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ABSTRACT. MerR, the metalloregulator of the mercury resistamoer{ operon, binds the operatanérO)
between—10 and—35 of themerTPCADpromoter (R) and sequesters RNA polymerase (RNAP) in a
closed complex. MerR represses thtil Hg(ll) induces it to underwinanerO DNA and thus facilitate

open complex formation. We used cross-linking to determine if direct contacts between MerR and RNAP
also occur during this process. MerR cross-linked toothg, ando’® subunits of RNAP alone, indicating
stable contacts which were further stabilized upon forming the preinitiation complextdg@l) did not
eliminate any of the MerRRNAP cross-links but did increase the relative abundance of a MerR dimer
conformer. Interference by MerR with self-cross-links among RNAP subunits and the formation of an
electrophoretically stable association between MerR and RNAP also indicatedHR&IRP interactions.

This is the first evidence for stable physical contacts between MerR and RNAP and for a Hg(ll)-induced
allosteric change in MerR in the transcription-competent complex.

A major control point in the regulation of prokaryotic gene
expression occurs at transcriptional initiation. Interactions

repression and activation although the location of this site
would be expected to serve only repression; (i) MerR

between activators or repressors and one or more of thesequesters RNAP holoenzyme in a stable nontranscribing

RNAP! subunits are integral to regulation of transcriptional
initiation (1). Some activators also effect changes in the
structure of DNA which can include DNA bending or
looping @).

MerR, the transcriptional regulator of the bacterial Hg(ll)
resistancertien operon, represses initiation from the over-
lapping promoters of the divergemerTPCADtranscript (i)
and that of its own genmerR(Pg) (3). Both B and R have
good —10 and—35 ¢"° recognition hexamers but deviate
from consensus in that the hexamer spacing is 19 bp-for P
and 15 bp for Rrather than the optimum 1F 1 bp. Apo-
MerR binds a dyadic operator siteérO) lying between the
—10 and—35 of P (4—6) and bends the DNA ca. 2%7).

A predicted helix-turn—helix in the N-terminal domain of
the 144 amino acid MerR mediates DNA bindirgj 9. Apo-
MerR, bound tomerQ also sequesters RNAP as a closed
complex at R until Hg(ll) induces formation of an open
complex at . MerR—Hg(ll) continues to represssR10—
12). MerR—Hg(Il) remains bound to the DNA1Q, 11, 13,
14), but its affinity for DNA and the bends it induces in
DNA may change 10-18). A key component of the
activation process is a MerRHg(ll)-effected underwinding
of merODNA which aligns the—10 and—35 optimally for
RNAP to initiate transcription. 4, 15, 19. Thus, control of
transcription at P and R includes three very unusual
elements: (i) MerR operates from one binding site for both

T This work was supported by NIH Grant GM28211 to A.O.S.

complex at R prior to addition of the inducer Hg(ll) (“active
repression”;20, 21); and (iii) when Hg(ll) is added, MerR
underwinds the DNA ca. 30 allowing RNAP to contact
the —10 region and begin transcription at.P

Are MerR’s manipulations of DNA all that is required to
accomplish active repression and transcriptional activation
or does MerR also engage in functional proteimotein
interactions with RNAP itself in these processes? Genetic
corroboration for a “DNA-manipulations-only” mechanism
is provided by loss-of-activation mutations in MerR whose
defects lie either in Hg(ll) binding or in DNA underwinding;
all of these mutants which bind DNA also sequester RNAP
at B in vivo (8, 9, 14. However MerR-RNAP interac-
tions were suggested by other MerR mutants that have
normal Hg(ll) and DNA binding abilities but are defective
in either activation &) or repressionZ?2).

