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Abstract

Omega(v), consisting of 91 amino acids, is the smallest of all theEscherichia coli RNA polymerase subunits and
is organized into an N-terminal domain of 53 amino acids followed by an unstructured tail in the C-terminal region.
Our earlier experiments have shown a chaperone-like function ofv in which it helps to maintainb9 in a correct
conformation and recruit it to thea b subassembly to form a functional core enzyme(a bb9v). The X-ray structure2 2

analysis ofThermus aquaticus core RNA polymerase suggests that two regions ofv latch onto the N-terminal and
C-terminal ends of theb9-subunit. In the present study we have monitored the conformational changes inb9 as the
denatured protein is refolded in the presence and absence ofv using tryptophan fluorescence emission ofb9 as well
as acrylamide quenching of Trp fluorescence. Results indicate that the presence of stoichiometric amounts ofv is
helpful in b9 refolding. We have also monitored the behavior of the C-terminal tail ofv by engineering three cysteine
residues at three different sites inv and subsequently labeling them with a sulphydryl-specific fluorescent probe.
Fluorescence anisotropy measurements of the labeled protein indicate that the C-terminal domain ofv is mobile in
the free protein and gets restrained in the presence ofb9. Calculations on side-chain interactions show that out of the
three mutated positions, two have near neighbourhood interactions only with side-chains in theb9 subunit whereas
the end of the C-terminal ofv, although it is restrained in the presence ofb9, has no interacting partner within a 4-
A radius.˚
� 2002 Elsevier Science B.V. All rights reserved.

Keywords: b9; v; Escherichia coli RNA polymerase; Subunits; Fluorescence anisotropy; Domain interaction

1. Introduction

The key enzyme for gene expression in both
prokaryotes and eukaryotes is DNA-dependent
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RNA polymerase. In all organisms this enzyme is
a large multi-subunit protein, with the subunits
being conserved across species. Bacterial core
RNA polymerases contain five subunits, alpha(a)
beta (b), beta9 (b9), omega(v) and sigma(s)
w1x; the archaeal and eukaryotic polymerases are
much larger and are comprised of 10–12 subunits
w2,3x. Some of the subunits have very critical
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functions; however, in most cases the presence of
all the subunits is required for enzyme activity.

The v subunit is the smallest of all the RNA
polymerase subunits; inEscherichia coli this pro-
tein has a molecular weight of 10 kDa and is made
up of 91 amino acidsw4x. v homologs are present
in most bacteria whose genomes have been
sequenced and are also present in archaebacteria
w5x and eukaryotes such as yeast, drosophila and
even humansw6x. Sequence analysis shows the
presence of three regions of homology, namely,
CR1, CR2 and CR3w6x suggesting some important
conserved function. However,v-deleted strains of
E. coli lacking v are viable and show no discern-
able phenotype other than a slow growth ratew7x.
The v-deleted RNA polymerase lackingv is,
however, less active than the wild type polymerase
w8x and is associated with large amounts of GroEL
w9x thus implying thatv might have a chaperone-
like function in maintaining the structure of RNA
polymerase or any of its particular subunits. The
crystal structure analysis ofThermus aquaticus
RNA polymerase supports this contentionw6,10x.

We have previously shown that the chaperone
function of v is specific for theb9 subunit, the
only subunit of RNA polymerase that is not folded
in vivo by GroEL w11x. v has the ability to prevent
b9 aggregation during its refolding in vitro; it binds
simultaneously to the N-terminal and C-terminal
portions ofb9, thereby maintaining it in a correct
conformation and recruits it to thea b subassem-2

bly to form a functionala bb9 core RNA poly-2

merasew12x. However, the nature of interaction
betweenv and b9 remains elusive as we do not
have any structural information onv-less RNA
polymerase thus limiting us to follow the change
in conformation of b9 upon v binding. In the
present work, we have attempted to monitor the
conformational changes inb9 as the denatured
protein is refolded in the presence and absence of
v. Tryptophan fluorescence emission ofb9 as well
as acrylamide quenching of Trp fluorescence indi-
cate thatb9 refolds into its native conformation in
the presence of stoichiometric amounts ofv.

We have previously identified a 53 amino acid
N-terminal fragment ofv which retains all the
functions of the full-length proteinw12x. The C-
terminal region from 54 to 91 amino acids seems

to be highly unstructured as determined by limited
proteolysis. In the present work we have engi-
neered cysteine residues to create specific labeling
sites for fluorescent probes and carried out fluo-
rescence spectroscopic analysis to study the behav-
ior of the C-terminal portion ofv upon its
association with theb9 subunit. The wild typev
subunit of E. coli has no cysteine residues. Our
results show that the C-terminal tail of thev
subunit is constrained in the presence ofb9.

2. Materials and methods

2.1. Construction of cysteine mutations by site-
specific mutagenesis

Site-specific mutagenesis was carried out by the
QuickChange protocol (Stratagene). Three single
cysteine mutants, G57C, R67C and R90C were
constructed using this method. The mutations were
confirmed by sequencing the DNA(sequencing
was carried out at the Department of Biochemistry,
IISc, Bangalore) as well as MALDI-TOF mass
spectrometry(KRATOS) of the purified proteins.

2.2. Protein purification and characterization

v Mutants as well as wild typev were
expressed inE. coli BL21 (DE3) and purified as
previously describedw13x. As the buffer system
used for purifying wild typev was devoid of any
reducing agent,DL-dithiothreitol (DTT; 1 mM)
was now included in all the buffers during purifi-
cation to minimize thiol oxidation. b9 was
expressed and purified as previously described
w14x.

