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ABSTRACT OF THE DISSERTATION
Displacement of DNAmolecularmi mi c frorRthe RNA polymerase activeenter cleft:
singlemolecule fluorescence analysis

By QUMIAO XU

Dissertation Director:

Richard H. Ebright

TheNt er mi nal conser ved hynggatively chmmed8egiedtR1 . 1) |
with90-1 00 ami no aci ds. [|IDNA-bindiegedetérminanttoini nt er act
preventing freel from association with promoter DNAn RNA polymerase (RNAP)

hol oenzyme, 0R1. 1 -bimadingdtetermmantsoima stkiser@ENAdr e en
association with promoter DN/Aeletion oftiR1.1 has significant effects on rates of

formation ofRNAP-promoter open complex (RPo).

The solution structure afR1.1has been solved by NMR. Ensemble fluorescence

resonance energytrdner ( FRET) analysis indieate that
mi mi co of DNA by -certecaeftig RNAB hotodneymey ant mustde
displaced out of the activeenter cleft upon formation of RPo. However, the precise

positions and orientatiomsf G R1. 1 in holoenzyme and RPo h

Recent cryst al in BNAP botoénayme foom twb graigMurakami
and ceworkers and Darst andaworker® p|l ace GR1. 1 in RNAP hol oc¢

RNAP activecenter cleft, consistentithi the ensemble FRET analysis, but the folds and



the rotational orientations of GR1.1 in th

different.

In thiswork, | have used systematic singtelecule FRET and distancestrained
docking to definethepost i ons and rotational orientatio
in solution and in RPo in solution. The results for RNAP holoenzyme indicate that, in

RNAP holoenzyme in soluti orentelicRfiind is | oca
position and rotationalrientation consistent with the crystal structure from Darst and co
workers. The results for RPo indicate that
the activecenter cle®® at least 40 A away from its position in holoenzymie

positioned between h(RNAPDBG | a fwdispemsdible region BPR1), and potentially

makes direct prote#protein interactions witbDR1.

Deletion ofbDR1 affects the rate and temperatdependence of formation of RPo and
alters the footprint of RPo. My results suggest,tbpon formationof RP@j R1 . 1 i s
displaced fronthe RNAPactivecenter clefttm bi ndi ng site on bDR1,

provide an explanation f@reviously detected f f ect s DR1. del et i ng D
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1. Introduction

In cellular organisms, gene expression starts from transcription, the process by which
genetic information encoded in DNA is copied into RNA. Most regulation of gene
expression occuradt the level of transcription. RNA polymerase (RNAP) is the enzyme
responsible for synthesizing RNA from DNA template, and is the target, directly or
indirectly, of most regulation of transcription. In its simplest bacterial form, the enzyme
comprisesfivs ubuni t's" Utmon,d br,) ,Uwith a total mol ec
kDa (Murakami and Darst, 2003Jhe catalytically competent core of RNAP is
conserved in sequence, structure and function from bacteria to lfGnaaner, 2002,

2004; Darst, 2001Ebright, 2000; Lane and Darst, 2010a, b; Murakami and Darst, 2003;
Werner, 2007; Werner and Grohmann, 20Bktheal RNAP and eukaryotic RNAP
contain five conserved subunits (A, B, D, L, and K in archaeal RNAP; RPB1, RPB2,
RPB3, RPB11, and RPB6 in eukargd®NAP Il) and also contain additional subunits
(Cramer, 2002; Werner, 200 Bacterial RNAP is the smallest and best characterized
form of multisubunit RNAP, making it the model system of choice for detailedtstal

and mechanistic studies.

1.1 Bacterial RNA polymerasecore

Multi-subunit RNAP isa complexmolecular machinery. Its simplest form, bacterial
RNAP core is composed of five subunbst, U, U', ¥, with dimensions of ~158 x ~
100A x ~100A. The first highresolution structurefdacterial RNAP was solved for

Thermus aquaticuRNAP core(Zhang et al., 19990ver a decade, a wealth of structural



information on bacterial RNAP have provided unprecedented insights into the structure
and function of this essential enzyigizarst, 2001 Darst et al., 2002; Murakami and

Darst, 2003; Opalka et al., 2010; Vassylyev et al., 2002; Zhang et al., T9@9)

structures have revealed that bacterial RNAP core has a shape reminiscent of a crab claw
with two prominent pincers (Fig.1). The two pineelefine an internal channel of ~ &7

in diameter, a size that can accommodate destisdended DNA. The channel serves as

the activecenter cleft of the enzyme. The active site is located on the back wall of the
channel, where a Mgion required for catalytic activity is chelated by three conserved
aspartate residues. The active site of the enzyme is where synthesis of RNA from

ribonucleoside triphosphate (NTP) takes place.

The largest subunit of RNAB,,o f or ms one of the pincers,
The clamp opens and closes at different stages of transcription, allowing DNA to be
loaded into the activeenter cleft and remain in position during transcription elongation
(Chakraborty et al., 20)2The other pincer is formed by the second largest subunit of
RNAP, b. b andb make up the activeenter cleft, contain the determinants for the

catalysis, and make extensive interactions with other subunits and nuclei(Zheidg et

al., 1999)

In addtion to the activecenter cleft, RNAP core hold&o other distinct channe(§ig.1

B): the secondary channel, which mediates access of NTP substrates to the active center
cleft; and the RNAexit channel, which mediates egress of nascent RNA from the-activ
center cleft The RNAexit channel is covered by tihdlap domain(Vassylyev et al.,

2002)



Bacterial RNAP core contains two copiesdtsfubunits:J andU'. Theyhave identical

sequences, but make specific interactions with the rest of RNARer&c t s wi t h t he
subuni'inaedadts wi(Zhangethlel9®WpashibUnsabunit c
of two independently folded domains: theNe r mi nal domai mternifndNT D) a
domain (UCTD) n~20amnoagid flexébte linkey(Ebaght and Busby,

1995) U N T ddmeiizes and is responsible fortte s e mb |l y of t h@®arsh and b
etal., 1998) U Gk DNA-binding modué that has an important rolecatrtain

promotergBlatter et al., 1994)

The smallest subunit of RNAR,, i s not required for functi
growth under normal conditioriMinakhin et al., 2001)However, it has been shown to
promotet he assembly of the RNA-gndbGeymmalr ase by 7
regions ofb .Nj

A B

active-center cleft
; o active-center cleft

B' pincer _ secondary channel

B’ pincar ) )= B pincer (clamp)

(clamp)

channel

Fig. 1. Structure of RNAP core.

The structure of RNAP core shownby surfaceaepresentatiofZhang et al., 1999p' is

in orange; 'ibs iisn ilnligphté emlduadd:k bl ue:- ¥ is in
center Mg* is in violet

(A) "Upstream" face.

(B) "Top" face (view into activeenter cleft-90°rotation about xaxis relative to A).



1.2. Bacterial RNA polymerase holoenzyme

Bacterial RNAP core is catalytically competémicarry out norspecific transcription

initiation and trascription elongation, but is unable, by itself, to carry out promoter

specific transcription initiatioWheeler et al., 1987Yo carry out promotespecific

transcription initiation, RIAP core must associate withem i t i at i on f act or
RNAP hol oenzyme (s ullwi:i tr eBomkbesdndiNwler, b' b U
2003; Young et al., 20020 contains determinants for sequesspecific interaction with

DNA and, through those determinants, targets RNAP halgae to promoteréBusby

and Ebright, 1994; Gross et al., 1998; Roberts and Roberts,.1996)n addi t i on,
critical roles in promoter unwinding, promoter escape, early elongatiscriptional
pausingand response to transcriptional regula{@ampbell et al., 2008; Lee et al., 2012,

Perdue and Roberts, 2011)

1.2.1 G factors

Multiple (i factors are present in most bacterial species. However, typically a &iisgle
responsible for the majayi of transcription in the cell, which is usually ref to the
principal or housekeepingfactor(Gross et al., 1998; Helmann and Chamberlin, 1988)
Other( factors that control specialized functions are considaitedhativell factors Per
bacterial species, there is only one princip&dctor, while the number of alternativue
factorsvaries. All the principafl factorsand most alternativé factorsbelong to thei®
family. Members inii’*family share sequence and structure similarity \E&bherichia

coli principal factor, ”° (Paget and Helmann, 2003Mlany bacteria alsodve a second



distinct type ofil called the®* family, whichshare no sequence homology with &2

family andalso utilize adistinct pathway ofranscription initiation(Buck et al., 2000)

The most significant function af factors in transcription is promoter recognition.
Promoters are specific DNA sequences that mark the transcriptional statsttzial
promoters contain twooresequence elements: tH) element and th&5 element

(Harley and Reynolds, 1987; Hawley and McClure, 1983; Keilty and Rosenberg, 1987;
Siebenlist et al., 1980)he-10 ekment is located near positielD relative to the
transcription startsitei t h t he ¢ on s-EATAAT S8 6s e3pdbmentie 50
located near positiof35 relative to the transcription start sitedéhas the consensus

S e g u e TGACA3665trength of promoters is generally determinedhey

similarity of -10 and-35 regiongo the consensuseguenceSome promoters have an
fiextended10 elemert, located immediately upstream of #i® element of the
promoterwith the consesus sequence -3 GN-3 @eilty and Rosenberg, 1987; Mitchell

et al., 2003) Such promoters can function well with@recognizable35 region

Theprici pal @ f act or-€"imT thenephtiuandT. aquaticup Sib i e s
E. coli--contain five conserved regio(sig.2). U-regionl . 1 1.1) g-FRgion2 ( G R2) ,
G-region3 (0 Ré&gon3.2,& n dregipnd ( (®Rds$ et al., 1998; Lonetat al.,
1992)R1. 1 a.n2d (GaR3s o kno®RA hareaflixible highlR 3 /
negatively charged segmentR 2 , ,0 R d 0 R 4oldedrd@maisstthatlcdntain
determinants for sequenseecific interactions with, respectively, the promeféy

element, the promoter extenddd element, and the promot85 elemen{Campbell et

al., 2002; Gross et al., 1998; Malhotra et al., 1996; Murakami and Darst, 2003; Young et



al., 2002)Thel non-conserved regiomiNCR) is preset in someprincipal i factors not

related in size, sequence or structi@ampbell et al., 2002; Gruber and Gross, 2003).