To test the hypothesis that proteiprotein interactions
play a role in transcriptional initiation atrPwe previously
examined mutations inpoD andrpoA known to influence
activator-specific initiation at other promote23j. We found
MerR-dependent effects of mutants in the extreme C-termini
of ¢7° and of a.. In work reported here, we assessed the
potential for functional protein interactions using electro-
phoretic mobility shift assays (EMSA) and chemical cross-
linking to observe associations between MerR and the
subunits of RNAP. Our findings strongly implicate protein
protein interactions in transcriptional control ieroperon
expression.

* Correspondence should be addressed to this author. Telephone EXPERIMENTAL PROCEDURES

(706) 542-2669. Fax: (706) 542-6140. Email: summers@arches.uga.edu.

! Abbreviations: RNAP, RNA polymerase;,fmerTPCADpromoter;
Pr, merRpromoter.
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Purification of MerR.C-Terminal His-tagged MerR was
purified according to Zeng et al24).
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Ficure 1: (A) Divergent Tr21 meroperator-promoter (nerOP
region. Promoter elements and transcription start sites for the
merTPCADand for themerRtranscripts are indicated. Outlined
arrows: the dyadic MerR binding site. Stippled bar: the putative
o binding UP element25). DNA templates used are shown below
the map; inverted triangles indicate the mutation positions. (B)
Sequence of the 1 merOP Mutations in the—35 RNAP
recognition hexamer of{fand R are indicated.

merR R

Amplification of DNA Templates by PCBNA templates
containing WT or mutaninerOP(Figure 1) were amplified
by PCR and purified by Promega Wizard (Promega) or
QIAquick (Qiagen) PCR purification kits. The 225 bp
templates, 225PTPR" and 225PTPR", were amplified from
pWR2 and pWR1268), respectively. The 112PPR™ and
112PT PR templates were amplified from pWR2 and
PWR126, respectively, using a primer containing a mutation
in the —35 RNAP recognition sequence of lRK52, Figure
1B), and extended from-77 beforemerTto —52 before
merRtranscription start sites.

Electrophoretic Mobility Shift Assays (EMSAeaction
components identical to those of cross-linking reactions were
incubated at 37C for 45 min. Heparin (final concentration
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of Georgia). Antie™® (epitope 167-215), antif (epitopes
922-1090 and 133310, respectively), and anti-(epitopes
1295-1417 and 10261295, respectively) were from N.
Thompson (University of Wisconsin).

Cross-Linking ReactionsCross-linking was done with
either disuccinimidyl suberate (DSS, Pierce Chemical Co.),
an amine-reactive homobifunctional cross-linker with a
spacer arm of 11.4 A2g), or with glutaraldehyde (Sigma
Chemical Co.), a zero-length cross-linker which reacts with
primary amines and other functional grou2s)( MerR (1
uM) and RNAP holoenzyme (0.8M; Epicenter Technolo-
gies) were incubated at 3T for 30 min with or without
one or more of the following in a 1@L reaction volume
prior to addition of the cross-linker: wild-type (WT) or
mutantmerOP DNA (0.25 uM), HgNO; (1 uM; Leeman
Labs), and ribonucleotides (1QfM; Epicenter Technolo-
gies). The incubation buffer consisted of 12 mM HEPES,
12% glycerol, 5 mM Mg, 60 mM KCI, 0.2 mg/mL BSA,
and 2 mMpg-mercaptoethanol, pH 7.9. DSS final concentra-
tion was 0.1 mM, and glutaraldehyde final concentration was
1 mM, and the reactions were incubated af24or 15 and
30 min, respectively. Reactions were terminated by adding
Laemmli’'s sample buffer28), heated at 95C for 5 min,
and electrophoresed according to Laemr8)(on 5-15%
gradient gels or 5% gels as indicated. Gels were blotted onto
PVDF membranes, and Western analysis with antibodies to
either MerR or a subunit of RNAP was done with the Vistra
Fluorescence Western blotting kit (Amersham Life Science).
Membranes were scanned on a Fluorimager 575 (Molecular
Dynamics) at different PMT voltages for appropriate expo-
sures. Molecular weights were estimated based on standard
protein markers (Broad range from BIO-RAD).

