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ABSTRACT: Directed binding of RNA polymerase to distinct promoter elements controls transcription and
promotes adaptive responses to changing environmental conditions. To identify proteins that modulate
transcription, we have expressed a taggezlibunit of RNA polymerase iBhewanella oneidensisder
controlled growth conditions, isolated the protein complex using newly developed multiuse affinity probes,
and used LE&MS/MS to identify proteins in the complex. Complementary fluorescence correlation
spectroscopy measurements were used to determine the average size of the RNA polymerase complex in
cellular lysates. We find that RNA polymerase exists as a large supramolecular complex with an apparent
mass in excess of 1.4 MDa, whose protein composition substantially changes in response to growth
conditions. Enzymes that copurify with RNA polymerase include those associated with tRNA processing,
nucleotide metabolism, and energy biosynthesis, which we propose to be necessary for optimal
transcriptional rates.

Shewanella oneidensMR-1 is a facultatively anaerobic  proteins that associate with the RNA polymerase cas8(’)
Gram-negative bacterium that possesses one of the morg8, 9).

versatile reSpiration Capabilities demonstrated to date by a Transcriptiona| regu|ators (e'g_' CRP or NusA) either
single microorganisml). Under optimal growth conditions,  enhance or weaken binding of RNAP to specific promoters
approximately 80% of DNA-directed RNA polymerase to modulate rates of both elongation and terminat@rey.
(RNAPY- complexes are bound to operons encoding the |ndeed, both CRP and NusA are known to recruit RNAP to
synthesis of stable RNA (i.e., tRNA and rRNA), which relevant promoter sites through direct binding to theub-
comprise approximately 1% of the genome and whose ynit of the polymerase. Further, bacterial cells contain
biosynthesis limits cell grovvth under optimal Conditioﬁs—( mu|t|p|e forms of the RNAP Comp|eX, the Composition of
4). Under poor growth conditions, there are rapid shifts in which changes in response to environmental conditihs (
gene transcription that result in a large increase in the These prior observations, coupled with recent suggestions
diversity of gene expression and corresponding decreases ithat between 22 and 49 proteins are copurified with the
stable RNA productionZ, 5—7). Underlying these adaptive  o-subunit of RNAP (1), suggest a need to quantitatively
shifts in metabolism is the regulation of the association assess the range of protein associations between transcrip-
between the RNAP multiprotein enzyme complex and tional regulatory proteins and RNAP.

specific promoter elements on DNA, which occurs in

. S With the aim of understanding the link between environ-
response to the recruitment of transcription factors and other

mental conditions and possible changes in the size and
composition of the RNAP complex that contribute to cellular
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transcriptional activators, including members of the CRP and addition of 20ug/mL kanamycin. Following transformation
AraC/XylS families. Estimates of the size of the RNAP of S. oneidensisither with the pBAD/D-TOPO vector alone
complex and its subsequent affinity isolation were made or following the insertion of thex-subunit of RNA poly-
through the molecular tagging of theesubunit of RNAP merase, cells were grown in a 14 L BioFlo 3000 bioreactor
with a tetracysteine-binding motif, which binds multiuse (New Brunswick Inc., Edison, NJ), permitting continuous
affinity probes (MAPs) with high affinity (i.e Kq = 10 pM) monitoring of culture conditions under either aerobic (i.e.,
(13). Multiuse affinity probes (MAPs) immobilized on glass 20% dissolved oxygen tension) or suboxic (i.e., 0.1%
beads permit a one-step isolation of the RNAP complex using dissolved oxygen tension) conditions with-lactate as a
mild elution conditions and retention of the macromolecular carbon source, essentially as previously described (see Figure
complex (1). Our results demonstrate that RNAP is a large S1 of the Supporting Information)12, 15, 16). Briefly,
multiprotein complex with a mass in excess of 1.4 MDa, reactors were maintained at 3C and neutrality (i.e., pH
the subunit composition of which indicates an increased 7.0) with continuous addition of fresh media to the reactor
translational efficiency associated with the synthesis of stableat a rate of 9 mL/min under either aerobic or suboxic
RNA under aerobic conditions and the subunit composition conditions, which involved agitation at either 450 (aerobic)
of which is substantially remodeled under suboxic conditions. or 50 rpm (suboxic) and addition of 100% air, resulting in
a steady-state optical density of either 1.5 (aerobic) or 0.5
EXPERIMENTAL PROCEDURES (suboxic). Media contained the following: 3 mM PIPES,

: ) . 1.8 mM NaHPQ,, 90 mMbL-lactate, 1.3 mM KClI, 5.6 mM
Chemicals and Material#\cetonitrile was purchased from NH.CI, 1 uM Na,SeQ, and 80uM ferric NTA in addition

Aldrich Chemical Co. (Milwaukee, WI). Ammonium bicar- 14 the minerals 0.2tM AIK(SOu)s, 2 uM H4BOs, 7 uM

bonate and methanol were obtained from Fisher Scientific CaCh, 4 uM CoCl,, 0.4 uM CuSQ, 4 uM FeSQ, 30 uM

(Fair Lawn, NJ) SequenCing g.rade, modified trypSin was MnSQ;,, 0.2 mM NaCl, ].,MM Na,MoO,, 0.25 mM MgSQ,
purchased from Promega (Madison, WI). Complete EDTA- 4 4M NaWO,, 1 uM NiCl,, and 10uM ZnCl,, vitamins

free protease inhibitor cocktail tablets (catalog no. 1873580) (80 nM biotin, 40 nM folic acid, 0.6:M pyridoxine, 0.13
were from Roche (Indianapolis, IN). The Bradford reagent M riboflavin, 0.15 M thiamine, 0.4x4M nicotinic acid,
was from Bio-Rad (Hercules, CA). Ni-NTA Superflow 0.2 M pantothenic acid, 0.6 nM B-12, 40 ntaminoben-
Agarose was purchased from Qiagen (Valencia, CA). TCEP ,ic acid, and 0.24M lipoic acid), and amino acids (0.13
was purchased from Pierce (Rockford, IL). Urea, DTT, 2,3- L-Arg, 0.16 mML-Glu, and 0.23 mMp/L-Ser). Cells
dimercaptoproylsulfonate (DMPS), Calind other reagents  are humped from the fermentor, pelleted, resuspended in

were obtained from Sigma-Aldrich (St. Louis, MO). Anti-  p o A [50 mM HEPES (pH 7.5), 150 mM NaCl, and 10
bodies against thex- and S-subunits of RNAP from mM TCEP], transferred to 5 mL cryotubea 2 g (wet

Escht—_:‘richia coliwere from _Neocl_one (Madi_son, WI). A!l weight) aliquots, quick-frozen in liquid nitrogen, and stored
chemicals used for the affinity resin synthesis were obtained 5 “gq'°c for further analysis.

from Aldrich, except for the glass beads, which are from Cell Lysis Frozen cell suspensions were thawed, and