Crystal strictures of proteolytic fragments (I suggested that factorsare composed of
domains connectealy flexible linkers(Fig. 2, Campbell et al.2002; Malhotra et al.,

1996; Severinova et al., 199@&ach domaimcludes both an RNAP binding determinant
and a DNA bindingleterminantiR2 consists of three helices, with one of the helices
forming the primary interfaceith RNAP core andanotherhelix involved in DNA

melting and recognition ofL0 promoter elemenfiR2 andiR3are connected by an
exposed, flexible, but highly conserved lo8R3 is a compact domain of three helices,
one of which interacts with the extenddd region of the promoteiiR4 composed of

four helicescontains a major RNAP binding determinand interacts with35 promoter
element. The flexible loopR3.2 betweeiR3andlR4 as well as the Nerminal region

0R1.1 were degraded by proteolysis and not crystalized.

promoter DNA <j—|:|-|: { -

-10 extended -35
-10

Fig. 2. Sequence architecture of.coli &°°.
Re gi o Aare labklediand their specific interactions with promoter DNA are shown
by arrows(adapte from Murakami and Darst, 2003)



1.2.2 Structure of RNA polymerase holoenzyme

The structursof T. thermophilu|RNAP holoenzymendT. aquaticufRNAP

holoenzymehavebeen determined at 2.6&kd 4A resolutiongdMurakami et al., 2002b;

Vassylyev et al., 2002 he structures reveal that the organization of core subsanits

essentidy identical in RNAP core ahin RNAP holoenzyme, exceptthaité b' pi ncer

rotates, as a unit, ~16°into the actreenter cleft in RNAP holoenzyme

In the holoenzyme, the globular domaingiafre spread out across the upstream face of

the RNAP crab ew (Fig.3). The interactions betwe@mand core subunits are extensive

0R2i nt eracts with the b’ p i-centeecieftliR3 imeraatsi d a b o
with the baselRgifntterea cht sf |vaipt;h Thehaleerst i p of tF
connecting each domain also make contacts
RNA-exit channel, andhust be displaced to permit access of nascent RNA to the RNA

exit channel (when nascent RNA reaches a length-dfi~&) 0 R 1 . 1ssingsrommthe

crystal structure of RNAP holoenzyme.

Althoughi f actors contain the determinants for
are unable to bind with promoter DNA in the absence of RNAP éasaciation with

RNAP core induces the conformationangeofi and un ma<ikdngt he DNA

e | e me n(Callaciietral., i998, 1999; Callaci and Heyduk, 1998; Dombroski et al.,

1993; Dombroski et al., 1992n the holoenzyme, domains fire properly positioned

to interact with promoter DNA (Fig.3). Alhe promoterecognitiondeterminants i

are solvent exped in the holoenzyme structure, with a spacing rougbrgistent with



the predicted separation of their target promoter elenfshisakami, 2013; Murakami

and Darst, 2003; Murakami et al., 2@)2Murakami et al., 2002b; Vassylyev et al., 2002)

B
active-center cleft
B' pincer
(clamp) secondary channel
e .

Fig. 3. Structure of RNAP holoenzyme.

The structure of RNAP holoenzymesisownby surfacaepresentatiofVassylyev et al.,

2002)b is in oran'ge; ib 1'sigshni nhidesernk Wilue; ¥
is in yellow.

(A) "Upstream" face.

(B) "Top" face (view into activeenter cleft-90°rotation about xaxis relative to A).

0R3.2 passes through the RMXit channel (not shown in this figure).



1.3 Transcription cycle

The transcription cycle can be divided into three main steps: initiation, elongation and
termination. Upon association with initiation faclprRNAP carries out a series of
reactions during transcriptidBai et al., 2006; Nudr, 2009; Peters et al., 2011; Saecker

et al., 2011; Vassylyev, 20Q9)

() RNAP binds to promoter DNA, yielding an RNABromoter closed complex (RPc).

(i) RNAP unwinds ~13 base pairs of promoter DNA surrounding the transcription start
site, forming asingle stranded region ("transcription bubble"), and yielding an RNAP

promoter open complex (RPo).

(i) RNAP begins synthesis of an RNA product as an RNpA@&moter initial transcribing
complex (RPitc). During initial transcription, RNAP uses a "scrunc¢himgchanism, in
which RNAP remains stationary on promoter DNA and unwinds and reels in downstream

DNA in each nucleotidaddition cyclgKapanidis et al., 2006; Revyakin et al., 2006)

(iv) After RNAP synthesizes an RNA product ~1limkength, RNAP breaks its
interactions with the promoter, escapes from the promoter, and begins transcription
elongation as an RNABPNA elongation complex (RDe). During transcription elongation,
RNAP uses a "stepping" mechanism, in which RNAP translscatative to DNA in

eachnucleotideaddition cycle/Abbondanzieri et al., 2005)

(v) When RNAP encounters a termination signal, RNAP releases the RNA product, and

dissociates from DNA.
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1.4. RNA polymerasepromoter open complex

Initiation of RNA syntheis from DNA template is a rai@niting step during the

transcription cycle, and is the step under most co(Brwning and Busby, 2004)

During transcription initiation, RNAP core associates with the initiation factot o f or m
RNAP holoenzyme, and bisdo promoter DNA to form an RNApromoter closed

complex (RPc). RPc undergoes rapid isomerizations, melts ~ 13 nt surrounding the
transcription start site, forms a transcription bubble, rendering accessible the genetic
information in the template stranéiNA, to yield a stable RNAPromoter open

complex (RPo).RPois the critical, catalytically competent, intermediate in transcnptio
initiation, and modulation ahe formation, stabty, and activity of RPo is aimportant

means of regulation of gemespressior{Saecker et al., 2011)

The crystal structure of RPo has been determined @ @28olution from the complex of
T. thermophiledoloenzyme and a synthetic DNA scaff¢fhang et al., 2012)The
organization of RNAP subunits in RPo is simii@RNAP holoenzyme, except that the
clamp closes by ~ 2Xelative to the crystal structure of holoenzyfWassylyev et al.,
2002) The clamp conformation in RPo is the same as in the crystal structure of RNAP
elongation complex, and eonsistent witFRET results, indicatinghat the clamp closes
upon formation of RPo and remains closed during elongéfibakraborty et al., 2012;
Vassylyev et al., 2007The structure reveals that RNABreand initiation factor

make sequenegpecific interactions with the nontemplate strand in the transcription
bubble and preaganize the downstreaBPINA to the same form in transcription

elongation.
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1.5. 0R1.1

GR1.1 is present and conserved among prindgagctors. It is a highl acidic, flexible

segment with 96- 100 aminaacids at the Merminus ofil. Important biological functions

have been ascribed &R1.1. First, it interacts with the DNRAinding determinants on

freell, masking the DNAdeterminants of, therefore preventmfreel f r om associ a
with promoter DNA(Camarero et al., 2002; Dombroski et al., 1993; Dombroski et al.,

1992) cahnstructs lacking region 1.1 were able to bind promoter DNA whereas full

lengthd exhi bited only WmRNAPhweé alenR2NMmebi WiRilng. |

[}

masksthe DNA i ndi ng determinants on u, therefor e
DNA. SecondE. coli RNAP holoenzymeeconstituted wih (1”° that lacks region 1.1 is

easier to dissociate, compared withlymerase with fullength(i’®, suggesting that

GR1.1 plays a role in stabilizing the interactions betwi#8and corgHinton et al.,

2006) Third, R1.1 modulates the formation of RPo at certain promoters. Depending on

the sequences of tipromotes, the pesence ofiR1.1can eitheincrease or decreate

rates offormation ofRPo(Vuthoori et al., 2001; Wilson and Dombroski, 19973st

GR1.1 is the target for bacterial phage T7 Gp2, a transcription regulator that iEhibits

coli RNAP. Full inhibition of formation of RPo by Gp2 requires the presen&®afl

(James et al., 2012; Sheppard et al., 2011)

The solution structure dhe isolated domain afhermotogamaritimad”® (iR1.1 (residues
29-95) has been determined by NMRchwatz et al., 2008)The structure shows that
UR1.1has a core fold domain comprising of thHtdeelices (Fig.4 B). Two short helices

are roughly antparallel to one another and pack perpendicularly against the longest helix.

The Gterminal tail is a long anflexible loop.0R1.1 has a mostly negative electrostatic
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surface potential and contains a compact hydrophobic core formed by highly conserved
residues from all three helices and part of thtei@inal tail. Due to the homology
betweeniR1.1 of T. maritimad® andE.coli (", the solution structure . maritimat”

0R1.1 can serve as a structural modefifet.1 ofE.coli ¢’°(Fig.4 A).

0R1.1is missing from the crystal structures of RNAP holoenzyme and RPo described
(1.2, 1.4). The conformational changeli§¥l.1 in freell’®, holoenzyme and RPo is first
revealed by footprinting experiments. Hydroxgtical protein footprinting shows that
E.coli &"°region 1.1 is exposed to hydroxyl radicals in €% substantially protected in

the holoenzyme but exposed again in the binary complex of holoenzyme with promoter
DNA (Nagai and Shimamoto, 199 8ystematic ensemble fluorescence resonancgyene
transfer (FRET) and distancestrained docking analyzed the position& afoli &’
domainsn RNAP holoenzyme and in REMekler et al., 2002)The results suggested in
RNAP holoenzymelR1.1 is located inside the RNAP actiwenter cleft, just above

floor of the downstrearduplex channel; in RPGR1.1 is located outside the RNAP
activecenter cle® 50 A away from its position in RNAP holoenzyfhés positioned

near theb pincer tip. It proposed that the highly negatively changied.1 serve as a
fimolecularmi mi c06 of DNA by o c cceneycliefhigRNARe RNAP
holoenzyme, and must be displaced out of the RNAP acéwueer cleft upon formation

of RPo.

The precise positions and rotational orientation3Rif.1 in RNAP holoenzyme and RPo
have remained uncertain. Ensemble FRET analysis provided an estimation of positions of
0R1.1 in RNAP holoenzyme and RPo, but no information on rotational orientations,

mainly due to limited labeling sites (2 reporter probe site§Rih1, 4 reference probe
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sites on RNAP cor@Mekler et al., 2003) Therefore, more precise and detailed mapping
of GR1.1 in holoenzyme and RPo is required to understand the mechaniRik bf
displacement and to define the interactiongt.1 with RNAP core subunits. Such
structural models ofiR1.1 in holoenzyme and RPo should also provide the necessary
framework for analyzing the ever accumulating genetic, biochemical, and biophysical

data.

A H1 H2
MQ,Q.Q,Q.Q.Q,Q,Q Q_Q_Q,QM
BBOTE  ae e s s s e 6 s w8 6 e 8 e @ 8 e © e I I . IGYITYI NDHL
T.maritima MNEEQQVLQEQHQEQTQEQTQEQKET|L IL:{?I TS KN4 T b= D|TD K AFIYP D
MMMMMMM&

H3 H4
,Q,QJUUZ

E.coli EDIV)s NDMf\VM DDLMLAENT AA “V SE
T.maritima FEGF EKH\T ....... D _H

Fig. 4. Structuresof G R1. 1.

(A) Sequence alignment & coli G’°GR1.1 andT. maritima(” GR1.1 using ClustalW2
program. Highlighted in red background are identical residues, in red font and blue
square are conserved residues. Compositiobkhefices inliR1.1 are shown by springs
above E. coli) and below T. maritima) the sequence alignment.