RESULTS

50 ug/mL) was added, and samples were electrophoresed MerR—RNAP Assembly on merOP DNWe used EMSA

on 4—-15% gradient polyacrylamide gels in TBE (100 mM
Tris—borate, 1 mM EDTA) buffer. Ethidium bromide stained
gels were scanned on a Molecular Dynamics Fluorimager
575.

Transcription Runoff Assay3he 10uL reactions used
the cross-linking reaction buffer described below and in-
cluded 10 units of RNase inhibitor (Ambion). RNAP
holoenzyme (0.2«M) and WT or mutaninerOPtemplates
(0.25 uM) were preincubated with MerR (&M) with or
without HgNG; (1 4M) for 15 min at 37°C. Heparin (50
ug/mL), 250uM each of ATP, CTP, and GTP, 100 UTP,
and 1uL of [*?P]JUTP (3000 Ci/mmol, 10 mCi/mL) were
added, and incubation was continued for 15 min. After
addition of an equal volume of loading buffer (Ambion),
samples were heated at 96 for 3 min and loaded on 8%
denaturing gels (Gene-PAGE, Amresco). Dried gels were

to assess the assembly of preinitiation and induced complexes
on WT merOPtemplates omerOPwith mutations in either

Pr or Pz MerR bound stably to the 225 bp WiherOP
template (MDNA,; Figure 2A, lane 2, PTPR" panel). MerR
binding was specific since MerR did not bind to a template
with mutations in bothmerO dyad arms (A-28G, A-20C;
6). Also the binding of MerR to 225P PR was competed

by a 10-fold excess of a 31 bp template containing only the
merOdyad and the-10 and—35 hexamers of f but not

by a 31 bp template with theerO dyad double mutation
(data not shown).

RNAP alone bound ca. 50% of the 225 bp template
containing WT Rand R (PTTPR') or mutant R (PT PR")
(R-DNA band; Figure 2A, lanes 3 of respective panels) as
well as the 112 bp templates containing point mutations in
P, or in Pr and R (data not shown). The RNAP binding to

scanned on a Phosphorimager (Molecular Dynamics). Sizethe template with mutations in bothr Rnd B may occur

standards were transcribed in vitro from an RNA Century
Marker Template Set (Ambion).

Antibodies.Polyclonal antibodies to purified MerR were
raised in rabbits. Cell lines producing monoclonal ghti-
(39E4) and antj' (45C6) antibodies, from J. Krakow via
R. Rudner (Hunter College, SUNY), were recloned and
antibodies purified. Polyclonal anti-antibody was from R.
Ebright (Rutgers University), and monoclonal ghit{erig-
inally from J. Krakow) was from Dr. T. Hoover (University

because the mutations do not completely eliminate binding.
The RNAP binding was stable when heparin was added last
to all reactions to block nonspecific reassociation of RNAP
to the DNA @9, 30. However, when heparin was added to
RNAP before DNA was added, this binding was abolished
(data not shown), indicating that the heparin used is active
in binding to RNAP.

As in prior in vitro work (0), MerR eliminated the R
DNA bands (Figure 2A, lane 4, PPR" and PTPR"
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Ficure 2. (A) EMSA of MerR(M)—RNAP(R)-DNA complexes. Reaction components were incubated &C3for 45 min followed by
addition of heparin (final concentration 3@/mL). Samples were electrophoresed onl%% gradient polyacrylamide gels and stained
with ethidium bromide. The extra DNA band seen in lanes 1 and 3 of th&RTpanel is a nonspecific artifact of PCR amplification from

a supercoiled target. (B) Western analysis of EMSA gels using antibodies to either Mg andicated. (C) Transcription runoff assays.
The reaction components were incubated at@7or 15 min followed by incubation with heparin and nucleotides for 15 min. Samples
were electrophoresed on 8% denaturing gels. In all cases, a 225 bp template was used, except as indicated in {RR(12PT

