration on a Superose-6 column (Pharmacia Biotech Inc.) in the
presence of 6 M guanidine hydrochloride (14). Well resolved
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peaks were collected, and guanidine hydrochloridewas removed by membrane filtration on a Centricon-10 concentrator
(Amicon).The purified polypeptides were then subjected to matrix-assisted laser desorptionhonization mass spectrometry
(15)using a time-of-flight mass spectrometer constructed at the
Rockefeller University (16, 17). Because of the low yield of the
cross-linked u,the mass spectrometric analysis was carried out
on native u (unmodified with affinity reagent). The mass spectrometric analysis revealed the presence of two polypeptidesin
the 1CkDa fraction, one of 10,933 2 4 Da (fragment a) and the
other of 10,263 -c 4 Da (fragment b). Based on the known specificity of trypsin cleavage, fragment a must correspond to either
amino acids 1-99 or 466-562of u, while fragment b must
correspond to either 1-93 or 487-578. Because we have already
concluded that thecross-link site must be between ThrU9 and
the C terminus of u the label must be within amino acids
466-562 andlor 487-570.
We next performed CNBr cleavage of the purified, crosslinked u subunit. Upon exhaustive treatment with CNBr, radioactivity accumulated in a single band with an apparent
mobility of 8 kDa (Fig. 3A). Taking into account the presence of
radioactive dinucleotidein theadduct, which adds about 1kDa
to the mass of the polypeptide itself, and also the aberrant
mobility of the u subunit and its fragments (9), the only possible fragments with such a mobility (between ThrM9and theC
terminus) are G l ~ ~ " - M e(expected
t ~ ~ ~ M, of 5.8 kDa) or
Asp613(expected M, of 5.6 kDa). Under single-hit CNBr cleavage conditions (ll),the smallest labeled band has a mobility of
about 14 kDa (Fig.3B). If the cross-link site was within
Asp613,the smallest labeled band would have an M , of 5.6 kDa
(as seen in the Coomassie Blue-stained gel). Thus, we finally
conclude that thecross-link site is within
In addition to the experiments described here, we used Trpspecific BNPS-skatole(3-bromo-3-methyl-2-(2-nitrophenylmercapto)-3H-indole) and Cys-specific2-nitro-5-thiocyanobenzoic
acid treatment to fragment the u polypeptide (18).The results
of these experiments were all consistent with and confirmed
our conclusions presented above (data not shown). Thus, at
least one u subunit amino acid between Glu508and Met561is
located within -5 A of the y-phosphate of the priming nucleotide, which is the effective range of the probe used in this
study. It should be noted that although this region of the u
subunit is close to the priming substrate, the cross-linked
amino acid in thisregion cannot be involved in catalysis since
the cross-linked adducts are still able to form at least two
phosphodiester bonds (not shown). Elsewhere, we show that
the p subunit Rif-region2,as well as Lys'"'j5 and His'237,are also
cross-linked with the reagents used in thiswork (19). Hence,
in
the open complex the distance between these sites in the p
subunit and thecross-link site inu should not exceed -10 A.
The C-terminal portion of u conserved region 3 (u70amino
acids 475-520) is contained within the d o fragment we have
identified as containing the ATP* cross-link site. Region 3 is
found in only a subset of u factors and when present, the sequence is weakly conservedrelative to conserved regions2 and
4 (1, 2). Nevertheless, the sequence conservation observed is
highly suggestive of structural and functional conservation.
Also in contrast to regions 2 and 4, genetic studies to elucidate
the function of region 3 have been few. Amutant E. coli d2with
a small deletion in region 3 (corresponding to u70amino acids
503-520 in thealigned sequences) has been investigated (20).
The protein, which otherwise appears to function normally,
exhibits a reduced affinity for coreRNAP. This is not inconsistent with our results aswe have shown this region of d o is close
to specific sites on the p subunit.
The principal conclusion from our experiments pertinent to
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FIG.3. CNBr degradation of the cross-linkeda subunit. A, complete CNBrcleavage of cross-linked u.The purified radioactiveu shown in
lane 1 (autoradiographof a 8%Tridglycine polyacrylamide gel) was treated with CNBr as described (25),and reaction products were separated
on a 16%Tris-Tricine SDS-polyacrylamidegel (lane 2 ) and visualized by autoradiography. B , incomplete CNBr cleavage of cross-linked u.The
reaction products were resolved on a16%Tris-Tricine polyacrylamidegel, stained with Coomassie Blue(left panel), and autoradiographed (right
panel) (see Ref. 11 for the conditions of incomplete CNBr cleavage and interpretationof the results).

been proposed based on gel electrophoretic experiments (22)
and structuralconsiderations (23).
-35 box

FIG.
4. A model of the orientation of the d o domains in the
open complex relative to T7 A1 promoter DNA. See the text for
discussion. The N-terminal part of u containing conserved region 1 is
drawn to present the conserved regions1 and 4 interaction proposedto
occur in free u (21).This interaction maynot occur in the open complex
(see Ref. 21 for discussion).
the structure ofRNA polymerase is that the results of our
cross-link mapping, taken together with available genetic evidence onthe interaction of u conserved regions 2 and 4 with the
-10 and -35 promoter boxes, respectively, allowus to model the
orientation of the u conserved domains in the open complex
relative to promoter DNA as shown on Fig.4. The main feature
of this model is that u domains 2 and 3 are aligned “parallel”
with respect to promoter DNA, but then theprotein must flip
back somewhere near the+1position of the template DNA and
proceed in anantiparallel orientation to the -35 promoter box.
We note that such an orientation would allow an interaction
between conserved regions 1and 4 (Fig. 4), which agrees with
recent findings of Dombroski et al. (21).
The -35 and -10 promoter boxes are separated by a distance
of 25 base pairs
or about 85 A, assuming straight, B-form DNA.
If u were spherical and had protein density of 1.3 g/cm3, its
diameter would be about 56 A, much less than the distance it
must span to interact simultaneously with the -35 and -10
promoter boxes. Our model in Fig. 4 now suggests that the
distance from +1to -35 (about 119A for straight, B-form DNA)
must be spanned by only domains 3 and 4 (consisting of only
about 18-kDa protein mass). Bending of the promoter DNA in
the open complex so that the-35 promoter region is closer to +1
seems highly likely given these circumstances. Bent DNA in
RNA polymerase-promoter binary complexes has previously
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