(B) Cartoon representation of the solution structuré.ofaritimad” dR1.1(Schwartz et
al., 2008)

(C) Cartoon representation of the crystal structut.ebli G’°GR1.1 (Murakami 2013).
The structures are rainbaspectrum colored from Jfierminus (blue) to C terminus (red).
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1.6. 0 Rnkew structural information

Recently, c¢crystal structures of GR1.1 in R
two different groupd Murakami and cawvorkers and Darst and -eworkers (Murakami,

2013 Baeetal., 2013, n press). They bot h-canteraleften G R1. 1
RNAP holoenzyme, consistent with ensemble FRET analysis, but the folds and the

rotational orientations of GR1.1 in the cr

In the crystabtructure ofE. coli RNAP-(’°holoenzyme from Murakami and-seorkers

(Murakami, 2013) GR1.1 is located inside the actigenter cleft, surrounded lyR2 , b

| obe, anadlochtion consistemgensemble FRET analjdekleret al., 2002)

The foldof GR1.1 is different from that of the NMR structureToimaritimad”® GR1.1

(Fig.4 C) | n Muaryatd stroctui@BR1.1 (residues® 4) possesde@s a i
fold comprising fout-helices, distinct from the threeelix fold in the NMR structure

(Schwartz et al., 2008)

In the crystal structure &. coli RNAP-(’°holoenzymerom Darst and cavorkers (Bae

et al, 2013, in press) RTi1 comprises a core folded domain (residubs)lof threel-
helices with similar topology to the NMR structured#t1.1(Schwartz et al., 2008The
globular domain ofiR1.1 sits directly in the path of the downstream duplex DNA inside
the RNAP activecenter cleft, very close to the position proposed from ensemble FRET
analysis(Mekler et al., 2002)The rotational orientation @fR1.1 relative to RNAP core

is different fromthat in Murakamis crystal structure.

The crystal structures 6iR1.1 in holoenzyme from the two groups provided detailed

information on the positions and rotational orientatioiR1.1 in holoenzyme.
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However, the results from the two groups conflicted with each other. Therefore,
additional information from other sources of measuregiemteeded to differentiate the

conflicting crystal structures afR1.1.
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1.7. Singlemolecule fluorescence resonance energy transfer

Fluorescence resonance energy tran$fBET), a physical phenomenon that permits
measurement of distances, has been applied to define the structure and mechanism in
transcription(Mekler et al. 2002; Mukhopadhyay et al., 2001; Mukhopadhyay et al.,

2003) Regarded as a fispectroscopicnoful er o,
distances in the range e20A to ~ 1004, about onéhalf the diameter of a transcription
complex(Lilley and Wilson,2000; Murakami and Darst, 2003; Selvin, 2000; Stryer and
Haugland, 1967) FRET occurs in a system having a fluorescent probe serving as a donor
and a second fluorescent probe serving as an acceptor, where the emission spectrum of
the donor overlaps the e@xation spectrum of the acceptor. In such a system, upon
excitation of the donor at its excitation wavelength, energy can be transferred from the
donor to the acceptor, resulting in excitation of the acceptor and emission at the
acceptor 6 s aghiTheeffidency of anergyl transfé:;,is proportional to

the inverse sixth power of the distan&® between the donor and the acceptor, given by

the relation(Clegg, 1992)

O pp MY 1)

WhereRyis the characteristicdfster parameter for a given doraxceptor pairthe value
of which depends otine spectral properties of the flusocent probes and the relative

orientation of their dipole moments

Y wxgmlloo7T A

F
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wheren is the refractive index of the mediusf,is the orientation factor between the
donor emission and acceptor excitation dipdl@sis the fluorescent quantum yield of

the donor in the absence of acceptor, &rgithe integral of the spectral overlap between
donor emission and acceptor absorbance spectra. WheRr,, the energy transfer is 50%

efficient.

FRET efficiencyE can bemeasured by a variety of ways, includingesluction in the
fluorescen quantum yield of the donor,crresponding shortening ofglidonor excited
state lifetimeand an increased fluorescent emission fromatieeptor(Clegg, 1992) Ry
can be determinedytexperiments independent of energy transfer for each donor
acceptor pair. Thus, the doracceptor distance can be derived from equation (1) with

the values oE andR..

FRET analysis is conventionally carried out at ensemble level, which pravdesgyed,
mean values for the system studied. In contrast to the ensemble FRET analysis, single
molecule FRET analysis allows measurements on a true molecular basis, thus reveals
information on heterogeneous pdgtions and dynamic procesger et al.,1996)

Single fluorescently labeled molecules can be studied when they are freely diffusing in
solution or wha they are surface immobilizéBeniz et al., 1999; Ha, 20Q1Jurface
immobilized singlemolecule analysis is especially useful in detecting-ilependent
conformational change or dynamic events, by observing a particular molecule over a
period of time. However, special care has to be taken to ensure minimal perturbation on
the system (photophysical properties of the dye, structure and functioriagjical

complexes) from immobilization.
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In-solution singlemolecule FRET (SmFRET) measurements typically usegeivhere

a femtoliter scale observation volume is defined by focused laser beams and confocal
optics(Deniz et al., 1999; Schuler and &at 2008) Molecules labeled with donor and
acceptor fluorophores are present atsabomolar concentration, freely diffusing in
solution, by virtue of Brownian motion. As a single molecule transit through the
observation volume, it is exposed to the fitffat excites the donor, generating
fluorescence photon bursts corresponding to the excitation. When an acceptor is close to
a donor, energy is partially transferred from donor to acceptor, which then emits at
wavelength longer than donor. The photomsrfrdonor and acceptor are counted in their
respective donor and acceptor detector channels. The FRET efficiency for each donor
acceptor pair is reported as a ratiometric parameter, determined by the ratio of photons
detected in the acceptor channel andnilmaber of photons detected in both donor and
acceptor channel®ata from a large number of events (photon byrstsummarized in
onedimensional FRET histograms wisihatistical analysjswvhich report on the presence

of static and dynamic heterogeneity the presence of conformational changes and on

molecular interactions.

The use of alternatinser excitation (ALEX) has recently extended the applications of
smFRET(Kapanidis et al., 2005; Kapanidis et al., 2004, Lee et al., 200B6fX

confocal nicroscopy employs a second laser that excites the acceptor at acceptor
excitation wavelength, in addition to the laser that excites the donor at donor excitation
wavelength. The two lasers are aligned, alternated atngdlibecond time scale, and
focusedightly into a femtoliterscale observation volume (Fig.5 A). During the transit

time of a freely diffusing fluorescent molecule through the observation volume (~ 1
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millisecond), a finite number of excitation/emission cycles occur, resulting in a burst of
fluorescence photons. When analyzing the stream of photons, two independent
fluorescence ratios can be calculated: proximity fatjenergy transfer efficiency) and
stoichiometryS. The stoichiometry paramet8reports on the relative stoichiometry of
donor and acceptor probes for each molecule obsefad allows the construction of a
two-dimensional FRET histogramesy E/S plot, in which th§ with values ranging
between 0 and 1, can be used to virtually sort species that contain both donor and
accepor dyes (clustered arour@Values 0f0.3 to 0.8 from donoronly (clustered around
Svalues of ~1.0) species and acceptor only species (clustered &wvalues of @o 0.2.
Thus, the desired doubly labeled species can be selected fromahiyiand aceptor
only species, allowing accurate measurement at long aiuaptor distances-B nm).
The corresponding distributions can be plotted and fitted with Gaussiangihich the
number of Gaussians correlates vilte number of syiopulations and the mean of the

Gaussian defines the meBwalue of the subopulation.
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Fig. 5. Measurement of smFRET: twecolor ALEX confocal microscopy.

(A) A diagram of the experimental sap. In actually experiments, exaiton of the two
lasers at 532 nm and 638 nm wavelengths is modulated using A€steoptical
modulato}, resulting in alternation at microsecond tiseale. Excitation laser beams are
coupled through optical fiber, directed to a dichroic mirror thidcets into the objective.
Excitation light is tightly focused to a femtolitscale observation volume in a sample
chamber (inset at right center). As a single fluorescent molecule diffuses through the
observation voluménset at lower right)it is excted by the laser beams and the
generated fluorescence emission travels down though the objective. The pinhole is used
to reject the oubf-focus light, so as to isolate femtoliter observation volume. The
fluorescence emission signals from donor and accepéofurther directed into
respective donor and acceptor detection channels, counted by awrianche
photodiodeks

(B) Sorting of single molecules using twdimensionaE/S plot. Each dot in the plot
represents a single observation for a single molecule during transit through the
observation volume. For each single observation, two ratiometric parameters are
calculateda donoracceptor stoichiometry paramet& anda donoracceptor smFRET
efficiency E), resulting in distributions ddandE over a number of observations. The
distribution ofSvalues on the @xis (histograms at righ®nables distinction between
species containing both the donor and the acceptor (dspieetes) and species
containing only the donor or only the acceptor (undesired species, comprising
incompletely labeled complexes, incompletely assembled complexes, or complexes in
photophysical dark stategyonsidering only observations from the doulalydled

desired specie$he distribution oE values on the faxis (histogram at top) defines mean
E and permits calculation of mean dovamrceptor distanc® (image at top)ln the case

of two or more subpopulations are presdmg, iumber of peaks inghdistribution

defines the number of distinguishable subpopulatiBoseach distinguishable
subpopulation, meald and mearR can be defined Adapted fromChakraborty et al.,
2012
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2. Experimental strategy

The objectives ofhis workare to definghe positios andtherotational orientatiosof
GR1.1 i n RNAIRsoluton anckirRRoynmautiontherefore to differentiate
the crystal structures &f R 1 frorh two different groups, and to provitlest information

identi fyi ng.lanérggionsmRNARdore ihaRihteracts in RPo.

The method of choice systematic singkenolecule fluorescence resonance energy

transfer (SmMFRET)I'he experimental strategy involves three main parts:

(1) generation of a series of RNAP derivatives, wiffuorescent probe incorporated in

0 R 1, antl a complementary fluorescent probe incorporated in RNAP core (Strategy |) or
8% (Strategy I1);

(2) measurement of promobe smFRET distances in the context of holoenzyme and

RPo using fluorescently label&NAP derivatives;

(3) automated, comput@ided distanceestrained docking af R 1to the structures of

holoenzyme and RPo using FRET distance restraints.