panels). This MerR-mediated limitation of RNAP binding 112PT'PR" panel), but not when it contained a mutation in
to DNA occurs even with a double mutantrimerO(pSJ255; both R and R (data not shown). Hg(ll) also induced a
6) to which MerR itself does not bind (data not shown), sug- change in the binary MDNA complex; the MDNA band
gesting that it arises not simply from competition for similar was slightly more retarded with the 225 bp template, and a
DNA sites, but may reflect MerR-engendered allosteric doublet band was actually seen with the 112 bp template
changes in RNAP itself (see below). Moreover, Western (Figure 2A, lane 5 of PTPR" and lane 2 of 112PTPR"
blotting of EMSA gels indicated an electrophoretically stable panels). MerR C126Y, which lacks one of its Hg(lIl) binding
association between MerR and RNAP even in the absenceresidues §, 9), did not give rise to the Hg(ll)-induced M
of DNA (Figure 2B, lane 3). With MerR, a fainter but distinct Hg-R-DNA complex or form the doublet MDNA band
band appears (Figure 2, bandRADNA, lane 4) whichruns  (Figure 2A, lane 3, 112PTPR" panel), confirming that both
on EMSA within the broad MerRRNAP band suggesting phenomena depend on Hg(ll) binding by MerR. MerR
that a fraction of this band includes a-RtDNA complex. C126Y, however, did bind tmerOPDNA and destabilized
The faster mobility of MR-DNA compared to RDNA the RDNA interaction (data not shown) similar to wild-
complexes (Figure 2A, lanes 3 and 4,'PR" panel) may type MerR. Addition of nucleotides to the Mg-R-DNA
reflect differences in charge or DNA bending @1) which complex resulted in loss of all distinct bands including the
this native gel system cannot discriminate. Thus, consistentM+DNA band itself, suggesting formation of multiple DNA-
with prior in vivo evidence that MerR sequesters RNAP at bound species (Figure 2A, lane 6).
Pr prior to induction (1), we observed a MR-DNA ternary Transcriptional runoff assays done under conditions used
complex without adding the inducer Hg(ll). for the EMSA and cross-linking assays (Figure 2C) demon-
Addition of Hg(ll) produced a very slow mobility complex  strated that the ternary complexes exert the expected tran-
(M-Hg-R-DNA,; Figure 2A, lane 5, PTPR" panel) which scriptional control at Pand . RNAP alone expressed pre-
contained both MerR and RNAP by Western blotting (Figure dominantly the R transcript (100 nt) either from the WT
2B, lanes 7 and 11). The mutant Eid not form this merOPDNA or from a B mutant (Figure 2C, lanes 1 and
Hg(ll)-induced complex (Figure 2A, PPR' panel), indicat- 4). MerR repressed bothkBnd R (105 nt) transcripts (Figure
ing that the observed Mig-R assembled at{PSimilarly, 2C, lanes 2 and 5), and with Hg(ll), MerR activated
the 112 bp templates gave rise to thisHd-R-DNA complex expression of the{Rranscript from the WT PDNA (Figure
when it contained WT P and mutant R (lane 2 of 2C, lane 3) while it continued to repress the tRanscript.
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FiIGURE 3: MerR cross-links to itself and to RNAR, 5, and ¢”° subunits. Reaction components were incubated at@Bfor 30 min
followed by incubation with either glutaraldehyde (Glutar.) or DSS; reactions were run- 5% gradient gels and analyzed by Western

blot using an anti-MerR antibody. MerRRNAP cross-linked species were designated based on their apparent molecular weights and the
reactivity with antibodies to MerR and to each RNAP subunit.