Prime Synthesis (Aston, PA). lysate-containing protease inhibitor cocktail [1 tablet per 10
Synthesis of Affinity Resin (FIAsH-deatized glass beads)  mL (catalog no. 1873580; Roche)] was prepared by probe
Carboxy-FIAsH (i.e., CrAsH) was synthesized as previously sonication (model 100 sonic dismembrator, Fisher Scientific,
described 14). CrAsH (1.43 g, 0.0015 mol, 1 equiv) was Ppittsburgh, PA) in an ice bath for & 1 min, at output 11
dissolved in dry dimethyl sulfoxide. 1-[3-(Dimethylamino)-  with an interval of 1 min each, and then centrifuged at
propyl]-3-ethylcarbodiimide (EDC) (0.6 g, 2 equiv) and 1720@y for 25 min to remove cell debris. The lysis buffer
N-hydroxysuccinimide (0.17 g, 1 equiv) were added, and the contained 25 mM HEPES (pH 7.6), 0.3 M NaCl, 10 mM
reaction was monitored by TLC in a 20% methanol/ethyl imidazole, and 2 m|\/B-ME The cleared Supernatant was
acetate mixture. A new spot appeared at 5 min, and thesuybjected to a Bradford assay (Bio-Rad) to determine the
reaction was close to completion at 20 min. At this time, 20 protein content of the lysate.
g of aminopropyl glass resin (Prime Synthesis) was added, |splation of the RNAP Protein CompleRrior to incubation
as well as 10@L of triethylamine. The reaction was allowed  wjith cellular lysates, 6@L of FIAsH-derivatized glass beads
to proceed overnight. Subsequently, the resin was washedyas washed once with buffer A [50 mM HEPES, 150 mM
three times each with DMSO, ethyl acetate, DMSO, water, NaC| (pH 7.5), 10 mM TCEP] and 10 mM ethanedithiol
and phosphate buffer (pH 7.0) and finally stored in phosphate (EDT) and then twice with buffer A alone. Washed beads
buffer and 20% ethanol. were then incubated with 5.0 mL of lysate (8 mg/mL)
Cloning and Expression of the-Subunit of RNA Poly-  expressing either the-subunit of RNAP or an empty vector
merase and Cell Cultation. A C-terminal 52-amino acid  control and rotated overnight on a shaker &4 The next
sequence was appended onto theubunit of RNA poly- day, beads were washed once with the buffer A and then
merase (SO0256) cloned into the pBAD202/D-TOPO vector with buffer B [LO0 mM ammonium bicarbonate (pH 7.5)
(Invitrogen) containing in the following order a tetracysteine containing 5 mM TCEP]. During washes, the protein content
tag (AREACCPGCCK) adjacent to a V5 epitope (KG- was monitored using the Bradford assay and a final wash to
GRADPAFLYKVVINSKLEGKPIPNPLLGL) and a His release remaining nonspecific associations involving buffer
sequence at the C-terminus, as previously descritéd (B containing 5 mM3-ME. After the final wash, beads were
The pBAD/D-TOPO expression system contains the pro- transferred to fresh tubes and proteins bound to the resin
moter of thearaBAD (arabinose) operon, which can be were eluted using 0.2 mL of buffer C [100 mM ammonium
upregulated by arabinose and downregulated by glucose tobicarbonate (pH 7.5), 5 mM3-ME, and 50 mM 2,3-
permit optimal expression. Plasmids were maintained by dimercaptoproylsulfonate (DMPS)] at€ with a final yield
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of approximately 4Qug of total protein.

Alternatively, RNAP complexes were isolated using the
Hiss tag with Ni-NTA agarose beads from Qiagen. Briefly,
30 mL of cellular lysate (12 mg/mL) overexpressing the
o-subunit of RNAP was incubated with 3 mL of Ni-NTA
beads overnight on a shaker at°€. The next day,

nonspecific proteins were removed through extensive wash-

ing first with 20 column volumes of lysis buffer and then
50 column volumes of wash buffer [25 mM HEPES (pH
7.6), 0.5 M NaCl, 40 mM imidazole, and 2 mg-ME].
Finally, the RNAP complex was eluted in 25 mM HEPES
(pH 7.6), 0.5 M NaCl, 0.4 M imidazole, and 2 mgtME.

The amount of protein eluted was measured by a Bradford
assay to be approximately 2 mg of total protein.

Trypsin DigestionPrior to LC-MS/MS analysis, isolated
protein complexes were denatured (7 M ureaand 5 mM DTT
for 30 min at 60°C) before addition of sequencing grade
modified trypsin (Promega) (2% by weight ratio of total
protein) fa 5 h at 37°C in the presence of 100 mM
ammonium bicarbonate (pH 8.4), essentially as previously
described 12). Samples were desalted using a SPE C18
column (1 mL) (Supelco-Sigma, St. Louis, MO) preequili-
brated with methanol, rinsed with 2 mL of nanopurgCH
and washed with 2 mL of a 95% water/5% acetonitrile
mixture. Proteins were then eluted using a 70% acetonitrile/
30% HO mixture followed by a 90% acetonitrile/10%@l

mixture and then concentrated using a SpeedVac. Protein

concentrations were measured using the bicinchoninic acid
(BCA) protein assay (Pierce).

LC—MS/MS AcquisitionTryptic digests were each ana-
lyzed in triplicate (technical replicates) using a fully auto-
mated custom-built capillary HPLC system coupled online
with an LTQ ion trap mass spectrometer (ThermoFinnigan,

San Jose, CA) using an in-house manufactured electrospray

ionization interface, as described previousl{2)( The
reversed phase capillary column was slurry packed using 3
um Jupiter Gg particles (Phenomenex, Torrence, CA) into
a 150um (inside diameterx 65 cm fused silica capillary
(Polymicro Technologies, Phoenix, AZ). The mobile phases
consisted of 0.2% acetic acid and 0.05% TFA in water (phase
A) and 0.1% TFA in 90% acetonitrile (phase B). An
exponential gradient was employed in the separation, which
started with 100% A and gradually increased to 60% B over
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partial tryptic peptidesz3.2 for the+3 charge-state full
tryptic peptides, and=4.7 for partial tryptic peptides for
which AC, > 0.1 (19). Using these criteria, we were able to
identify 360 proteins using the first filter and 441 proteins
using the second filter that copurified with RNAP, where
there were 3.3 and 0.0% false-positive identifications,
respectively, based on the reversed database. For greater
confidence, we only considered the 341 proteins confidently
identified using both filters for further analysis. Of the
identified proteins, 95% of the identified peptides contained
fully tryptic cleavage sites. The sum Bfor (i.€., Y Xcor) for

all peptides passing the SEQUEST criteria was calculated
for each of three independent biological replicates, which
were measured in triplicate for both samples expressing the
o-subunit of RNAP (nine measurements) and empty vector
controls (nine measurements). Subsequently, a normalized
> Xeorr Value (i.e.,lXqor) was calculated for each of the 18
measurements, where

n
|:E(COITE': z XCOITI/ZZ XCOI’I'i/n
=

Relative abundance changes between samples expressing the
a-subunit of RNAP and empty vector controls were visual-
ized using hierarchical clustering settings in Omniviz 3.6.1
(www.omniviz.com). Alternatively, for those proteins that
had at least one peptide which passed the SEQUEST criteria
in each of three biological replicates involving the indepen-
dent affinity isolation of the RNAP complex, changes in the
relative abundance of proteins isolated in association with
the a-subunit of RNAP relative to empty vector controls were
calculated

1)

9

9
bund -subunit RNAP X
abundance= ;ZXCO,ri (a-subuni ).ZZ corr

(empty vector control) (2)

Fluorescent LabelingThe a-subunit of RNAP or calm-
odulin (CaM) was covalently labeled using the Alexa-488
protein labeling kit from Molecular Probes. Briefly, either
the a-subunit of RNAP or CaM (1.0 mg) in 0.5 mL of 0.1
M Na,COs (pH 8.3) was incubated with Alexa-488 for 1 h

100 min. The instrument was operated in data-dependentat 20 °C, and unbound dye was removed using a G-25

mode with anm/z range of 406-2000. The five most
abundant ions from MS analysis were selected for further
MS/MS analysis using a normalized collision energy setting
of 35%. To avoid repetitive analysis of the same abundant
precursor ion, 1 min dynamic exclusion was used.

MS/MS Data AnalysidMS/MS data were searched against
the Shewanella2003-12-19.fasta databaselq) and a

Sephadex column. Stoichiometries of dye binding were
determined by measuring the absorbance at 495 nm, where
es04Alexa-488)= 71 000 Mt cm™t (20). In all cases, an
equimolar amount of bound dye was associated with the
labeled protein.