2.1 Generation of fluorescently labeled RNAP derivatives

Depending on the choice of reference probe sites, two sets of experimental strategies
were performed.
Experimental strategy | involves:

(1) Incorporation of the fluorescent probe tetramethylrhodamine (TMR) at each of 4

reporter probe sites within R 1; . 1
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(2) Incorporation of the fluorescent probe Alexa Fluor 647 (A647) at each of 6
reference probe sites within RNAP core;
(3) Preparation of RNAP holoenzyme derivatives from ThBeledt®and A647
labeled core.
In step 1 of the procedure, | incorporated TMR a&heaf four sites withini R 1: nainely,
residue 14, 36, 46 and 59{Fig.6) Two of the probe sites, residue 14 and 59 were
previously used in ensemble FRET analyMiekler et al., 2002; Mukhopadhyay et al.,
2003) Probe sites 36 and 46 are located enhiblix both in NMR structure and crystal
structure(Murakami, 2013; Schwartz et al., 200Bpur probe sites are well separated,
allowing accurate determination of the position and orientatianRf1. | ptepared four
U-TMR derivatives with TMR labelect &ach site. To prepare edtherivative, | first
prepared & derivative containing a single Cys residue at the site of interest, and then

performed Cysspecific chemical modification to introduce TMR at the Cys residue.

In step 2 of the procedure, lcorporated A647 at each of six sites within core: namely,
residue 106, 222, 357, 379, 643 and 937
and 937 were previously used in ensemble FRET andMekler et al., 2002)One of

the probe sites, residul06 was previously used in singi®lecule FRET analysis
(Chakraborty et al., 2012%ix probe sites are well separated in the structure of core, are
located at the periphery of core, andaithin the distance range where FRET is very
sensitive to anychanges in distance (~2M0 A). The probe sites are surfaseposed,
non-conserved residues, and are not involved in structural stability and function of RNAP
(confirmed by transcription assays, see Results). | prepared stA@drederivatives

with A647labeled at each site. To prepare each core derivatised a procedure

of
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comprising unnatural amino aanutagenesigChin et al., 2002; Wang et al., 2001)
Staudinger ligatiofChakraborty et al., 2010; Saxon and Bertozzi, 2@00RNAP
reconstitutionTang et al., 1995)The procedure (Fig.8) involvéd preparation ob
subunits containing-dzidophenylalaninatthe sites of interest (accomplished by
expressingngineered genes containing nonsense codaieatof interest using cells
that contaied an engineereslppressotransfer RNA (tRNA)/aminoacyltRNAynthase
pair in medissupplemented with-dzidophenylalaning)ii) incorporationof the
fluorescent pubonis atthdStes of inteneldy aziddspecific chemical
modification(accomplished by Staudinger ligatiaeingA647-phosphine derivatives)

and (jii) in vitro reconstitutiorof RNAP core b-A 6 4 7 J/ RINy/) U

In the step 3 of the procedure, | prepared RNAP holoenzyme derivatives from each of the
U-TMR derivatives and each of the coké47 derivatives, yielding 24 distinct RNAP
holoenzyme derivatives. Transcriptional activities of RNAP derivatives are comparable

to wild-type RNAP, suitable for subsequent SmFRET analysis.

Experimental strategy Il involves:
(1) Incorporation of the fluorescent probe A647 at each of 4 reporter probe sites
withind R1;. 1
(2) Incorporation of the fluorescent probe Cy3B at each of 6 reference probe sites
within 0 R, 0 B, andd R;
(3) Preparation of RNAP holoenzyme derivatives fraf#7/Cy3Blabeledi’®and
unlabeled wildétype RNAP core.

In step 1 and step 2 of the analysis, | incorporated the fluorescent probes A647 and Cy3B

at each of a series of sites ryielding doubly labeled derivatives. Eacli derivative
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contained A647 abne of the four labeling sites dnR 1, antl Cy3B at one of the six
reference probe sites on other regiond.ofhe labeling sites oiiR1.1 are residue 14, 36,

46 and 59 as in experimental strategy I. Incorporation of the fluorescent probe A647 into
0R1.1 involved the procedure comprising unnatural amino acid mutagenesis and
Staudinger ligation. The six reference probe site8Ri2, I B andl R are residue 108,

304, 366, 396, 459 and 569. Four of the probe sites, residue 366, 396, 459, and 569 were
previausly used in ensemble FRET analysis and single molecule FRET analysis
(Kapanidis et al., 2006; Mukhopadhyay et al., 2008ix probe sites are well separated

in the structure ofi, are located at upper half of RNAP, and are located opposite to the
positions of probe sites on core (Fig.9). The probe sites are stexposed, non

conserved residues, and are not involved in interactions with promoter DNA or RNAP
core (confirmed by transcription assays, see Results). Incorporation of the fluorescent
probe Cy® into (-A647 derivatives containing a single Cys residue at the site of interest

was accomplished by Cyspecific chemical modification.

In step 3 of the analysis, | prepared RNAP holoenzyme derivatives from eachlief the
Cy3B/A647 derivatives and wittype RNAP core, yielding 24 distinct RNAP
holoenzyme derivatives. Transcriptional activities of RNAP derivatives are comparable

to wild-type RNAP, suitable for subsequent SmFRET analysis.
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Fig. 6. Reporter probesitesond R1 . 1 .

The solution structuref T.maritma® @ R1. 1 i s represented
represent the labeling sites ®rR 1. Residues are numbered a€ircoli 6’°. The
structure is rainbow spectrum colored fromtddminus (blue) to @erminus(red).

(A) A view corresponding to Schwartz et al., 2008.

(B) A view with -90°rot ation about xaxis relative to (A).

by

ca



Fig. 7. Reference probesites on RNAPcore (Experimental strategy ).

Red spheres represent the labeling sites on RNAPRbI&P coreis in gray "°i% in
yellow; DNA templatestrand isn cyan; DNA nortemplate strand is in blue. Left,
upstream face; Right, top face (view into actbenter cleft;90°rot ation about xaxis
relative to left).

(A) Structure ofE. coli RNAP holoenzyme as in Murakami 2013.

(B) Structural model of RPo with DNA incorporated from the crystal structufe of
thermophilusRPo (Zhang et al., 2012)

26
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A64T-

amber His BL21DE3/pAmberAzide azido- His 1) Staudinger ligation with amino- His
codon tag azido-phein medium Phe tag Alexa647-phosphine Phe tag
1 1 2) Bio-Gel P30 1 1
A s | — [ —— [
BL21DE3
| —_— s ] — [CE
1) denaturation
2) renaturation
FLAG 1) BL21DE3 FLAG
t:'g 2) anti-FLAG ‘:‘9
TDoA _—
BL21DE3 n
rpoZ — 7]
3) incubate with ¢
4) anti-FLAG
TMR- 5) Mono-Q
TGC . i thioether-
codon 1) BL21DE3 Cys Cys §pe0|ﬁc Cys
2) Mono-Q labeling
— [ — [

Fig. 8. Preparation of RNAP holoenzyme derivative with a donor fluorophore (TMR)

on UR1.1 and an acceptor fluorophore (Al ex
Preparation of b -azddepghéenyladahine was accamplisredby i ng 4
expressing engineered genes containing nonsense abtlansite of interest along with

an engineered suppresgmnsfer RNA (tRNA)/aminoacyl tRNAynthase pair in media
supplementedwith-d zi dophenyl al anine. Al exa647 was i
Staudinger ligation using Alexa647 phosphine ddixes. RNAP core derivative was
reconstitutedn vitro from Alexa647l abel ed b dteyrpiev abtai vaen,d wsi,|l dan
U* ( FIUNG'OBSGGSGUNT'DP. & bearing single Cys resi
produced and labeled with TMR by Ggpecific modification. RNAP hokenzyme
derivative was prepared by incubating RNAP
affinity chromatography and ieexchange chromatograptlasmids, genes, and

proteins are shown as ovals, open bars, and closed bars, respectively.
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0366

Fig. 9. Referenceprobes i t e s o n 0 R 2 (ExpériRéntal steategy 1)l R 4

Green spheres repr e KNAPtoretsmegrayl 4ibiryeliom;g si t es
DNA templatestrand isn cyan; DNA nortemplate strand is in blue. Left, upstream face;

Right, top face (view into activeenter cleft;90°rot ation about »axis relative to left).

(A) Structure ofE. coli RNAP holoenzyme as in Murakami 2013.

(B) Structural model of RPo with DNA incorporated from the crystal structufe of
thermophilusRPo (Zhang et al., 2012).
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2.2. Data collection: smFRET efficiencies and distances

In-solution smFRET data acquisition was performed using ALEX confocal migrgsco
(Fig.5 A), for each of RNAP holoenzyme derivatives prepared in experimental strategy |
and experimental strategy Il, and, both in the context of holoenzyme and in the context of
RPo.

For each measurement, data analysis of the photon bursts gen&-alieteasionakE/S

plot, with which the doubly labeled species were selected for pldtdigtributions. The
equilibrium distribution oE values was fitted with Gaussians, allowing distinction of
subpopulations, and for each subpopulation, the reaatues were defined. For

samples that exhibit two Gaussian distributions, the major subpopulation was identified
(if the minor subpopulation is less than ghed of the major one) and titevalue of the

major subpopulation was used for model construction.

Faster parameteR, was determined for each RNAP derivatives, both in the context of
holoenzyme and in the context of RPo. Therefore, the mean-probe distances for
each RNAP derivatives can be derived from Equation (1) using vallearafR,. In

total, 47 probegrobe distances for holoenzyme, and 48 piodedbe distances for RPo

were employed in the subsequent computational modeling.
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2.3. Distancerestrained docking

In collaboration with Dr. Jennifer Knigh&€¢hrdinger), an automated bjective
distancerestrained docking algorithm was performed to dddR 1 antb the structures

of RNAP holoenzyme and RPo using experimental FRET distance restraints (Materials

and Methods, distanaestrained docking). The starting models of RNAP holperez

and RPo were constructed using current crystal structural informatigrcomRNAP

holoenzyme and.thermophilusnitial transcribing complexMurakami, 2013; Zhang et

al., 2012) 0 R 1wag modeled using residues-8% of the solution structure of

T.maritima@”® R 1 In both holoenzyme and RPo, 100,000 trial configurations of

0 R 1wefie sampled biylarkow-Chain MonteCarlo Simulationsto define the

transl ational and rotational orientations
and RPadhat best fit the FRET distance restraints. The results wergpmstssed to

el iminate configurations that place GR1.1
eliminate configurations that have no contact betweéhl . 1 and RRAH or DN,
retained confjurations, three to four solutions with the lowest FRET penalties were

identified as the optimal solutions.
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3. Materials and Methods

3.1.Plasmids

Plasmids used in this work were summarized in TabjEET21drpoB-H6 encodes €
terminalhexahistidinetaggede.coliR N A Psuliunit (Wang, 2008). Amber stop codon
(TAG) substitution at one of the residues 106, 222, 357, 379, 643, and 937 was

introduced by sitalirected mutagenesis.

pPEVOL-pAzF encodes an evolvedethanocaldococcus jannaschyrosyHRNA
synthetase (MjTyrRS) artgrosine amber suppress®NA™" cua (MUtRNAcua)
pair(Chin et al., 2002; Young et al., 201@hich specifically charges for unnatural
amino acidd-azidophenylalanineTwo copies of thé/l. jannaschiiMjTyrRS genewere
constructed in the plasmid, under the control of an inducible pronRataBAD and a
constitutive promoter @ns). The plasmid was kindly provided B®eter Schultz, The

Scripps Research Institute, La Jolla.CA

pET28aNF-UNTD- U'NTD encodes a Nerminal flag tagged fusion protein of two
UNTsD ( Wang, 2008). Pl asmids pBJdoIBRRNA P pbT, 7 bbag, ,
and ¥ subunits respect (Nargshkinetwle 20@1; Seveenovi o u s |

et al., 1993)

Plasmids pGEMD encoding ttecoli &"°subunit, pPGEMD {Cys)encoding a1’
derivative with no Cys residues, and pGEMB § s ) der i v a tiderieatvese n c o d i
with single Cys residuest positions 14, 59, 366, 396, 459, 569 were described elsewhere

(Bown et al., 1999; Callaci al., 1998; Igarashi and Ishihama, 1991; Mekler et al., 2002;
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Mukhopadhyay et al., 2001; Owens et al., 199&EMD (Cys) derivatives encoding
0’° derivatives with single Cys residuaspositions 36, 46, 118, 304 were prepared by
site-directed mutagenesising pGEMD {Cys) as a template. pGEMBQys) derivatives

e n ¢ o d'iderigativés withamber stop codon (TAG) substitutions at residues 14, 36,

46, 59 were produced by sitirected mutagenesis using pGEMITYs) as a template.