Neither transcript is produced with Hg(ll) present when the MerR3 cross-links with core were less enhanced by added
template DNA carries a mutation in-Figure 2C, lane 6).  DNA compared to the holoenzyme cross-links, suggesting
In addition to the expected transcripts from &nd R, that more stable MerRRNAP interaction is achieved by
abundant longer transcripts 200 nt) were observed (Figure ¢’%-mediated occupancy of the promoter. Hg(ll) did not
2C, lanes 1 and 4). Interestingly, addition of MerR largely detectably change the MerflRNAP cross-links regardless
eliminated these longer transcripts (Figure 2C, lanes 2, 3, 5,0f whether DNA was present (Figure 3: lanes 5 and 6, both
and 6). The long transcripts may originate at since they panels). Addition of nucleotides reduced the abundance of
are not seen when MerR represseoPwhen R contains all cross-linked MerR RNAP species (Figure 3: lane 7, both
a mutation (data not shown). Their increase in length may panels) to that of the “no DNA template” condition (Figure
be due to RNAP continuing around the ends of the template 3: lane 3, both panels), consistent with a loss of MerR
or hopping from one template to another. The EMSA and RNAP contacts upon initiation.
transcription runoff experiments demonstrated that MerR  The MerR-RNAP cross-links were specific since the same
limits the occupancy of RNAP to+Fas reported earlier;  band patterns occurred with or without:i1 BSA and MerR
(1D)]. Moreover, they showed that the complexes assembleddid not cross-link to BSA under these conditions (data not
in vitro under conditions suitable for cross-linking (albeit, shown; BSA is 3uM in all cross-linking data presented).
not optimum for transcription) were nonetheless competent That MerR does not cross-link t6', another large target
for both repression and activation by MerR. within RNAP, is further evidence of the specificity of its
MerR Cross-Linked to the, 3, ando’® Subunits of RNAP. interaction with the other subunits. The lower abundance of
MerR cross-linked to thet and f subunits of RNAP with MerR—RNAP cross-linked species compared to self-cross-
glutaraldehyde and to the, 8, ando® subunits with DSS linked species is similar to other activatdRNAP cross-
even withoutmerOPDNA template (Figure 3: lane 3, both links (32, 33 and is consistent with the expectation that the
panels). These cross-links were markedly enhanced whenMerR—RNAP cross-links would be more transient than self-
the reaction included WT template (225FPR'; Figure 3, interactions of either.
lane 4). The identity of the cross-linked MerRspecies merOP-Enhancement of MetfRNAP Cross-Links Re-
(apparent molecular mass, 63 kDa; more prominent with quired WT R. DNA containing WT R and mutant R
glutaraldehyde) was confirmed by its reactivity with amti-  enhanced the MerRRNAP cross-links (Figure 4: lane 5,
antibody (Figure 5: lanes 3 and 4). The MeyRspecies both panels); DNA containing a mutation i Blone or in
(apparent molecular mass, 192 kDa) reacted with both anti-both B and R (225PTPR*, 112PTPR", respectively;
MerR and antj§ antibodies and resolved more clearly on Figure 4, lanes 4 and 6) did not enhance the cross-links as
5% gels (data not shown). The afitiantibody did not react  well as the WT R. No enhancement occurred with a 31 bp
with any bands of altered mobility that were detected with template containingherOand the—10 and—35 of P, which
the anti-MerR antibody (data not shown). The MgrR° binds only MerR, but not RNAP (data not shown). The
species (apparent molecular mass, 132 kDa) reacted withimplication is that MerR-RNAP cross-links enhanced by
anti-MerR and with ants"® antibody (data not shown). Thus, DNA arise from stable complexes assembled gt dhd
there is a stable interaction between MerR and RNAP evenrepresent regulaterpolymerase associations characteristic
when neither is bound to the DNA, and the stability of this of the uninduced and induced complexes at P
interaction is enhanced when both are bound to DNA. MerR  Self-Cross-Linking of RNAP Subuniross-linking be-
also cross-linked to thet and 5 subunits of core RNAP  tween the subunits of RNAP itself occurred with both
alone, confirming that MerR can directly interact with core reagents. Thet subunits of RNAP produced a homodimer
RNAP even without’® (data not shown). The MerR-and (Figure 5, lane 2) which ran as two bands (estimated sizes
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Ficure 4: Enhancement of MerRRNAP cross-linking bymerOPrequires R. Cross-linking using templates containing WT or mutant