Fluorescence Correlation Spectroscopyea-subunit of
RNAP labeled with Alexa-488 (5 nM) was equilibrated for

sequence-reversed IP| database (to assess false positivesipproximatef 1 h with cellular lysate prior to all measure-

using SEQUEST (ThermoFinnigan). All data files were
extracted using Prism Data Extractor version 1.2.7 (http://
ncrcpnl.gov/about/process.stm) and exported to Access (Mi-
crosoft Inc., Redmond, WA). Two different filtering criteria
were used to identify peptides from the raw SEQUEST
data: (1) using a simple criterion requiring th@t, be >2.6

for full tryptic peptides,X.or be =2.8 for partially tryptic
peptides, and the sp score B&00 (18) and (2) requiring
thatX.orr be > 1.6 for the+1 charge-state full tryptic peptides,
>2.4 for the+2 charge-state full tryptic peptidez4.3 for

ments. Fluorescence correlation spectra were obtained using
a Nikon TE300 inverted microscope modified for these
measurements. The excitation laser was a Coherent In-
nova400 model (488 nm) focused by a ¥00bjective lens

(S Fluo100, Nikon), which was focused a@n above the
surface of the cover glass. Data were recorded for ap-
proximately 5 min with an excitation laser power of 48/
measured at the entry port of the microscope. The fluores-
cence was collected using the same objective, separated by
a 505DCLP dichroic mirror (Chroma Technologies, Brattle-
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boro, VT), split by a cube beam splitter (Thorlabs, Newton, Std Aerobic Suboxic

NJ), and then collected subsequent to HQ535 emission filters . ——

(Chroma Technologies). The resulting fluorescence was ™ gl -l —all ol il

detected by a pair of SPCM-AQR-14 avalanche photodiodes 49: p— - -4—u—subur‘|it"
(Perkin-Elmer Optoelectronics, Vaudreuil, QC). The output g [ == == == - . [+ o-subunit
was detected by a Flex01-05D multi-tau correlator (Corre- 188+

lator.com, Bridgewater, NJ). The curves were analyzed using gg [y ? o ¢ O TN Freuount
the following “Triplet-State” model by nonlinear fitting

function in the program Origin (MicroCal, Northampton, ~FIGURE 1: '”.Crease‘.j.ab””dag‘ces‘“’fa”dﬁ's.”b”r.“ts of RNAP
MA): under aerobic conditions (20% oxygen tension) in comparison to

suboxic (0.1% oxygen tension) growth conditions for empty vector
) controls (lanes 3, 4, 7, and 8) and changes in protein abundances
1

1 following expression of a tagged-subunit (indicated with an
asterisk) of RNAP (lanes 5, 6, 9, and 10). Abundances were
1+ t 1+ SZL measured using Western immunoblots following protein separation
Tp 7p via SDS-PAGE (4 to 12% acrylamide) using purified- and
3) p-subunits of RNAP (2.5 and 5.0 ng in lanes 1 and 2, respectively)
in comparison to cellular lysates (0.5 and Lg) prepared from
wheret is the lag time between two channelsandzr are cells grown under aerobic (lanes-8) or suboxic (lanes #10)
the fractional population and decay time of the triplet state, conditions.
respectively, andN is the total number of fluorescent are reductions in the abundances of theor 5-subunit of
molecules within the focus poinkis a structural parameter RNAP. The substantially larger abundance of RNAP under
of the experimental setup assumed to bey3s the diffusion aerobic growth conditions is consistent with earlier sugges-
time of the molecule. The relation between the diffusion time tions inE. coliwhere optimal growth conditions require the

fT —TJ‘L'T
G(t) = 1+(1+ e

and translational diffusion coefficienD() is rapid production of stable RNA (rRNA and tRNA) necessary
) for ribosome assembly and protein synthesis, which are
_w limiting under conditions associated with aerobic grovah (

Expression of Tagged Proteins Induces Compensatory
where o is the lateral radius of the focus volume. The Degradation of the Endogenous-Subunit of RNAPTo
Stokes-Einstein formula can be used to estimate the understand the cellular consequences associated with the
hydrodynamic radiusR) of the complex assuming a spherical expression of ther-subunit of RNAP, we have measured
particle: the abundances of the taggedsubunit relative to the
endogenousa- and fS-subunits of RNAP. The tagged

R= kT (5) o-subunit of RNAP is apparent in Western immunoblots as

61Dy a 42 kDa band above that of the endogenous 36.6 kDa protein
) ) (Figure 1). Under aerobic growth conditions, the amount of
wherek is the Boltzmann constant (1.38 1072 J/K), T is taggeda-subunit is similar to that observed for endogenous

the absolute temperature, (293 K), anés the viscosity of  _subunit in the empty vector control. Substantial decreases
water (0.89 cP). From the hydrodynamic radius of the iy the amount of endogenoussubunit occur upon expres-

molecule, the molecular massi(can be calculated. sion of the tagged:-subunit of RNAP, resulting in a similar
R overall abundance af-subunit irrespective of the expression
m= 4pN,R/3 (6) of the tagged protein. Under these conditions, the amount

) , ) ) of B-subunit of RNAP is unaffected by the expression of
whereN, is Avogadro’s number and is the mean density  {he taggeda-subunit. These results indicate that the total
of the molecule. protein levels of the RNAP complex are tightly regulated
RESULTS qnder aerobic con_ditions. In contrast, unpler suboxic condi-

tions, the expression of the taggeesubunit of RNAP has

Increased Abundance of RNAP under Aerobic Growth little effect on the abundance of the endogenatsubunit,
Conditions Possible abundance changes in RNAP in re- where there is a-23-fold increase in the total abundance of
sponse to environmental growth conditions were assessedhea-subunit of RNAP relative to empty vector controls and
by comparing the concentrations of the and -subunits corresponding increases in the abundance ofstsebunit
of RNAP under aerobic and suboxic conditions using cells of RNAP. Thus, cellular mechanisms of regulation are
transformed with the pBAD/D-TOPO empty vector. Using substantially different under aerobic or suboxic growth
antibodies raised against the homologous subunits of RNAPconditions, which maintain a constant amount of RNAP
in E. coli, we observe single bands corresponding to either through the selective degradation of the endogenoeasb-
thea- or S-subunit in lysates fronshewanellarown under unit or increase the abundance of fhxwsubunit to increase
both aerobic and suboxic conditions, with apparent molecular the amount of RNAP, respectively. However, in both cases,
masses of 36.6 and 150 kDa (Figure 1). Comparison with the total abundance of the taggeesubunit is near native
authentic protein standards suggests thatther 3-subunit levels and present within intact RNAP complexes, permitting
of RNAP each comprise-0.3% of the expressed protein in  the effective affinity isolation of the intact RNAP complex
lysates, consistent with earlier estimates that under aerobicthrough the tagged-subunit in identifying possible changes
conditions RNAP comprises approximately 1% of the total in protein binding interactions under different growth condi-
protein 1). In comparison, under suboxic conditions, there tions.
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Ficure 2: SDS-PAGE (4 to 12% acrylamide) of the isolated
RNAP complex (4«g) following the affinity isolation of the RNAP
complex using either Ni-NTA beads (lane 1) or biarsenical multiuse
affinity probes (MAPs) immobilized on glass beads (lane 2), as
described in Experimental Procedures+I@S was used to identify

18 abundant proteins following affinity purification of the RNAP
complex using MAPS (lane 2), which correspond to antioxidant
AhpC/Tsa (S02756, mass of 22 kDa), acetylglutamate kinase
(S00276, mass of 27 kDa), thesubunit of RNAP (SO0256, mass

of 36 or 42 kDa depending on the engineered tag), elongation factor
Tu (S0O0217, mass of 43 kDa), 3-oxoacyl(acyl carrier protein) .
synthase | (SO3072, mass of 43 kDa), serine protease HtrA/DegQ/ Lag Time (s)