PGEMD (Cys) derivative® n ¢ o d'{derigativés withramber stop codon (TAG)
substitutions at residues 14, 36, 46, 59 and single Cys residues at positions 118, 304, 366,
396, 459, 569 were constructed by slteected mutagenesis using pGEMITYs)

14TAG, pGEMD (Cys)36TAG, pGEMD (-Cys}46TAG, pGEMD (Cys)}59TAG as

templates.
3.2 Site-directed mutagenesis

Site-directed mutagenesis was carried out according to the instruction manual of
QuikChange Il SiteDirected Mutagenesis K{Agilent Technologies, catalgg200523.
PCR primers were purchased from IDT (Integrated DNA Technologies), purified by

standard desalting.
3.3 Fluorescent probes

Fluorescent donor probe tetramethylrhodartirmealeimide (I) was purchased from

Invitrogen (catalogfT6027) (Fig.10).

Another flwrescent donor probe Cy3B maleimide (Il) was purchased from GE healthcare

(catalog# PA63130 (Fig.10).
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Fluorescent acceptor probe Aégiiosphine was synthesized fréxtexa Fluor 647
Carboxylic Acid, Succinimidyl Estditnvitrogen, catalogt A-20109, following three
steps adapted from the procedures in Chakraborty et al. (20&8raborty et al., 2010)

(Fig.10):

1) A647-pentalnoyethylenediaminytrityl (IV).

Dissolve compound Il (Alexa Flud47 Carboxylic Acid, Succinimidyl Ester

5.0 mg; 4dNTritylrh,@étreanediaanine hydrobromidEluka, catalog
#00589;23 mg; 6@ mol e) in 1 ml anhydrous di met h
Triethylamineg(T EA; 1 0 ¢)Was added argl the reaction was carried out

at room temperature for 1 hour with stirring. Tkaction mixture was dried

under vacuum, dissolved in 40% Acetonitrile/60¥HProductV was purified

by reversegphase HPLCHolvent A:H,0; solvent B 100% acetonitrile; gradient:

10 to 786 B in 30 min at 2 ml/minand dried under vacuum.

2) A647-pentanoylethylenediamine (V)

Add appropriate amount of chloroform to compound IV. Then add one half
volume of trifluoroacetic acid (TFA) to the mixture, so that ratio by volume for
chloroform and TFA is 2 to 1. The reaction mixture was incubate80fonin at
room temperature, and was dried under vacuum. The product V wasotved
with 10%Acetonitrile/0.1% TFA/89.9% kO, purified using reversephase
HPLC (solvent A:0.1% TFA in BO; solvent B 100% acetonitrile; gradient: 10
to 75% B in 30 min &2 ml/min) and dried under vacuum. MS (MALDI):

calculatedm/z901 (MH"); found, 901.
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3) A647-pentanolyethylenediaminyphosphine (A64-phosphine; VI)

Dissolve compound ViB00 ¢ | of 50 %D MHJ/O5Quéntifydtleeg a s s e d
amount ofcompound V by UV/Vis sparophotometry. The typical yield was 2.2

mg / 2 . 5N-(8-mdthylaminopropybNaethylcarbodiimide hydrochloride

(EDAC; SigmaAl drich; 9.6 mg; 50HHOMel ) in 50
Hydroxysulfosuccinimidesodium sal{NHSS; SigmaAldrich; 9.6 mg; 3% m¢ |

in50e | of H©cadé-Methgl-2-Diphenylphosphinoterephthalate

(MDPT; Wang 2008; 14.5 m@5¢& m@ih 200e bf DMF were combined with
compound VN,N-DiisopropylethylamindDIPEA; SigmaAldrich; 13¢ ;172.5

€ m@was added to the reaction mixtui@)owed by incubation for 3 hours at 37

°C with stirring.

An alternativeroutefor synthesizing VI: Dissolve compound Vie® €| of
anhydrous DMF. I f not completely-sol ubl
phosphingThermo Scientific#0 6 1 6 2 ; 10 mg; ORQ1lel6 efmol ) i
anhydrous DMF, which was then combined with V. The reaction was incubated

for 3 hours at 3PC with stirring.

The reaction mixture was divided intabquot and dried under vacuumnit was
re-dissolved in 30%cetonitrile/0.1% TFA/69.9% kD, before purification by
reverseegphase HPLCHolvent A:0.1% TFA in HO; solvent B 100% acetonitrile;
gradient: 30 to 10® B in 30 min at 2 ml/mipand dried under vacuum. MS

(MALDI): calculated,m/z1248.4 (MH); found, 1247.4. The minor peak was
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mainly the oxidized product, with MS (MALDI): calculatet/z1264 (MH);

found, 1263.3.
3.4. Preparation of holoenzyme derivatives for experimental strategy |
Theprocedure was summarized in Fig.9.
3.4.1 Preparation of wild-typeb, ba, and ¥ subunits

Inclusion bodies containing.coli RNAP wild-type b subunit, inclusion bodies
containingE.coli RNAP wild-type basubunit, and inclusion bodies containiagoli

RNAP wild-type¥ subunit were prepared asNaryshkin et al., 2001
3.4.2 Preparation of FlagU N T'"B8SGGSGU N T'D

T h efusidn protein (Flad) N THBSGGSGU N T"Pcomprising an Nerminally Flag
taggedN-terminal domain of thérst E. coiRNAP U subuni #2 3GNTDYWesi due
followed bya linker ofGlySerGlyGlySerGly, followed bthe Nterminal domain of the

seconcE. coliRNAP U subuni £2 36GNTDWess preaved as followsE.

coli stran BL21(DE3) (Invitrogen, Inc.) was transformed with plasmid pETR&a

UN TD N T'DTable 1) 50ml LB mediumcontaining4® g/ ml kanamycin we
inoculated with a single colony and incubated16 h at 37 € with shakingl0 ml of the

overnight cultureveret r ansf erred into 1 L LB medium co
The culture were incubated at 37 € with shakimgguced by addition of IPTG to 1 mM
whenODggg reache®.6, and incubatefbr an additional 3 h at 3. Cells were

harvested by centrifugatiqd,500xg; 20 min at 40), resuspended in 25 ml of lysis

buffer [20 mM TrisHCI pH 7.9, 500 mM NaCl, 10 mM EDTA, and one protease
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inhibitor cocktail tablet (Roche, Inc)] and lysed using an Avestin EmulsiEtexgell
disrupter (Avestin, Inc.). Lysates wegertrifuged (20,000xg; 20 min at LY,
supernatants were collected, and protein was precipitated by addition of ammonium
sulfate (35 g per 100 ml supernatant) followed by crergation (20,000xg; 10 min at 4
°C). Pellets were dissolved in 10 ml TBS (5Mniris-HCI, pH 7.4, 150 mM NaCl, and 5%
glycerol) and loaded ontavbd 5 ml columns packed with affLAG M2 affinity gel
(Sigma Aldrich, #A222Ppre-equilibrated in TBS. Columns were washed with 50 ml
TBS and were eluted witts ml(collect ml per fracton) of TBS containing 0.1 mg/ml
FLAG peptide Sigma Aldrich, #F3290 Fractions containingNTD'-UNTD" were
pooled,andprecipitated by addition of ammonium sulfate and starediquots as
ammonium sulfate pelle&-80°C. Typical yields oFlagU N THBSGGSGU N T'D

were ® mg/L.
343Preparation of b derivatives

4-azidophenylalanineeas i ncor por at ed i(Ghinetalhb20Gu b uni t
E.colicompetent cells BL21 (DE3) were-tansformed with pEVO1ipAzF, which

encodes the aaRBNA pair specifically fod-azidophenylalanineand pETerpoB-H6

bearing amber mutation at selected positions (Table 1). Single colonies from the
transformants were inoculated into 50 ml
ampicil |l i n anmghedicel, andghe cultureoMere growa for 16 h at 37 €

with shaking. The cells were harvested by centrifugation (4000xg; 10 min at 4 €),
resuspended in 10 ml M9+ medium [prepared from M9 minimal salts (Sigma Aldrich),
supplemented with 0.4% glucose, 2 MgSO,, 0.1 mM Cadl, 0.1 mM FeS@ 3 nM

(NH4)sM07024, 400 nM HBO3, 30 nM CoC}, 10 nM CuSQ, 80 nM MnC}, 20nM
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ZnSQ, 0.4 eg/ml choline chloride, 0.5 gg/ ml
myoi nosi tol, 1 €g/ ml py HiCdqgx ®&Il. 0BCle,g/ 2nl € g /i mlo
e g/ mli bi otin], and transferred to 500 ml o]
35 g/ ml chl or arpzideLaphenybalaningd@hdmimpexm M

International, Inc.Catalog#06162). The cultures were growndark at 37 € with

shaking. The growth was monitored by measuring absorbance of the cell culture at 600

nm. Arabinose was added to the cultures at a final concentration of 0.02% ugdg©OD

0.5, while 8 0 p r olplythiogdbactopyranosid@PTG) was suplied at a final

concentration of 1 mM until Ofgp= 0.6. Cells were grown for another 3h after induction,

harvested by centrifugation (4500xg; 30 min at 4 €) and store8&€.