merOP (Figure 1) with glutaraldehyde (Glutar.) or DSS. See legend to Figure 3 for details of cross-linking reactions. In the right panel,

lanes -4 and lanes 56 are results from separate experiments. Western blots were probed with antibodies to MerR.
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FiGUre 5: Intra-RNAP subunit cross-links. Cross-linking was done
by glutaraldehyde (Glutar.); the blots were probed with anti-
antibody. See legend to Figure 3 for details of cross-linking
reactions.

of 88 and 111 kDa), indicating that subunits cross-link as
distinct conformers as previously see3), a also cross-
linked to all other subunits of RNAP, giving rise to—f',
o—f, a,—0"° and a—o’° species (Figure 5, lane 2). The
o—f' ando—f species ran close together on 5% gradient
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FiIGURe 6: Enhancement af—/ cross-link bymerOPrequires R.
Cross-linking with glutaraldehyde using DNA containing WT or
mutantmerOP (Figure 1). See legend to Figure 3 for details of
cross-linking reactions. Western blots were probed with antibody
to the o subunit of RNAP.

decreased, and the—f species increased (Figure 5, lane
8). The enhanced.—f species persisted when both MerR
and DNA were mixed with RNAP (Figure 5, lane 4).
Addition of Hg(Il) to MerR and RNAP with or without DNA
did not affect the RNAP self-cross-links (Figure 5, lane 6).
Addition of nucleotides altered the relative intensities of the
o—f" and thea—p species (Figure 5, lane 7) and led to a
decrease of MerRx (Figure 3, lane 7).

Enhancement ai—/ Cross-Links by merOP Required WT

gels with apparent molecular masses of ca. 200 kDa; thePr. With RNAP cross-linked in the presence of WT or of

o—0’® and o,—0"° species were ca. 136 and 179 kDa,

mutant templates, th&;—o"° and thea—/' species decreased

respectively. The same RNAP cross-linked species occurredcompared to their abundance without DNA (Figure 6, lanes

with DSS (data not shown). Bands were identified with
antibodies tay’® and S’ and were confirmed on 5% gels for
better resolution (data not shown). The- band detected

3—6 compared to lane 1). However, only templates contain-
ing WT P (225PT'PRf, 112PT'PR") enhanced the.=—f
species. Thus, interaction with But not with  enhanced

by anti« was defined here based on its apparent molecular &~/ cross-linked species. Intra-RNAP cross-links were not
mass (ca. 200 kDa) and the absence of reactivity of this bandaltered by a 31 bp template (covering base® to —38)

with either antie”® or anti{3' antibodies. Four distinct anfl-
monoclonal antibodies were used to detectdh€3 band;
however, all reacted weakly, making visualization of this
band by the ant$ antibody difficult (data not shown). The
detection ofo—p, o—p', f—/', or multiple subunits cross-
linked with MerR was beyond the resolution of the gel
system.

MerR and merOP Each Affect the Interactioncofvith
Other RNAP SubunitaVhen MerR was added to RNAP,
thea—p', a—f, ando,—0" species all decreased dramati-
cally (Figure 5, lane 3), even in the absence of DNA. The
WT merOPtemplate alone had a different effect on RNAP
self-cross-linking: both thea,—0™ and a—f' species

which binds MerR but does not bind RNAP (data not shown).
The enhancement of the—f species specifically atffmay
be due to binding oftr-CTD (a-carboxy-terminal domain)
to the UP element sequence present upstream (fFigure
1; 25). With both MerR and the WT P(Figure 5, lane 4),
the a—p cross-linking intensity more resembled that with
Pr DNA alone (Figure 5, lane 8) than with MerR alone
(Figure 5, lane 3), suggesting that in the MefRNAP—
DNA complex RNAP is bound at{PMerR cannot interrupt
this o.—f association when RNAP is bound at (Figure 5,
lane 4).