DegS (SO3942, mass of 47 kDa), trigger factor (SO1793, mass of ¢, or 3. Normalized fluorescence correlation spectra of the free
48 kDa), asparaginyl-tRNA synthetase (SO2218, mass of 52 kDa), ope (Alexa-488: purple curve) in comparison to the labeled RNAP
N-utilization substance protein A (S01203, mass of 55 kDa), lysyl- .o enzyme (isolated using Ni-NTA) (blue curve) or the supramo-
tRNA synthase (SO0992, mass of 57 kDa), aspartyl-tRNA synthase o jar RNAP complex in lysate obtained frashewanellarown
(502433, mass of 66 kDa), chaperone protein DnakK (SO1126, mass,nqer suboxic (red curve) or aerobic (black curve) conditions.
of 69 kDa), heat shock protein HtpG (SO2016, mass of 72 kDa), pegjquals depicting differences between data and nonlinear least-
homocysteine methylase (SO0818, mass of 85 kDa), CIpB (SO3577,4 ares fits are shown below respective data sets. Experimental
mass of 95 kDa), 2-oxoglutarate dehydrogenase (SO1930, mass ofyitions included 5 nM Alexa-488 (alone or bound to protein)

105 kDa), theS-subunit of RNAP (SO0224, mass of 150 kDa), ;
and thef’-subunit of RNAP (S00225, mass of 155 kDa). ;gn%gerpal\tﬂurliav?apsoéf%ﬁ 7:5) orin cell lysate (8.0 mg/mL). The

+— B/p’-subunits

+— a-subunit

Residuals

10 10° 107 10"

Affinity Isolation of the RNAP Core Complekhe RNAP are present at stoichiometries similar to that ofdhkgubunit,
complex was isolated using NiNTA affinity columns, consistent with the preservation of low-affinity binding
which effectively bind the Histag on the a-subunit, proteins in the RNAP complex using these mild elution
essentially as previously describ&@®). Following extensive conditions. In comparison, we obtain few interacting proteins
washing with high salt (i.e., 0.5 M NaCl), the complex was upon isolation of RNAP subunits frorB. oneidensi®ex-
eluted, and the subunit composition was analyzed by-SDS pressed irE. coli, indicating that the isolated proteins in the
PAGE and LG-MS/MS (Figure 2). The most abundant RNAP complex isolated forrShewanelldysates are specific
proteins in the complex are thesubunits that migrate as a  binding interactions.
broad band with an apparent mass of#4 3B kDa, consistent Relationship between Protein Size and Translational
with the presence of both tagged (41.7 kDa) and endogenousDiffusion CoefficientFluorescence correlation spectroscopy
(36.2 kDa)a-subunits in thexy55" RNAP core complex. (FCS) permits the determination of the size of the RNAP
The - and 5'-subunits are also present, with an apparent protein complex through the direct measurement of the
mass of~120 kDa, although at stoichiometries lower than translational diffusion coefficienty;). Using FCS, we have
that of thea-subunit. Six additional minor bands are present measured the autocorrelation curves for the free dye Alexa-
at stoichiometries much lower than that of thesubunit, 488 and followed its covalent binding to the RNAP core
consistent with the presence of additional binding partners complex isolated using Ni-NTA affinity isolation (Figure 3).
previously identified using Ni-NTA affinity columns to Optimal nonlinear least-squares fits to the correlation curve
isolate the RNAP complex frork. coli (22). However, in for the free dye involved a model with one triplet state and
this preparation, the--subunit of RNAP, which serves as one diffusion component, which resulted in excellent fits as
the bait in the affinity pulldown, is the dominant protein in evidenced by the essentially random residuals. In the case
the isolated complex and prevents the robust identification of the free dye, the triplet lifetimer{) and diffusion times
of low-affinity binding partners that associate with RNAP (zp) were 7.7+ 0.8 and 64+ 2 us, respectively, with
in the cell. amplitudes of 16 and 84%, respectively. From the mass of

In comparison, the isolated complex obtained using MAPs Alexa-488, we can calculate thBt = 3.3 x 1071 m? s71,
involves a one-step affinity isolation and the release of the which is in excellent agreement with the measured value (i.e.,
complex using mild reducing conditions (i.e., 50 mM dithiol). D;= 3.2 x 1071 m? s71). In comparison to that of the free
The composition of the eluted RNAP protein complex is probe, the correlation curve for the Alexa-labeled RNAP
substantially larger than that obtained using th&"NNTA complex obtained using an NiNTA affinity purification
affinity isolation procedure, and 13 major bands are apparent(i.e., the core complex) is shifted toward longer times with
using Coomassie blue staining following SBBAGE a diffusion time of 420+ 20 us and a calculated molecular
separation (Figure 2). A major band, which migrates with mass of 50Gt 50 kDa, which is consistent with the size of
an apparent molecular mass o#46 kDa just above the the core complex ofi,553' (i.e., 384 kDa) and the presence
a-subunit, corresponds to EF-Tu, which binds nonspecifically of a small number of additional binding proteins (see Figure
to the bisarsenical affinity matriX (). Other isolated proteins  2).
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Molecular Size of the RNAP Complex in Cell Lysates
Measurements of the RNAP complex size prior to affinity 1.0-Poldls, Purified CaM
isolation provide an estimate of the intact complex and were ] '

accomplished using FCS to measure the translational diffu- 081

sion coefficient of fluorescently labeled RNAP following its 0.6

incubation with cellular lysates obtained froBhewanella free

grown under aerobic or suboxic conditions. In comparison 0.4+

to the isolated core complex of RNAP obtained following T

affinity isolation using Ni"-NTA (7p = 4204 20us), there 0'2'_

is a large shift in the correlation curve toward longer times 0.0

following addition of RNAP to cellular lysates prepared from 0A— = = .
cells grown under either suboxieg(= 770 + 20 us) or n.olm‘::..n

aerobic ¢p = 840+ 70 us) conditions (Figure 3). Repro- 0.14 . - . -
ducibly, the correlation curves are shifted toward longer times 0.1 L

(larger masses) for RNAP in cellular lysates fr@mewanella Ejﬁ'%' e

grown under aerobic conditions in comparison to measure- 0] i u . u
ments made for RNAP in lysates froBhewanellagrown D:OW‘%—_——
under suboxic conditions, consistent with a larger mass of -0.1

the RNAP complex. Formation of the supramolecular 10° 10° 10" 10° 10° 107
cpmplex involving RNAP' occurs rapidly, as.the corr_e_lation Lag Time (s)
times measured in the first minutes following addition of i . o
RNAP to cellular lystates are essentially identical to those Ficure 4: Normalized fluorescence correlation spectra (thin lines)
. . and nonlinear least-squares fits (thick lines) for the free probe

observed at longer times excee(;hng several hours. (Alexa-488; purple curve) in comparison to Alexa-labeled CaM

FCS Measurements of CaM in Shewanella Lysates for ajone (blue curve) or following addition inBhewanalldysate (8.0
Viscosity CorrectionAn estimation of the apparent mass of mg/mL). Residuals depicting differences between data and nonlinear
the endogenous complex prior to affinity isolation requires least-squares fits are shown for each data set. Experimental
a correction for the viscous nature of the cellular lysate, icnogg':]'qol\qu'gg‘F‘,%‘j%p?_‘@%)ﬂfﬁ%jfg dﬁfg&g;g&‘;?}%ﬁgyggg'”)
which was measured from a consideration of changes in the4; ogoc
correlation curve for a eukaryotic protein (i.e., CaM) added
to cellular lysates, which is not expected to bind to bacterial conditions, affinity pulldowns were repeated three times
proteins. CaM is a eukaryotic calcium signaling protein, under each growth condition. Each sample was measured in
which we used as a control to assess nonspecific effectstriplicate for a total of 36 L&G-MS/MS measurements.
related to the increased viscosity 8hewanelldysate and Peptide identifications used previously validated SEQUEST
nonspecific protein associations. In comparison to that of filters, fully described in the Supporting Information. To
the free probe, the correlation curve for Alexa-labeled CaM rapidly identify proteins that are copurified with thesubunit
is shifted toward longer times with diffusion time of 230 of RNAP that may be present at near-stoichiometric amounts,
10 us, which is consistent with the larger mass (Figure 4). we used a visual clustering approach to correlate abundance
The calculated diffusion coefficientD() from the FCS changes of isolated proteins (i.€X.«) associated with
measurement is 1.& 1071° m? s! for CaM, which is in affinity purification of the complex (Figure 5). Subsequent
close agreement with the theoretical value of 8.9.0°%° analysis of quantitative protein abundance changes relative
m?2 s~ for calcium-activated CaM calculated from the crystal to control (i.e., no bait) samples was used to identify
structure of PDB entry 1cll using Hydropr@3), providing additional binding interactions with the RNAP complex
confidence that the measured translational diffusion coef- that may be present at lower molar stoichiometries (Figure
ficients provide an accurate measurement of the macromol-6).
ecule size. Inspection of the correlation curves for isolated Visual Clustering of Isolated Proteins that Are Copurified
CaM relative to that in cellular lysates shows they are very with RNAP The RNAP core subunits (i.ex, 3, ands’) were
similar; nevertheless, the diffusion time increases by 32% found under all growth conditions, as was the initiation factor
from 230 £ 10 us for isolated CaM to 304t 11 us for IF-20 that mediates the formylation-independent transcription
CaM added tcShewanelldysate. and subsequent activation of RNAP associated with the