Inclusion bodies containingsubunits were purified as Maryshkin et al., 200dvith
modifications.Cell pellet from 500 ml culture was swsmed in 25 ml lysis buffedD

mM Tris-HCI, pH 7.9, 300 mM KCI, 10 mM EDTAand0.2% (w/v) sodium
deoxycholatg¢Sigma Aldrich)] Cells were lysed using an Avestin EmulsiF&X

(Avestin Inc.). Cell lysis was centrifuged at 24,5009 for 30 min and the pellet containing
the inclusion bodies was collected. The pellet was suspendednhdQysis buffer plus
0.2% Crtyl-b-D-glucopyranoside(Sigma Aldrich)and 0.02% lysozyme by sonication for
2 minutes at 40% maximum sonication output, followed by centrifugation for 20 min at
24,500 g at &C. The washing procedure was repeatecdeusing the lysis buffer plus 0.5%
TritonX-100. The péét was then suspended in 8 ml of storage buffer (40mMHTk

pH 7.9, 300mM KCI, 10mM EDTAand 10% glycerol)ivided into ml aliquots,and

stored at80°C. The purifed inclusion bodies contain 6%ng proteins for 500 ml culture.
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4-azidophenylalamie-containingb s u Was rabelked with Alexa64ghosphinghrough
StaudingeiBertozzi ligation(Chakraborty et al., 2010nclusion bodies of about 2 mg

proteins were dissolved in 08l of denaturing labeling buffer (50 mM T+#4ClI, pH 7.9,

6 M guanidne hydrochloride), and the exact amount of proteins were determined by

Bradford assay. Appropriate amountflobrescent dye 847 phosphine was dissolved in

50 el of denaturing | abeling buff-®r, and w
protein molaratio of 8to 1. This reaction, namely, Staudindgertozziligation, was

carried out in darkness, at 32 with rotation for 16 h The reaction mixture was then

loaded onto a 15 ml column packed with #el P30 Gel (BioRad #1504154), which

was pe-equilibrated in thelenaturatiorbuffer (50 mM Tri$ HCI, pH 7.9, 6 M guanidine
hydrochl ori de, 10 mM MgCIl 2, 10 agdlmMnCl 2, 1
DTT), followed by elution in the same buffer. The fractions containing labeled proteins

were identifed by USVis spectroscopy, combined andr&d for the following

experiments
Labeling efficiencies and specificities were quantified aShakraborty et al., 2010
3.4.4 Preparation of TMR-labeled &

UnlabeledE.coli &"°and TMR-labeledd® were prepared as Mukhopadhyay et al.,

2003with modifications.

pPGEMD enconding.coli &”°, pGEMD (-Cys) encoding ai’® derivative withno Cys
residueor apGEMD (-Cys) derivativeencodinga ‘“@erivative with a single Cys
residueat position 14, 36, 46, or 59, were transformed itoli BL21 (DE3) competent

cells(Table.Si ngl e col onies were inoculated into
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ampicillin, and incubated for 16 h a3 with shaking. 10 ml d the overnight culture
wasinoculated into 500 mlof LBmmdi um wi th 100 eg/ ml ampicil
subsequently growat 37°C with shakinguntil ODggo reached 0.6 supplemented with

IPTGto 1 mM, and growtior another 3ours before harvest by centrifugati@®00xg;

30 min at 4 €).

Inclusion bodies containing® or 4’ derivatives were purified as in 3.4The purified

inclusionbodies contain ~100 mg protein 0 ml culture

Inclusion bodies were solubilized in the denaturing reconstitution buffer (50 mM Tris
HCI, pH 7.9, 6 M guanidine hydrochl oride,
10% glyceroland10mM DTT), centrifuged to remove particles and adjustétiSo

mg/ml by he same buffer. Tharotein solution (50 ml) was transferred iatdialysis

membrane (SpeeaPor Dialysis Membrane, MWCO 350@&, #132724 and dialyzed

a g ai n s huffel %R Erbes the volume of the protein solution; 20 mMiTHEIl, pH

7.9, 0.1 mM EDTA5% glycerol,and5 mM 2-mecaptomethanol {RIE)] containing 0.2

M NacCl (36 hours at 4C; two changes of buffer).

The sample was centrifuged (2450020 min at £C) to remove particulates and applied
to a MoneQ HR 10/10 column (GE healthcare life s@es) pe-equilibrated in TGED
buffer 20 mM Trig HCI, pH 7.9, 1 mM EDTA, 5% glycerol, 1 mugithiothreitol OTT)]
containing 0.3 M NaCl. The column was washed with 1@ @ED buffer containing

0.3M NaCland elutedn 2-ml fractions bya 160ml linear gradiat of 0.30.5 M NacCl in

T G E D tgpically eluedat 0.36 M NaCl in TGED). The peak fractions were analyzed

on SDSPAGE and fractions containirig®or &’° derivatives were pooled. Tharget
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proteinswere precipitated by addition of 0.25 g/ml ammonium sulfate, incubated for 30
min at 4°C, followed by centrifugation(1600@x 20 min at £C), and were stored as
ammoniumsulfate pellet in aliquots aB0°C. Yields typically are 480 mg. Purities

typically are >95%.

L a b e [°dedvatilres were prepared according to-Gpscific chemical modification
(Kim et al., 2008)An aliquot for ammoniunrsulfate pellet containing6 mg o f
dervative was dissolved in 1 mhaleimidelabeling buffer (50 mM ldpes, pH 7.1, 0.3 M
NaCl, 0.1 mM EDTAand5% glycerol). The protein was subjected to a sphdse
reduction on immobilized reductant columfi&iérmo Scientific#7770), to cleave any
pre-existing disulfide bonds. Appropriate amount of fluorescent dye
tetramethylrhodamin&-maleimide (Invitrogen# T6029)was f r eshl y di ssol ve
dimethyl sulfoxide(DMSO), and was immediately added to the protein solution at-a dye
to-protein molar ratio of 10 to 1. For a typical labeling reaction, the reaction mixfures
mhcontai n®de0i eat iilve ametdylrhéda@inGemdleimidetnr
maleimidelabeling bdfer. After 2 hours incubation at®C, products were applied i®%

ml column packed with Bigsel PR30 Gel (BicRad #1504154) pre-equilibrated in

TGED buffer containing 0.2 M NacCl, followed by elution in the same buffer. The
fractions containing labedieproteins were identified by U8is spectroscopy, pooled,
concentrated, and stored in 20 mM THECI, pH 7.9, 200 mM NacCl, 0.1 mM EDTA, 1
mM DTT, and50% glycerol in aliquots aB0 €. Labeling efficiency was calculated as

in Mukhopadhyay et al., 2003
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3.4.5 Reconstitution of holoenzyme derivatives
Labeled RNAP derivatives were prepared aanyshkin et al., 200dvith modifications.

Reconstitution of RNAP core derivatives was carried out udeeaturing conditions,

from | abeled b derivativdasg,pei ol suuibamilkagdii
bodies containinglagUNTUBIGESAUNTDhd puri fi ed
reconstitution mixtures (15 ml) typically contained: 1 mg (6.7 nmol) A6 b el ed b
derivative (point to) , 4.2 mg (26.8 nmol)
flagU N THBSGGSGU N T'n denaturatiorbuffer (50 mM Trig HCI, pH 7.9, 6 M
guanidine hydrochloride, 10 mM MgClagd 10 ¢
10mM DTT). Reconstitution mixtures wetensferred into the dialysis membrane

(Specta/Por Dialysis Membrane, MWCO 350, #132724 and dialyzed agains00

ml renaturatiorbuffer (50 mM Trig HCI, pH 7.9,200 mM KC| 10 mMMg C 1| 2 , 10 e¢M
ZnClI2, 1 mM EDTA 20% glycero] and5 mM 2-ME; 36 hours at 4C; two changes of

buffer; last dialysis omitte@-ME in the buffej.

Renatured RNAP core derivatives were incubated with correspontiRglabeledd ™
derivatives to form targg®NAP holoenzyme derivativeRenatured RNAP core
derivatives were centrifuged (245@)»20 min at £C) to remove particulates
supplemented witiMR-labeledd’® derivative at al’°to core molar ratio of 2:1, and

incubated at 36C for 45 min.

Reconstituted RNAP holo derivativegre purified byanti-flag affinity chromatography
and moneQ ion exchange chromatography. The protein sample was loaded enib a 3

column packed with antfLAG M2 affinity gel preequilibrated with buffer A (50 mM
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Tris-HCI, pH 7.4, 150 mM NaCl, 0.1 mM EDY, and 5% glycerol). The column was

washed with 50 ml of buffer A. The bound protein was eluted by 15 ml buffer A
containing 100 gg/ ml F L #pQliedpeapvionadHR.10/1 ut e d
column (GE healthcare life sciences)-eaiilibrated in T&D buffer (20 mM TrisHCI,

pH 7.9, 1 mM EDTA, 5% glycerognd1l mM DTT) containing 0.3 M NaCl. The column

was washed with 16 ml of the equilibration buffer and elutedrmi #actions of a 160

ml linear gradient of 0-8.5 M NaCl in TGED The peakKractions were analyzed on

SDSPAGE and fractions containir@NAP holoderivatives werédentified,pooled

concentrated anstored in 20 mM TrisHCI, pH 7.9, 200 mM NaCl, 0.1 mM EDTA, 1

mM DTT, and50% glycerol in aliquots aB0 .
3.5. Preparation of holoenzyme derivatives for experimental strategy Il
35.1Pr e par a t°teovatives fabeked with Alexa 647 and Cy3B

BL21 (DE3) competent cells weoe-transformed with a pGEMD-Cys) derivative
(which encodes &°derivative bearig amber mutation at 14, 36, 46, or 59 and single
Cys residue at 118, 304, 366, 396, 459, or 569; TanelpEVOI-pAzF (Young et al.,
2010). Cell production and purification of inclusion bodies were done as in B 3.
purified inclusion bodiesontain ~35 mg proteins pg00 ml culturewith purity over

80%.

The labeling reactiomixture (1 ml)contained43eM &"°derivatives 2.2 mMA647-
phosphinen denaturing labeling buffer (50 mM T¥I8ClI, pH 7.9 6 M guanidine

hydrochloride) Thereactonwas carried out and purified as describe8.4.3.
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The conc e Aderiativéseas adjosted t about 0.5 mg/fabout 8 mly the
denaturing reconstitution buffer before dialygtenaturatiorandpurification of A647-
labeledd™ derivativeswere done as describ&d3.4.4 Fractions containing”®
derivatives were pooled and stored &C4or the next treatment.he recovery ratiof

8’° derivative was typicall30%and the purity was over 95%.