Self-Cross-Linking of MerR Indicates a Hg(ll)-Induced
Conformational Change in MerRAs expected, since MerR
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is predominantly but not exclusively a dimer auM (9,

24), cross-linking produced abundant dimers and some higher
multimers (Figure 3: lane 2, both panels). The cross-linked
MerR dimer (MerR) ran as three closely spaced cross-linked
conformers with apparent molecular masses of 37, 42, and
45 kDa. Neither WTmerOPDNA nor RNAP alone nor both
together affected this dimer distribution (Figure 3: lanes 8
and 3-4, both panels). However, Hg(ll) increased the
abundance of the slowest mobility MerBonformer (Figure

3, lane 9; more obvious with DSS), regardless of whether
DNA was present (Figure 3, lane 10). This Hg(ll)-induced
change in the Merrconformer distribution was even more
prominent with RNAP present, with or without DNA (Figure

3: lanes 5 and 6, both panels) and did not occur with the
Hg(ll) binding mutant C126Y (data not show8; 9).

DISCUSSION

Stable MerR Associations with RNABur recent finding
of MerR-specific effects of mutations in bothoA andrpoD
(23) suggested that as well aso’® might contact MerR at
some stage of transcriptional initiation. No prior work had
specifically implicated interactions between MerR and the
two large polymerase subunitg, and 5'. In the work
presented here, MerRRNAP interactions are demonstrated
by MerR—RNAP cross-links in the absence of DNA, by
alteration of RNAP self-cross-linking by MerR, and by an
electrophoretically stable association between MerR and
RNAP (Figures 3, 5, and 2B, lane 3 of each figure).

MerR cross-linked to the, 5, ando™ subunits of RNAP
even in the absence of promoter DNA (Figure 3, lane 3),
indicating that MerR alone contacts RNAP stably enough

for the cross-linking to occur. These contacts were enhanced

in functional MerR-RNAP complexes assembled at P
(Figure 3, lane 4; Figure 4, lanes 3 and 5). MerR cross-links
to the a. and 8 subunits of the RNAP core as well as the
holoenzyme (Figure 3, lanes 3 and 4, and data not shown).
This indicates that MerR interacts with both RNAP core as
well as holoenzyme, even though these two forms of RNAP
have significant conformational difference3b). The con-
stancy of MerR-RNAP cross-links on exposure to Hg(ll)
indicates that MerR maintains similar, although not neces-
sarily identical, associations with RNAP subunits during both
activation and repression. An analogous finding has been
made with the bacteriophag9 regulator protein p4 in
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Ficure 7: Complexes involved in transcriptional control of the
meroperon. M, MerR; I, merTPCADpromoter DNA; R, RNAP;

Hg, Hg(ll). Numbers refer to steps in the process elaborated in the
text.

subunits stably contact the larger suburfitandg’ (47, 48),

and ¢® has close proximity to the-CTD (49). No prior
work has examined the effects of either promoter DNA or a
regulatory protein on RNAP self-cross-links. The MerR-
mediated losses of the—f ando.—p' cross-links were most
unexpected as associationaf, andf’ is the foundation

of core polymerase. It is unlikely that MerR interposes
extensively between. andj or §'. A probable participant

in at least some of these MerR-interrupted RNAP self-cross-
links is the highly mobilex-CTD (50). That MerR interfered
with o’'s contacts tg3', the only subunit to which MerR did
not itself cross-link, further suggests that MerR interacts with
the o-CTD which might contacg' in the absence of DNA.
This is also suggested by disruptionoef-0" by MerR since
ax—07% contacts might also involve the flexible CTD of at
least onex monomer 49). Alternatively, MerR might cause
conformational changes i and/or ¢7° which affect the
stability of their interactions indirectly.