Upon correction for this viscosity effect, the apparent mass transcription of stable RNA24). In addition, 21 proteins
of the RNAP complex in lysate was between £4.1 and were identified as part of the central RNAP complex under
1.7+ 0.4 MDa, depending on growth conditions. The large aerobic growth conditions; in comparison, only four proteins
mass of the RNAP complex in cellular lysates is substantially in addition to the core complex were identified in association
greater than would be expected from binding interactions with the RNAP complex under suboxic growth conditions.
involving the core complex witkr factors and suggests that The substantial changes in the complex identified under
additional proteins bind RNAP. aerobic and suboxic growth conditions suggest that changes

LC—MS/MS Identification of the RNAP Compléising in the RNAP complex may contribute to the cellular response
LC—MS, we have identified the proteins that elute with the to environmental conditions involving the reprogramming
RNAP complex following affinity isolation of the:-subunit of RNAP to switch from the primary synthesis of stable RNA
of RNAP using newly developed MAPs in comparison to (i.e., tRNA and mRNA) to the enhanced synthesis of mMRNA
control samples containing an empty vector control. Using as part of a global reprogramming to increase the metabolic
lysates fromShewanellagrown under aerobic and suboxic diversity of the organism25). Of the 25 proteins identified
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Ficure 5: Identification of proteins that are copurified with RNAP isolated from lysates expressing-sbunit of RNAP relative to

empty vector controls grown under aerobic (left) or suboxic (right) conditions, based on correlated abundance changes in identified proteins
visualized as a heat map using OmniViz to cluster the data (proteins that are copurified with RNAP are highlighted in the blue box).
Columns represent individual LEMS measurements of isolated complexes, while rows represent the relative abundances of identified
proteins (i.e.[XconlJ see eq 1 in Experimental Procedures). Bottom panels depict correlated abundance changes of proteins that are copurified
with RNAP. Under aerobic conditions, besides the core complex, 22 additional binding partners are observed, while under suboxic conditions,
only five additional proteins were found in addition to the core complex. Proteins and assd&atétvalues for proteins in the RNAP
complex identified include the RNAP core enzymes (found under all conditions), DNA-directed RNA polymesabanits (red) [SO0256

(®@)], the DNA-directed RNA polymerasg-subunit [SO0224K)], and the DNA-directed RNA polymeragg-subunit [SO0225€)] as

well was proteins that are copurified with RNAP (see the bottom panels), which under aerobic conditions (bottom left panels) include
ribosomal protein L10 [SO0222], acetylglutamate kinase [SO027&)], amidase family protein [SO0888 (empty rightward-pointing
triangle)], lysyl-tRNA synthetase [SO0998)(, chaperone protein DnaK [SO1128)], N-utilization substance protein A [SO120m){,

translation initiation factor IF-2 [SO1200Dj], trigger factor [SO1793%)], AMP-binding family protein [SO1971 (empty leftward-pointing
triangle)], adenylate kinase [SO201¥8){, asparaginyl-tRNA synthatase [SO2218)], aspartyl-tRNA synthatase [SO2433)(, phosphate
acetyltransferase [SO2918)(, the oxidoreductase short-chain dehydrogenase/reductase family [SQ@B93%5¢xoacyl(acyl carrier protein)
synthase | [SO3072 (filled leftward-pointing triangle)], the electron transfer flavoproteinbunit [SO3144 %)], the electron transfer
flavoprotein S-subunit [SO3145 )], polysaccharide biosynthesis protein [SO3189]( flagellar motor switch protein FIiG [SO3227

(filled rightward-pointing triangle)], clpB protein [SO35714])], sulfate adenylyltransferase subunit 2 [SO37@}](and the serine protease
HtrA/DegQ/DegS family [SO39424)]. Under suboxic conditions, proteins and associdi¢d,Jvalues (see the bottom right panels)
include the DNA gyrase B subunit [SO001D){, nitrogen regulatory protein P-11 1 [SO076®Y)], translation initiation factor IF-2 [SO1204

(empty leftward-pointing triangle)], OmcA [SO17783)], and the formate dehydrogenasesubunit [SO4513 (empty rightward-pointing
triangle)].

to bind to the RNAP core complex under either growth acetylglutamate kinase and Fli@g 29). Additional bound
condition, 15 of these proteins had been previously suggestedsubunits include the cytosolic portions of membrane proteins
to interact with RNAP (see Table S1 of the Supporting associated with energy metabolism and ATP synthesis (e.g.,
Information). AMP-binding protein, phosphate acetyltransferase, and elec-
Proteins found to associate with RNAP under aerobic tron transfer proteins with links to dehydrogenases), con-
conditions include Dnak, trigger factor, and clpB, which are sistent with recent structural data demonstrating the mem-
known to associate with each other and regulate transcriptionbrane localization of RNAP under optimal growth conditions,
of RNAP through a chaperone activity that modulates, for where the majority of RNAP is densely associated with the
example, the stabilization @f? (26). In addition, the known  seven operons encoding stable RNA).(These results
RNAP regulator NusA was found, which tightly binds to suggest that the association between RNAP and metabolic
RNAP under conditions of rapid growth to promote the enzymes may facilitate diffusion-limited reactions associated
greater transcriptional rate of stable RNA (in comparison to with transcription.
MRNA where pausing is commonR¥). Environmental Consistent with this latter suggestion, under suboxic
sensors known to mediate metabolic changes in response t@onditions when transcriptional rates are no longer limiting,
growth conditions found in association with RNAP include we find that many fewer proteins associate with RNAP.
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Ficure 6: Histogram depicting relative abundances of identified
proteins that are copurified with the RNAP complex from lysates B

prepared fromShewanellagrown under aerobic (red) or suboxic Aerobic Suboxic
(blue) conditions. The normal distribution (black line) corresponds I | stess Response

to background proteins equally abundant in both bait and control B | - rolymerase Regulators
experiments. I | RNA Machinery

-:l Nucleotide Metabolism

.:l Ribosome-associated Proteins
I |- Metaboism
I /o Acid Biosynthesis
I | o

_:l Unknown Function

Associations are observed between RNAP and DNA gyrase,
formate dehydrogenase subumjtitrogen regulatory protein
P—I11, and OmcA. DNA gyrase has previously been reported
to copurify with RNAP and to enhance transcriptid@@0),
Formate dehydrogenase subuait(SO4513) is part of a

i EFYNIINC NI SNGE FENTE e o
membrane protein complex linked to nitrite respiratory e e oniifiee) el 20
pathways under anaerobic conditions, where formate pro- Number of Proteins

duced from lactate serves as a major donor of electrons to aFicure 7: (A) Cartoon depicting the suggested organization of
variety of inducible respiratory pathways that use terminal RNAP in complex with metabolic enzymes and (B) changes in

functional categories for proteins that copurify with the RNAP
electron acceptors other than molecular oxygaf).(The ._complex under aerobic (black bars) or suboxic (gray bars) growth

linkage between diverse energy sources and RNAP s conitions (see Table 1). The indicated association between trkA
consistent with the observed association between nitrogenand RF, is consistent with prior suggestions4j.