The A6471 a b e P derivatives werethen conjugated with Cy3B maleimidgrst, the

G’° derivative in TGED buffer was undergone buffer exchange with maleifainging

buffer (50 mM Hepes, pH 7.1, 0.3 M NaCl, 0.1 mM EDBAd5% glycerol) using

centrifugal filters Millipore, Amicon UltraMWCO 30,000 Da)The reaction mixture

(50 0)canthiredl 5 e¢Melr i vati ve and 150 &M -Cy3B mal
labeling buffer Doubly labeledi™ derivatives were purified and stored as descrired

3.4.4

The labeling efficiengf o r ° derivalivelabeled by £47 and Cy3Bvasdetermined

by UV/Vis absorption spectra as follows:
effasaz= (ODess/ Cheazes9 /[ 1]
effcyss = (ODsss/ Uryapss9 /[ 1]

w h e neg 65518 the molar extinction coefficient for Alexa 647 at 555 nm (239,000 M
cmt), Gkysesssis the molar extinction coefficient for Cy3B at 555 nm (130,00bdvh™)
and? [ Gs the c dmeteemined by Bradfond assafy. Efficiencies for

labeling typically are ~ 95%.
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3.5.2 Reconstitution of holoenzyme derivatives

RNAP derivatives for experimental strategyviére prepared freshly befosenFRET
measurements.’’ derivatives labeled with 847 and Cy3Bvere incubated with 2 times

molar excess dt. coliRNAP core (Epicentre,@G9010Q for 25 min at 37PC.

3.6. Ribogreen transcription assay

Transcriptional activities of RNAP derivatives were measured using ribogreen

transcription assays, which included the following steps:

1) RNAP holoenzyme derivatives and wilgboe RNAP holoenzyme were incubated
with DNA fragment N25Revyakin et al., 2006pr 20 min at 3PC. Each
reaction contained 75 nM RNAP holoenzyme, 20 nM DNA in transcription buffer
[50 mMM Tris-HCI, pH8.Q 100 mMKCI, 10 mM MgCh, 1 mM DTT, 5%glycerol,
andl 0 ¢ lgovimalkeum albumin(BSA)]. The negative control omitted RNAP

in the reaction.

2) NTPs were added to the mixtures at a fi

Transcription reactions were allowed to proceed forat37 °C.

3) DNA templates were digested by additiorilof ¢ | of Jand@MofCa Cl
DNase t (Ambi on, # AM@®eedncubated forlO@ mimat r e a c t

37€ .



45

4) Reaction mixtures were supplemented with 1/500 diluted ribogteeitrogen;
#R11491) i n 10 0-ClgpH8.0T EmM EDTA) andinclibatedsfor

10 min at room temperature.

5) Reaction mixtures were transferred to Corning 3686 assay plate. Fluorescence
intensity were measured by=Téd8&8nn@BENBem

535 nm).

Fluorescence intensity (FI) is the readout for the ribogreen assay. RNAP transcription
activity is quantified by the ratio of FI for the sample to FI for negative control (which
does not contain RNAP). Transcription activity EoRNAP derivative is expressed as a

percentage of Fl for the RNAP derivative over FI for the siyioe RNAP.

3.7. smFRET sample preparation

For RNAP hol oenzyme, 2 0GmMTrigHCRpH8.@100 pt i on b

mM KCI, 10 mM MgCh, 1 mM DTT, 5%glycerol, andl00 ¢ g / BBA,; filtered)

containing 20 nM RNAP holoenzyme derivatives was warmed &£37°Al i quot s ( O.
were transferredtotheprear med t ubes cont aidomMHEPESO €| o0
NaOH, pH 7.0, 100 mM potassium ggmate, 1I0mMMgGl 1 mM DTT, 100 e&c
BSA, 2 mM(3 -6-Hydroxy-2,5,7,8tetramethylchromang-carboxylic acid Trolox;

Sigma Aldrich, #238813) , 1 mM Cysteamine (Sigma Aldrich, #30070) &ndl¥cerol

filtered] and incubated for 5 min before smFRET datifection.

For RPO, 20 ¢l TB containing DNAfraghe®NAP ho

lacCONS14(-107/+56) (prepared according to procedurdglukhopadhyay et al., 2003
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sequence as @hakraborty et al., 20)2vas incubated for 25 min 87 . Aliquots (0.2
el) were tr amafrererded utbe st kewmngrae ning 40 ¢l

for 5 min before smFRET data collection.

10el of sample in KT was added to the seal a
between two No.1 cover slips (Fisher Scientific, #43-B). Cover slips were cleaned
prior to usage by washing with acetone (high purity grade), methanol (high purigy grad

and distilled water, and dried in air.

3.8 smFRET setup and data acquisition

SsmMFRET data was collected by confocal microscopy with alternating laser excitation
(ALEX). The setup (Fig.5 A) was essentially as described in (Kapanidis et al., 2005;
Kapanidis et al., 2004). Direct excitation of the donor was provideddrgen lasg(532

nm; Compass 215M20; Coherent, Inc.)and direct excitation of the acceptoas

provided bya red laser (638 nnRadius 6385; Coherent, Inc.).asers were operated at
continuouswave excitation intensities 6020 0 ¢ W at B032D rwW8and 6 3
nm and wer e alintereals nsngreadousaiptic@ moduglatoreos
Technologies, Inc.)The excitation beams were coupled through a singide fiber,

collimated andlirected to an Olympus IX71 inverted microscope (QiusriAmerica,

Inc.). Reflected oradichroic beamsplitter, the beams wdeused2 0 e m fr om t he
bottom coverslighrough a 60x otimmersion objectiveDesired temperature (37 € for

this study) during data acquisition was maintained by heating the objective using the
objective heater system from Bioptecliduorescence emission from the sample was

collected through the objectiviecused hr ough a 100 em pinhol e,
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dichroic mirrorinto donor emission channel and acceptor emission charmephotons

from both channels were passed through filters (for TMR and Cy3B, 585BP70; for Alexa
647, 650LP; Chroma), and their photo arrival times were recordesidogvalanche
photodiode detectors (APD; SPGMQR-15; PerkinElmer, Inc.). Data was collected in a

30-min time period for each sample.

3.9. smFRET data analysis

For data analysis hotons detected at the donor emission charihg) @nd the acceptor

emission channek¢) were assigned to donor excitatidh) or acceptor excitation
(Aexo based on photoarrival times, generating emissicis ,O0 ,"0 ,andO

For each abowhreshold photon burgt 1530 photons),he stoichiometry parametes)(

was calculatedas follows (Kapanidis et al., 200&apanidis et al., 2004):

Y 10 0 0 0 "0

where’O is the photon count fdD-excitationbasedD-emission;O s the photon
count forD-excitationbasedA-emission;O is the photon count fok-excitatiorbased

A-emission; wheréO s corrected for donor leakage and acceptor direct excitation;

and wher e ocomestiondactdr €ltinghistworlgee et al., 2006

Thedonoracceptor energyransferefficiency parametek, was calculated as

o O 0 0



48

Two dimensionaE-Shistograms allow identificationnal sorting of diffusing species.
The paramete® permitsidentification of molecules containing both donor and acceptor
(D-A, S=0.30.8 desired speciesnoleculescontaining only a donoi) only, S-1;
undesired specigsand molecules containing onlg accetor (A only,S<0.3; undesired
specied For species containing both donor and accepteAjPonedimensionakE
histograms werelotted and fitted with Gaussian functioif$ie width of distribution and

the meark value can be extracted from each subpopulation.
Donoracceptor distance&) were calculated as follow€legg, 1992)
Y Y pfO p ”* Equation (2)

whereR; is the disance at which 50% of the energy is transferred, given by the function

(Clegg, 1992)
Y wxggmlloo7T A Equation (3)

wheren is the refractive index of the medium (1Glegg, 1992 I is a geometrical

factor depending on the relative orientation of the donor and acceptor transition dipoles
[approximated as 2/Ristified by fluorescence anisotropy measurements (Table 5)
indicating donor and acceptor reorient on the time scale of the donor est@tedife

time, and, in most cases, also by the factihat).5 (Wu and Brand, 1992 able 6,7)],
Qpis quantum yield of the donor in the absence of the acceptor (Tabler¢ld)sdahe
spectral overlap integral of the donor emission spectrum and acceptor absorption
spectrum (Table 3 and 4, determined using corrected spectra foratdyp@nd accepter

only controls).
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3.10. Measurement®f fluorescence quantum yields

The relative quantum yield of a fluorophore was determined by compaoisoreference
fluorophore with a wetknown quantum yieldRhodamine 10§ = 1.0 in ethanol, T.
Karstens and K. Kobs, 1980) was used as the reference fluorophore for Cy3B and TMR.
Cy5 (Q=0.27 in PBS(Mujumdar et al., 1993)was used as reference fluorophore for

Alexa 647. The quantum yiel@Jf of a given sample was calculated by (Lakowicz, 1999):

where | is the integrateftliorescence intensity is the refractive index of solverand

OD is the optical densit(absorption). The subscriptrigfers to the referee fluorophore
of known quantunyield. Measurements were carried out in solution in arsidyo
fluorometer cuvette with 2hm path lendt. The values were recorded in the context of

RNAP holoenzyme and RPo, using doooty and accepteonly proteins (Table 3,4).

3.11. Measurements of fluorescence anisotropy

Steadystate fluorescence anisotropies were measured in solution containingogdnor

or acceptoionly RNAP derivatives, in the context of holoenzyme and RPo (Table 5).
Anisotropies were measured using-fofmat spectrofluorometer equipped with

excitation and emission polarizers (PTI photon technology, In8), &t Excitation and
emission wavelengths were 550 nm and 580 nm for the donor, and 635 nm and 670 nm

for the acceptor. Anisotropy was calculated as (Chen and Bowman, 1965):

60 O 00 O qCO
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where'O andO are fluorescence intensities with the excitation polarizer at the vertical
position and the emission polarizer at, respectively, the vertical position and the

horizontal positionG is the grating correction factor, which is measured by:

O 0j0

where’'O andO are fluorescence intensities with the excitation polarizer at the
horizontal position and the emission polarizer at, respectively, the vertical position and

the horizontal position.

3.12. Distancerestrained docking

This part of aalysis was performed by DFennifer L. Knight{Schrdlinge).