Model for mer RegulatiorOur findings are integrated with
previous knowledge ofner transcriptional regulation in
Figure 7. Reactions 1 through 3 depict complexes oftilee
transcription control components in the order we expect they
occur in vivo at WT R. Since MerR has a high affinity for
DNA (10, 18, in vivo, it binds stably to DNA (Figure 7,
reaction 1) to form the repressed complex-Fr (11, 13,

14). With MerR bound, RNAP binds preferentially tor P
(Figure 7, reaction 2), leading to formation of the uninduced
ternary closed complex (MPr—R). In vitro we found that
MerR and RNAP bind tanerOPindependently. However,
the elimination by MerR of RNAP-generated slow mobility
DNA bands in EMSA (Figure 2A, lane 4, PPR" panel)
and of non-Rtranscripts (Figure 2C, lanes 2 and 5) suggests
that MerR alters RNAP so as to limit its occupancy to P
The assembly of MerR and RNAP at B also suggested
by enhanced cross-links between MerR and RNAP specif-
ically mediated by WT PDNA (Figure 4, lanes 3 and 5).

which the same residues are involved in both repression antrne’same cross-links between MerR and RNAP bound on

activation, at the A2c and late A3 promoters, respectively
(36).

Growing evidence from many systems underscores the
utility of cross-linking in revealing areas of functional
relevance in interacting proteind3, 33, 37, 38 The number
and variety of MerR’s cross-links with RNAP subunits are

the DNA pre- and post-Hg(ll) addition demonstrate for the
first time in vitro the unusual behavior of MerR, i.e., capture
of RNAP at R even in the absence of the inducer Hg(ll) as
previously demonstrated in vivd.{, 13, 14. The physical

basis for MerR’s ability to sequester RNAP in a preinitiation
complex at P (11) may lie in stable associations with three

unprecedented among regulatory proteins and are consistengf the four subunits of RNAP holoenzyme. Hg(ll)-induced

with more extensive surface proximity between RNAP and
MerR than any previously described prokaryotic transcrip-
tional regulator. Other regulators interact with either a2 (
33, 36, 37, 39-45) or two subunits of RNAP32, 38, 46,
with thea and thes subunits being the most common targets.
Our observations also indicate remodeling by MerR and
by merOP of contacts between the RNAP subunits them-
selves as suggested by alterations in déhe3, a—f', and
o—0o'° cross-links (Figure 5, lanes 3 and 8). Thend o™

allosteric changes in MerR which lead to underwinding of
merOP (11, 12, 14, 15, 51l were here demonstrated by
marked alteration in the MerR dimer conformation (Figure
3, lanes 9, 57), by the doublet MerRDNA band (Figure

2A, lane 2, 112PTPR" panel), and by formation of a distinct
very slow mobility complex in EMSA (Figure 2A, lane 5 of
PT"PR' panel; Figure 2B, lanes 7 and 11). In the activated
complex (H-M—Pr—R, Figure 7), MerR still maintains its
contacts with RNAP (Figure 3, lane 6). Reaction 4 represents
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an interaction between MerR and RNAP (Figure 7Rl
when neither is bound to DNA, observed here in vitro for
the first time.

In summary, our work reveals that MerR associates spe-
cifically with RNAP even without DNA. These associations
are markedly stabilized by binding tor Rt which MerR
normally operates. Previously, MerR-mediated activation has
been attributed primarily to DNA underwinding by MerR;
our findings provide a new look at the mechanism, implicat-
ing MerR—RNAP interactions during both active repression
and Hg(ll)-induced activation. Current efforts are directed
at quantifying the equilibrium constants of these interactions
and identifying the precise residues involved in the interac-
tions.
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