regulatory protein P-1l (links to Ntr and factor regulation) L i o
and OmcA (functions to couple anaerobic metabolism to the @€ present at substoichiometric levels, which is apparent
reduction of extracellular metalsp2). from a comparison of the measured mass of the RNA!D
Quantitatve Analysis of Relate Protein Abundances supramoleqular complex (.e.,1.4 gnd 1.7 MDa ur)der suboxic
Additional proteins that may associate weakly with the @nd aerobic conditions; see Figure 3) relative to that
RNAP complex to regulate function were identified through calcu_lateq assuming equimolar st0|ch|0metr|e§ of all |solatgd
a consideration of their abundances relative to the control Proteins (i.e., 2.5 and 4.3 MDa under suboxic and aerobic
sample transformed with the empty vector. These protein conditions). Because only five ribosomal proteins were
identifications are important, as low-affinity interactions have identified, these results indicate that we have effectively
previously been suggested to target RNAP to specific !solated_ the. core complex free of nonspecific binding
promoters and enhance transcriptional rates and are criticafnteractions involving associated polysomes commonly ob-
to our understanding of the regulation of RNAB, Q). served in prior pulldowns3g).
Confident |dent|f|ca_t|on c_>f a protein req_wred pbservathn_of DISCUSSION
each of the three biological replicates involving the affinity
isolation of the complex. A total of 341 unique proteins were ~ We find that RNA polymerase exists as a large supramo-
identified in the replicate pulldowns of the RNAP under both lecular complex with an apparent mass in excess of 1.4 MDa
suboxic and aerobic conditions, whose relative abundancegFigure 3) that undergoes significant changes in subunit
varied between those similar to the control sample and thosecomposition (remodeling) in response to environmental
that were present in relatively high abundances (Figure 6). growth conditions (Figure 7). In comparison to suboxic
From a consideration of their relative abundances, it is conditions, a larger number of binding partners associate with
apparent that many proteins associate nonspecifically with RNAP under aerobic conditions (Table 1 and Figure 7),
the affinity matrix and are not part of the RNAP complex. where cellular growth rates are limited by the rates of
The population of nonspecifically bound proteins can be ribosome biosynthesi®(7). In addition to known regulators
described by a normal probability distribution centered near of RNAP function, binding partners include a surprisingly
unity. Only identified proteins whose relative abundances large number of metabolic enzymes associated with ATP
are greater than 1.7 can be unambiguously assigned to besynthesis, nucleotide metabolism, and the biosynthesis of
part of the RNAP complex. Of the proteins identified to stable RNA (i.e., tRNA and rRNA; Figure 7). Our identifica-
copurify with RNAP, we find that 91 are present under tion of cytosolic subunits of membrane proteins with the
aerobic growth conditions and 47 are present under suboxicRNAP complex (Table 1) is consistent with recently
growth conditions. These results suggest that there are largegoublished structural data demonstrating the membrane lo-
changes in the RNAP complex as part of the cellular responsecalization of RNAP in rapidly growing cell}j. In contrast,
to changing environmental conditions. The identified proteins under suboxic conditions, we observe a reduced number of
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Table 1: Identified Proteins that Copurify with RNAP under Aerobic or Suboxic Growth Conditions

identification identification
gene  symbol common name aerobic suboxic gene symbol common name aerobic suboxic

(A) core complex (G) energy metabolism (29)
S00224 rpoB RNA polymeraseg X X S00029  trkA potassium uptake protein TrkA X
S00225 rpoC  RNA polymerases’ X X S00398 frdA fumarate reductase flavoprotein X
S00256 rpoA RNA polymerasex X X S00770 mdh malate dehydrogenase X
(B) stress response proteins (14) S00840 acetyl-CoA carboxylase accARC X
SO0052 secB  protein export protein SecB X S00968 IdhA D-lactate dehydrogenase X
S00874 dksA  DnaK suppressor protein X S0O1016 nuoG  NADH dehydrogenas| G subunit X
S01065 fkpA peptidyl-prolyl cis—trans isomerase FkpA X S01017 nuoF  NADH dehydrogenas| F subunit X
SO1126 dnaK chaperone protein DnaK (Hsp70) X S01019nuoCD NADH dehydrogenase | C/D subunits X
S01139 fkiB peptidyl-prolyl cis-trans isomerase FkiB X S01484 aceA isocitrate lyase X
S01793 tig trigger factor X S0O1640 fabZ  (3R)-hydroxymyristoyl-ACP dehydratase X
S02267 hscB  cochaperone Hsc20 X X SO1779 omcA decaheme cytochronee X
S03417 slyD peptidyl-prolyl cis-trans isomerase SlyD X X S01928 sdhA  succinate dehydrogenase flavoprotein X
S03577 clpB clpB protein X X S01929 sdhB  succinate dehydrogenase iresulfur protein X
S03637 surA survival protein surA X S01932 sucC  succinyl-CoA synthasg-subunit X
S04211 secA  preprotein translocase SecA subunit X S01971 AMP-binding family protein X
S04405 katG-2 catalase/peroxidase HPI X S02222 fumarate hydratase class |, anaerobic, putative X
S04507 TorA specific chaperone putative X S02339 o-ketoacid dehydrogenase complex E1 X X
S04640 antioxidant AhpC/Tsa family X S02483 aspartate aminotransferase putative X
(C) RNA polymerase regulators (19) SO2743 acs acetyl-coenzyme A synthetase X
SO0011 gyrB DNA gyrase B subunit X S02778 fabH-1 3-oxoacyl(acyl carrier protein) synthase Il X
S00219 nusG transcription antitermination protein NusG X S0O2916pta phosphate acetyltransferase X X
S00276 argB acetylglutamate kinase X S02935 oxidoreductase, short-chain X
SO0761 gInB-1 nitrogen regulatory protein P-Il 1 X S03072 fabB 3-oxoacyl(acyl carrier protein) synthase | X
SO0769 argR  arginine repressor X S0O3144 etfA electron transfer flavoproteim X
S01203 nusA  N-utilization substance protein A X S0O3145 etfB electron transfer flavoprotejf X
S01204 infB translation initiation factor IF-2 X X S03664 fadD-2 long-chain fatty acid-CoA ligase X
S01938 cobB  cobB protein X S03991 fbp fructose 16-bisphosphatase X
S0O1946 phoP  transcriptional regulatory protein PhoP X S0O4513 formate dehydrogenssbunit X
S02347 gapA-3 glyceraldehyde-3-P{xehydrogenase X SOA0060 acetyltransferase GNAT family X
S03202 cheW-3 purine-binding chemotaxis protein CheW X (H) proteins of unknown function (19)
S03210 fliA RNA polymeraser-27 factor X S0O0554 hypothetical protein X
S03227 fliG flagellar motor switch protein FIiG X S00568 conserved hypothetical protein X
S0O3519 gInB-2 nitrogen regulatory protein-R 1 X S00783 hypothetical protein X
S03982 DNA-binding response regulator X S0O0795 conserved hypothetical protein X
S03988 arcA aerobic respiration control protein ArcA X S01227 conserved hypothetical protein X
S04428 DNA-binding response regulator X SO158IphnA  phnA protein X
S04633 ompR transcriptional regulatory protein OmpR X S01722 ACT domain protein X
S04647 DNA-binding response regulator X S02177 conserved hypothetical protein X
(D) tRNA machinery (17) S02241 conserved hypothetical protein X
S00196 selD selenophosphate synthetase X S02407 conserved hypothetical protein X
S00217 tufB translation elongation factor Tu X S02586 conserved hypothetical protein X
S00294 trpS tryptophanyl-tRNA synthetase X S02929 hypothetical protein X
S00818 metE  homocysteine methylase, pterin-dep X SO3775 hypothetical protein X
S00992 lysS lysyl-tRNA synthetase X X S0O3856 hypothetical protein X
SO1181 miaB  tRNA-i(6)A37 modification enzyme MiaB X S03915 conserved hypothetical protein X
S01261 mercaptopyruvate sulfurtransferase X SO4478py spheroplast protein y precursor, putative X
S01676 metA  homoserind-succinyltransferase X SOA0059 conserved hypothetical protein X
S02218 asnS  asparaginyl-tRNA synthetase X SOA0080 hypothetical protein X
S02264 iscS cysteine desulfurase X SOA0110 lipoprotein, putative X
S02433 aspS  aspartyl-tRNA synthetase X (1) amino acid biosynthesis (9)
S0O3070 asd aspartate semialdehyde dehydrogenese X SO02&roB  3-dehydroquinate synthase X
S03312 ispG HDMAPP synthase X S00888 amidase family protein X
S03428 alasS alanyl-tRNA synthetase X S0O1367 pheA  chorismate mutase/prephenate dehydratase X
S03532 ileS isoleucyl-tRNA synthetase X S03079 aroC  chorismate synthase, authentic frameshift X
S03727 cysD  sulfate adenylyltransferase subunit 2 X S03413hrC threonine synthase X
S0O3736 cysH  PAPS reductase X SO3760 ginE  glutamine-synthetase adenylyltransferase X
(E) nucleotide metabolism (7) S03986 lysC aspartokinase lll, lysine-sensitive X
SO1150 rpiA ribose-5-phosphate isomerase X S0O4309ysA diaminopimelate decarboxylase X
S01268 glutamine synthetase X S04480aldA aldehyde dehydrogenase X
S02018 adk adenylate kinase X (J) other functions (11)
S0O2760 purM  FGAM cyclo-ligase X S0O1209 pnp polyribonucleotide nucleotidyltransferase X
S02834 nrdD  anaerobic rNTP reductase X S01252 peptidase U32 family X
S03293 guaB IMP dehydrogenase X X S01680 enoyl-CoA hydratase/isomerase X
S04410 ginA glutamine synthetase type | X S01870speA  biosynthetic arginine decarboxylase X