3.12.1. Distanceestrained docking: generation of starting models

The structure of RPRvas modeled by ERNAP holoenzyme (PDB accession code 41GC
Murakami, 2013) with the downstream DNA duplex incorporated ffothermophilus
RP, (PDB accession code 4G7H; Zhang et al., 2012)i&1d1 removed. The structure
of RNAP holoenzyme was modeled with an ojgEampconformation as in Chakroborty
etal. 2012, by rotatingtif@® p | Ehaolebd (¢ e s-B48 and 532a3840;E.colib
residues 1318342; ancE.colili  r e s i-4d8) efs. col FANAP holoenzyme

structure 18about an axis defined byl&toms of bd nger residues 345 and 1262.
0R1.1 was modeled using residues83sof the NMR structure of. maritimaiR1.1

(PDB accession code 2K6X; Schwartz et al., 20B8&)bes and linkers were modeled
onto the structures using Maestro (Maestro, version 9.3, ScheiihLC: New York,

2012) and stericalhallowed conformations of probes and linkers were identified using
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MacroModel 6s Conformati onal Search wutility
Schrdalinger, LLC, New York, NY, 2013). All linker torsion anglere sampled in 30
incrementfor TMR-Mal and Cy3BMal or 120 increments for Alexa647 and

conformations which had van der Waals energy < 5000 kcal/mol in the OPLS2005 force

field (Jorgensen and TiraeRives, 1988Kaminski et al., 2001were accepted. For each

accepted conformation, a probe pseudoatom, corresponding to the center of the probe

chromophore, was defined.
3.12.2. Distanceestrained docking: FRET-only penalty function

Modeled configurations (Y) aiR1.1-RNAP holoenzymerad 0R1.1-RP, were assigned
a penalty based on their deviation from experimental FRET distances. For each
configuration Y, the apparent doracceptor distance corresponding to (hERET

restraint was defined to be:

Y ¢ Y i ~ v T
h h 5 p Y

P Y
5

where M is the total number of donor pseudoatogsdd N is the total number of
acceptor pseudoatoms a 9HE, the configuratiorspecific, donomacceptopair-

specific penalty term for the deviation betweendaleulated doneacceptor distance
(Y 5 ) and the corresponding experimental distaitte (), and* @, the

corresponding configuratiespecific, global penalty function, were calculated as:

“ whQ  ¢“, Q6 p———
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whered; is the error associated with the targistahce restrainty , andl is the total

number of doneacceptor pairs (48r RP,; 47 for RNAP holoenzyme). Values of >

0.5R, and < 1.79R, were assigned uncertaintias) (corresponding to 15% of the
experimental target distance. ValuesYof < 0.5R,were assigned an upperbound of 0.5

Ro with 0 = 15% of 0.5R,. Values ofY > 1.75R, were assigned a lowerbound of 1.75

Ro with 0 = 15% of 1.75R,. Experimatal data for which two peaks were observed, the
distance associated with the predominankpeava s u $=18% of2 t.HWhere

both peaks were comparable or could not be resolved, the average efficiency was used to

compute the apparent distance withe 30% of Y 8
3.12.3. Distanceaestrained docking: Markov-Chain Monte-Carlo simulations

In each of RNAP RPo and RNAP holoenzyme models, Madk@am Monte Carlo
simulations (Metropli®t al., 1953) employing FRET restraints for were performed. In
each simulation, 50 random probe pseudoatoms were selected to model each
chromophore. Distaneestrained docking was performed essentially as in Knight et al.,
2005. 100, 000 trial configuiianhs (Y) were generated from previouslgcepted
configurations (X) by translations and rotationsiBfL.1 in which translations and angles
of rotation were selected from Gaussian distributions about values in X and the axis of
rotation was selected fromFasher distribution about values in X (Fisher, 1953). For
each configuration Y, its penalty was computed and configurations were accepted with

probabilityU (X, as¥fdllows:

| W o Qeph———— 5
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Four independent simulations were peried with different starting configurations.
Sampling parameters were selected such th&020 acceptance rates were obtained

with each simulation. SpecificalljR1.1 translations and angles of rotation were

selected from Gaussian distributions aboutigglin X (iyans=2.0 A; Crotation=0.075

radians) and the axis of rotation was selected from a Fisher distribution about values in X
(30.0 radians; Fisher, 1953). The simulation trajectories wereppastssed such that

only accepted configurations weaedained that demonstrated some contact between

0R1.1 and RNAP, but no severe clashes; ie minird&t.1(AQJatom)}[RNAP(CU

atom) or DNA(P atom)] distances were between 2 and 8 A. Of the retained
configurations, three to four solutions with the lowest FRET penalties were identified as

the optimal solutions.
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Plasmids

Characteristics

Source

pET21d-rpoB-H6

pET21d-rpoB106TAG-
CH6

pET21d-rpoB222TAG-
CH6

pET21d-rpoB357TAG-
CH6

pET21d-rpoB379TAG-
CH6

pET21d-rpoB643TAG-
CHG6

pET21d-rpoB937TAG-
CH6

pEVOL-pAzF
pET28a-NF-UNTD-
UNTD

pMKSe2

pT7hba

pT7cY

pGEMD

pGEMD (-Cys)

Ap": ori-pBR322; P 10-rpoB(CHS)

Ap": ori-pBR322; P ;o-rpoB106amber(CH6)

Ap": ori-pBR322; P ;o-rpoB222amber(CH6)

Ap": ori-pBR322; P ;o-rpoB357amber(CH6)

Ap; ori-pBR322; P 1o-rpoB379amber(CH6)

Ap; ori-pBR322; P ;o-rpoB643amber(CH6)

Ap; ori-pBR322; P ,1o-rpoB937amber(CHS6)

Cm®; ori-p15A; Paasan-aaRSHRNAY cua

Ap": ori-pBR322; P ,10-rpoA(1-235)-rpoA(1-

235)(NFLAG)

Ap®; ori-pBR322; Piacuys-rpoB

Ap": ori-pBR322; P 10-rpoC

Ap; ori-pBR322; P 10-rpoZ

Ap®; ori-pBR322; P ,34-rpoD

Ap"; ori-pBR322; P.;,-rpoD Cys free

Wang, 2008

Wang, 2008

Wang, 2008

This work

This work

This work

This work

Young et al., 2010

Wang, 2008

Severinov et al., 1993

Naryshkin et al., 2001

Naryshkin et al., 2001

Igarashi and Ishihama,

1991

Owens et al., 1998
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Plasmids Characteristics Source

pGEMD (-Cys)-14C ApF; ori-pBR322; P,;o-rpoD 14Cys Mekler et al.,
2002

pGEMD (-Cys)-36C Ap"; ori-pBR322; P 1o-rpoD 36Cys This work

pGEMD (-Cys)-46C ApF; ori-pBR322; P,1o-rpoD 46Cys This work

pPGEMD (-Cys)-59C Ap®; ori-pBR322; P ,10-rpoD 59Cys Callaci et al.,
1998

pPGEMD (-Cys)-14TAG- Ap®; ori-pBR322; P 10-rpoD 14amber This work

118C 118Cys

pPGEMD (-Cys)-14TAG- Ap®; ori-pBR322; P 10-rpoD 14amber This work

304C 304Cys

pPGEMD (-Cys)-14TAG- Ap®; ori-pBR322; P 10-rpoD 14amber This work

366C 366Cys

pGEMD (-Cys)-14TAG- ApF; ori-pBR322; P1-rpoD 14amber This work

396C 396Cys

pGEMD (-Cys)-14TAG- ApF; ori-pBR322; P1-rpoD 14amber This work

459C 459Cys

pGEMD (-Cys)-14TAG- ApF; ori-pBR322; P.1-rpoD 14amber This work

569C 569Cys

PGEMD (-Cys)-36TAG- Ap"; ori-pBR322; P ,10-rpoD 36amber This work

118C 118Cys

pPGEMD (-Cys)-36TAG- ApF; ori-pBR322; P 1-rpoD 36amber This work

304C 304Cys

pPGEMD (-Cys)-36TAG- ApF; ori-pBR322; P 1-rpoD 36amber This work

366C 366Cys

pPGEMD (-Cys)-36TAG- ApF; ori-pBR322; P 1o-rpoD 36amber This work

396C

396Cys




Table 1: Plasmids (continued)

Plasmids

Characteristics

Source

pGEMD (-Cys)-36TAG-459C

pGEMD (-Cys)-36TAG-569C

pGEMD (-Cys)-46TAG-118C

PGEMD (-Cys)-46TAG-304C

PGEMD (-Cys)-46TAG-366C

pGEMD (-Cys)-46TAG-396C

PGEMD (-Cys)-46TAG-459C

PGEMD (-Cys)-46 TAG-569C

pGEMD (-Cys)-59TAG-118C

pGEMD (-Cys)-59TAG-304C

pGEMD (-Cys)-59TAG-366C

PGEMD (-Cys)-59TAG-396C

PGEMD (-Cys)-59TAG-459C

pGEMD (-Cys)-59TAG-569C

Ap"; ori-pBR322; P ;o-rpoD 36amber 459Cys

Ap"; ori-pBR322; P ;o-rpoD 36amber 569Cys

Ap"; ori-pBR322; P ;o-rpoD 46amber 118Cys

Ap®; ori-pBR322; P ,1o-rpoD 46amber 304Cys

Ap®; ori-pBR322; P ,1o-rpoD 46amber 366Cys

Ap®; ori-pBR322; P ,1o-rpoD 46amber 396Cys

Ap®; ori-pBR322; P ,1o-rpoD 46amber 459Cys

Ap"; ori-pBR322; P ,1o-rpoD 46amber 569Cys

Ap"; ori-pBR322; P ,10-rpoD 59amber 118Cys

Ap"; ori-pBR322; P ,10-rpoD 59amber 304Cys

Ap"; ori-pBR322; P ,10-rpoD 59amber 366Cys

ApF; ori-pBR322; P.1o-rpoD 59amber 396Cys

ApF; ori-pBR322; P.1o-rpoD 59amber 459Cys

ApF; ori-pBR322; P.1o-rpoD 59 amber 569Cys

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work
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Plasmids Characteristics Source
pPGEMD (-Cys)- ApF; ori-pBR322; P,;0-rpoD Cys free This work
14TAG 1l4amber

pPGEMD (-Cys)- ApF; ori-pBR322; P,;0-rpoD Cys free This work
36TAG 36amber

pPGEMD (-Cys)- ApF; ori-pBR322; P,;0-rpoD Cys free This work
46TAG 46amber

pGEMD (-Cys)- Ap": ori-pBR322; P ,10-rpoD Cys free This work
59TAG 59amber

PGEMD (-Cys)-118C  Ap®; ori-pBR322; P,;o-rpoD 118Cys This work
PGEMD (-Cys)-304C  Ap®; ori-pBR322; P.;-rpoD 304Cys This work

pGEMD (-Cys)-366C

pGEMD (-Cys)-396C

pPGEMD (-Cys)-459C

pPGEMD (-Cys)-569C

Ap": ori-pBR322; P ,10-rpoD 366Cys

Ap"; ori-pBR322; P ,10-rpoD 396Cys

Ap"; ori-pBR322; P ,10-rpoD 459Cys

Ap"; ori-pBR322; P ,10-rpoD 569Cys

Callaci et al., 1998

Owens et al., 1998

Bown et al., 1999

Mukhopadhyay et al.,
2001




VI

Fig. 10. Fluorescent probes.

l

l

TrNH(CH,),NH,
3h,25C

33% TFA
30 min, 25€

MDPT
EDAC/NHSS/DIPEA
3 h, 25C

I: tetramethylrhodamin&-maleimide. II: Cy3Bmaleimide. lI}VI: Synthesis of

Alexab4Zphosphind®
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