S02445 thiC thiamin biosynthesis protein ThiC X
(F) ribosome-associated proteins (5) S02907 TonB-dependent receptor domain protein X
S00220 rplK ribosomal protein L11 X S03189 polysaccharide biosynthesis protein X
S00222 rplJ ribosomal protein L10 X S03545 OmpA family protein X
S01632 frr ribosome recycling factor X S03942 serine protease HtrA/DegQ/DegsS family X
S02328 efp translation elongation factor P X S04687 ugd UDP-glucose 6-dehydrogenase X
S04094 cafA ribonuclease G X S04699 priC oligopeptidase A X

protein associations, which is consistent with the observed redistribution of RNAP to promoters associated with the
disruption of RNAP in condensed structures near the transcription of MRNA whose initiation and elongation rates

membrane under suboptimal growth conditiofs (ndeed,

are much slower than those associated with the transcription

under conditions that limit growth, there is a substantial of stable RNA. These results suggest that the structural
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coupling between RNAP and identified metabolic enzymes (which identified a total of 22 proteins that copurify with
functions as an organizing center at the membrane, whichthe RNAP core complex under aerobic conditions). Only
acts to increase the local concentrations of all necessaryelongation factor Tu (SO0217) and homocysteine methylase
substrates to enhance the efficiency of RNAP. In comparison, (SO0818) were not found using the OmniViz clustering
under suboptimal conditions, there is a redistribution of algorithm. In the case of elongation factor Tu, this is
RNAP to promoters associated with mRNA, where tran- understandable as large amounts of this protein bound
scriptional rates do not limit cell growth. nonspecifically to the resin, obscuring the proportional
Relationship between Prior Work and Identified Proteins increase in abundance associated with the purification of
that Are Copurified with RNAROf the 130 identified RNAP- ~ RNAP used in the OmniViz algorithm. Overall, these results
binding proteins, 91 have associated gene symbols and couldndicate that the OmniViz clustering approach provides a
thus be readily compared with previously identified RNAP rapid means of identifying copurifying proteins that may be
binding interactions; 59 of these proteins (i.e., 65%) have present at near stoichiometric amounts in the RNAP su-
previously been identified to associate with bacterial RNAP pramolecular complex. In comparison, a total of 91 proteins
either experimentally (28 proteins) or using publicly available are found to copurify with the RNAP supramolecular
experimental and predictive databases (47 proteins) (seecomplex using a quantitative analysis in which modest
Table S1 of the Supporting Information). Of the previously differences in enrichment are detected to identify proteins
identified binding partners, 11 (38%) have previously been (Figure 6). This latter analysis of proteins likely to associate
purified and rigorously validated, including (i) stress response with RNAP is based on a probabilistic distribution of binding
proteins DnaK suppressor protein and chaperone proteininteractions, and in the absence of additional validation
DnaK, (ii) RNAP regulators DNA gyrase, transcription schemes, there is some uncertainty for any single protein
antitermination protein NusG, arginine repressor, N-utiliza- regarding the binding with the RNA polymerase complex.
tion substance protein A (NusA), transcription initiation Nevertheless, these results indicate that RNAP exists as a
factor IF-2,a factor 27 (FliA), and transcriptional regulatory  large supramolecular complex and provide a high-level
protein OmpR 84), and (iii) tRNA machinery translation  understanding of the role of low-affinity binding interactions
elongation factor Tu. In addition, while not previously that can function to increase the abundance of metabolites
reported in prokaryotes, eukaryotic glyceraldehyde-3- associated with RNAP function (Figure 7). Through a
phosphate dehydrogenase is known to associate with RNAPcomparison of these different complementary analysis meth-
(see Table S1 of the Supporting Information). Two proteins ods, we suggest a means of identifying high-affinity protein
(i.e., the Sir2 family protein cobB and the transcriptional associations in the RNAP supramolecular complex that are
regulator PhoP) were previously known to regulate RNAP present at near stoichiometric abundances from low-affinity
and to associate with DNA, but prior to our measurements, binding interactions whose relative abundances are reduced.
their interaction with RNAP had not been identified. Increased Abundance of the Stress Response Protein in
Likewise, genetic screens have identified functional linkages Complex with RNAP under Aerobic Conditiongnder
between numerous tRNA synthetases and RNAP function aerobic growth conditions (where significant oxidative stress
(35, 36). However, no prior measurements were able to occurs), 12 stress response proteins (largely chaperones) are
document the extensive range of binding partners thatpresent in complex with RNAP (Table 1 and Figure 7),
simultaneously associate with RNAP. including the major bacterial chaperone system involving the
Comparison of Methods for Identification of Protein Hsp70 bacterial analogue DnaK (SO1126) and its chaperone
ComplexesMultiple complementary approaches were used binding partners clpB (SO3577) and trigger factor (SO1793),
in the identification of proteins associated with the RNAP which are known to mediate heat shock transcriptional
supramolecular complex, which involved (i) protein complex responses2g). In addition, other chaperones include sec B
isolation and the identification of isolated proteins using (SO0052) and two peptidyl-prolyl cidrans isomerases
SDS-PAGE and LC-MS (Figure 2), (ii) the use of visual  known to be members of a multiprotein compl&,(38),
clustering algorithms in rapidly identifying proteins that cochaperone Hsc20 (S0O2267), SlyD, and SurA. In compari-
copurify with RNAP (Figure 5), and (iii) a quantitative son, under suboxic conditions, DnaK suppressor protein
measure of abundances relative to control samples trans{S0O0874) and three chaperones are present in association
formed with an empty vector that permits the identification with RNAP, consistent with the global reprogramming of
of low-affinity binding partners (Figure 6). Using SBS transcriptional activity in downregulating the abundance of
PAGE in combination with the biarsenical affinity column, chaperones and heat shock proteins.
13 distinct bands are apparent following the purification of  Regulators of RNAP FunctiorDifferent regulators of
the RNAP complex, which were identified by LEMS/MS RNAP activity associate with the RNAP complex in response
to contain 18 proteins (see the legend of Figure 2). Of the to aerobic or suboxic conditions. Under aerobic conditions,
18 identified proteins, we found that 15 were consistently RNAP binders include NusA (S01203), which is known to
present above background as part of the RNAP complex, ascompete witho’® and to modulate transcriptional pausing
indicated in Table 1. (39), antitermination factor NusG (S0O0219), transcription
None of the proteins that nonspecifically associate with regulator cobB (SO1938), glyceraldehyde-3-phosphate de-
the RNAP complex identified in the analysis of the SBS  hydrogenase (GAPDH) (S02347), which is known to
PAGE data (i.e., SO2756, SO2016, and S01930) were activate eukaryotic RNAP4(Q), and IF-2 (SO1204), which
observed using the OmniViz clustering algorithm (Figure 5). promotes the transcription of stable RNA&4J. Multiple
Of the 15 proteins identified on the SBRAGE gels that proteins that function as part of two-component regulatory
were determined to be part of the RNAP complex, 13 were sensors are observed, including OmpR (S0O4633), ArcA
also identified using the OmniViz clustering algorithm (S0O3988), PhoP (S01946), FliG (S03227), and DNA-
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binding response regulators SO3982 and SO4647 (see Table Physiological SignificanceBroadly, our results are con-
1). In addition, the nitrogen regulatory sensor protein PII-1 sistent with prior suggestions that considerable rate enhance-
(S0O3519) and its binding partner SO0276 are present,ments in transcriptional activity can be caused by the
indicating a linkage between nitrogen regulatory sensing andregulated recruitment of multiple proteins to enhance as-
transcription 41, 42). In comparison, under suboxic condi- sociation of RNAP with relevant promoter Q). However,
tions, regulators associated with RNAP include those linked in addition to the active unit directly associated with
to cellular motility and chemotaxi€B) and includes factor polymerase activity, our results indicate an increased abun-
FliA (S03210) and CheW (S03202). These results are dance of metabolic enzymes associated with ATP generation,
consistent with prior observations that under optimal growth tRNA processing, and nucleotide metabolism under aerobic
conditions a majority of RNAP associates with operons conditions, where the transcription of stable RNA and
involving the transcription of stable RNA, the biosynthesis ribosomal proteins are rate-limiting steps with respect to cell
of which limits bacterial growthZ5). growth @5). Indeed, any shortage in the abundance of
Functional Association between tRNA Machinery and ghafged amino_—a_cyl tRNA has important consequences in
RNAPR Consistent with the expectation that a multiprotein I|m|t|ng_transcr|pt|on (ie., the rate of rR'NA synthesis is
complex associating with RNAP will contain necessary proporhona! to the rate of protein synthesis), and a shortage
proteins associated with ribosomal biosynthesis, six amino- of any species of amino amd-char_ge_d tRNA (usually a re?“'t
acyl tRNA synthetases are observed in complex with RNAP. of poor_gro_wth COﬂdItIOﬂS_) that I|m|ts_ the rfite of protein
In addition, a large number of proteins associated with tRNA synthe§|s triggers a sweeping me;a_bollc readjustment t_hrough
base modification are observed, including MiaB (SO1181) the action of RelA synthetase activity as part of the stringent

and its binding partner ispG (SO3312) that are associated”:E)Sponsetzf’t 53.)' Consistent with t.h'f (;qu;;emer'\t, we id
with isopentenylated A37 base modification of tRNA near observe mnal nine enzymes assoclated with amino aci
the anticodon region that is necessary for initiatidd-¢ biosynthesis are copurified with RNAP under aerobic growth

46), PAPS reductase (SO3736), cysD (SO3727), mercapto_fggjglt?onnsin(;rhzbgisé)r;cénc()jfesic:f’ic;n[[n:rlr?(;uI\?sc?)tf ;r;ili)NaAcliTj—
pyruvate sulfurtransferase (SO1261), selenophosphate Syn%:harged tRNA is an abrupt 9®5% reduction in the rate of

thetase (SO0196), cysteine desulfurase (SO2264), and aspartal . .
semialdehyde dehydrogenase (SO3070). These binding partr‘r??NA and tRNA synthesis anq th_e depressm_n Of.Othef
ners would have the effect of increasing local concentrations metabolic processes (DNA replication, nucleotide biosyn
of mature tRNA to increase rates of grotein biosynthesis thesis, and energy metabolism) that is concurrent with
Indeed, abundances of tRNA (and rRI\[I)A) can Iimityrates of. upregulation of others (such as amino acid biosynthesis). In
E I" h - s to adiust i rates t rapidly growing cells, RNAP molecules are densely packed
- €O |tgrov¥r ’ reiq_té)lrlng ce SO'[?] abj_us& growt rates | Od inside the rRNA and tRNA operons, where80% of the

gtle:n_?_ra gg%zlifn rlh_ors],omes.. t er ;ﬂ tgg'gar r(;ers 'nCltJ €active RNAP molecules synthesize stable RNA (tRNA and

-Tu ( ), W Ich associates with tRIVA and promotes rRNA), which are encoded by genes that represent less than
RNAP polymerase acﬂwty4(7), t'he transcnp'qonal activator 1% of the genome?). Under these conditions, no additional
met E (80.0818)’ whose binding to DNA is necessary for rate enhancements are possible through the recruitment of
the activation of some gened§), and the protein metA

SO1676 iated with heat shock t ot | | more RNAP to bind to relevant promoters. However,
(. ) associated with hea Shock transcriptional régula- i, g5 me biosynthesis is tightly regulated, and there are rapid
tion (41). Together, these protein components will have the

. . _ adjustments with respect to the fraction of RNAP associated
effect' of_mcreasmg rateslpf stable; RNA and ribosomal with stable RNA biosynthesis and corresponding increases
protein biosynthesis to facilitate optimal cell growth. in the diversity of gene expression under diminished growth

Nucleotide Metabolism and RNAPrior results demon-  conditions 7). Our results identify a structural coupling
strate that the rate of transcription initiation by RNAP is petween RNAP and metabolic enzymes associated with the
directly proportional to the concentration of ATP (regulated generation of all necessary substrates for RNAP function,
by metabolic activity) 49). Indeed, stable RNA promoters  which will function to enhance RNAP function under highly
have a particularly higKy, for initiation through RNAP and  favorable conditions where initiation and elongation rates
are highly sensitive to a declines in purine abundances, whichof polymerase activity have already approached their maxi-
are selectively downregulated under poor growth conditions mal values.

(25). Thus, the copurification of seven proteins associated

with nucleotide metabolism with RNAP has the potential to ACKNOWLEDGMENT

enhance transcriptional rates through the maintenance of
nucleotide concentrations. Indeed, a majority of the isolated
proteins linked to nucleotide metabolism (i.e., 85%) associate
with RNAP under aerobic conditions, and 70% are directly
associated with purine (e.g., adenosine) biosynthesis and hav
the potential to directly regulate RNAP activity in addition
to providing the needed substrates for polymerase activity.
In addition, a large number (i.e., 11) of additional proteins SUPPORTING INFORMATION AVAILABLE

(i.e., Table 1; other functions) are observed to associate with

RNAP under aerobic growth conditions, which are dominated = Conditions associated with the cultivation of both empty
by endonucleases and proteases, many of which are requiredector controls an@&hewanella&xpressing a taggedsubunit
for cell growth and are associated with transcriptional of RNAP (Figure S1) and proteins identified via copurifi-
regulation 60—52). cation of RNAP from lysates ofhewanellagrown under
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ontrolled cultivation ofShewanellaJulie M. Gephardt in
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aerobic or suboxic conditions (Table S1). This material is

available free of charge via the Internet at http://pubs.acs.org.
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