2.3. Modification of single cysteines with 5-w2-(2-
iodoacetamidoethylamino)x-1 naphthalenesul-
phonic acid

Covalent modification of single cysteine resi-
dues were carried out at pH 8.0 in 40 mM Hepes
containing 50 mM KCl, 0.1 mM EDTA and 5%
glycerol w15x. Protein samples were incubated with
20-fold molar excess of 5-w2-(2-iodoacetamidoe-
thylamino)x-1 naphthalenesulphonic acid(IAE-
DANS) for 1 h in the dark at 258C followed by
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a further incubation of 12 h at 48C. A 10-fold
molar excess of DTT over the molar concentration
of IAEDANS was then added to stop the reaction.
The unbound probe was removed by extensive
dialysis against several changes of the same buffer.
The labeled protein was then separated from the
unlabeled protein on a Mono Q(Pharmacia) anion-
exchange column. The modified protein was
checked for its biological activity towards recon-
stitution of RNA polymerase as well as native
conformation by circular dichroism studies.

2.4. Analysis of secondary structure

Far UV CD spectra ofv and its 5.7 kDa
fragment were recorded on a JASCO J-715 CD
spectropolarimeter. Mean residue ellipticitywuxs
(1000um)yLC whereu is the measured ellipticity
in degrees,m is the mean residue weight in gy
dmol, C is the concentration in gyl and L is the
path length in cm.

2.5. Assembly of v into RNA polymerase

v-less RNA polymerase purified fromrpoZ null
mutants was reconstituted withv its cysteine
mutants, and the labeled derivatives as described
by Mukherjee and Chatterjiw8x. In all the cases,
v was added at a 10-fold molar excess over RNA
polymerase as described earlierw8x. Aliquots
removed at different time points were used for a
calf thymus DNA as the template in multiple-
round general transcription assayw16x.

2.6. Binding of b9 and v

In all binding reactions ofv andb9, b9 (1 mgy
ml) was denatured in 8 M urea in a buffer
containing 50 mM Tris–HCl, pH 8.0, 1 mM
EDTA, 10 mM DTT, 10 mM MgCl , 0.2 M KCl2

and 20% glycerol for 8 h at 48C. v (equal molar
concentration) was added and the reaction was
continued for another hour. The proteins were then
refolded together by removal of urea by dialyzing
against a refolding buffer containing 50 mM Tris–
HCl pH 7.8, 0.1 mM EDTA, 1 mM DTT, 10 mM
MgCl , 0.3 M KCl and 20% glycerol.2

2.7. Tryptophan fluorescence measurements of b9

0.8 nmol of b9, denatured in 8 M urea was
refolded by the removal of urea in the presence
and absence of stoichiometric amounts ofv. Fluor-
escence spectra were measured on a SPEX Fluoro-
max-3 spectrofluorometer. Tryptophan emission
was recorded at 258C in the correction mode
between 315 and 380 nm using an excitation
wavelength of 295 nm.

2.8. Fluorescence quenching experiments

Steady-state fluorescence quenching experi-
ments were performed at 208C by titrating the
above solutions of freev mutants, freeb9 andv-
boundb9 samples with freshly prepared 1-M solu-
tions of acrylamide(Amersham Pharmacia). The
quenching of fluorescence emission at the constant
wavelength of maximum emission was calculated
with the Stern–Volmer equationw17x:

w xF yFs1qK Q0 SV

where F and F are the fluorescence intensity in0

the absence and in the presence of quencher(Q),
respectively,K is the Stern–Volmer quenchingSV

constant determined from the slope ofF yF as a0

function of the quencher concentrationwQx.

2.9. Fluorescence anisotropy measurements

AEDANS-labeledv proteins (0.8 nmol) were
mixed with increasing amounts of denaturedb9

(b9:v ratios of 0, 0.3, 0.5, 0.75, 1.0, 1.25, 1.5,
1.75, 2.0, 2.25, 2.5, 2.75, 3.0, 4.0 and 5.0). The
subunits were then refolded together by removal
of urea by dialyzing against the refolding buffer.
Steady-state anisotropy measurements were record-
ed using a SPEX Fluoromax-3 spectrofluorometer
equipped with autopolarizers using the standard
program supplied by the manufacturers. G-factor
corrections were carried out automatically by the
machine.

2.10. Analysis of v–b9 interaction in the T. aqua-
ticus crystal structure

Using the algorithmCLUSTAL W we identified
residues Asp 57, Arg 72 and Ala 98 inT. aquaticus
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v subunit to correspond to theE. coli residues at
positions 57, 67 and 90. A small algorithm was
written to identify the residues inb9 that fall
within a radius of 4 A of each of these residues˚
in v using the available crystal structure co-
ordinates ofT. aquaticus RNA polymerase. Fur-
ther, we have substituted Asp 57, Arg 72 and Ala
98 to cysteines at each of these positions and then
identified the residues inb9 which show interac-
tions with the side-chain of the cysteines within a
radius of 4 A.˚

3. Results

3.1. Conformational changes in b9

Our earlier studiesw12x have shown thatb9,
which is the largest subunit of RNA polymerase,
is highly prone to aggregation during its process
of folding. We then showed a chaperone-like
function of v in which v helps in preventing
aggregation ofb9 as it renatures into its native
statew12x. Here we have studied the conformation-
al changes accompanyingb9 refolding using the
intrinsic fluorescence of tryptophan. The fluores-
cence characteristics of tryptophan residues depend
strongly on the microenvironment and thus provide
a sensitive probe for the conformational state of
proteins. In general, when a protein unfolds, it
exposes buried tryptophans to the aqueous solvent
resulting in the shift of fluorescence emission
maxima towards longer wavelength of 355 nm
w17,18x. Measurement of intrinsic fluorescent prop-
erties of substrate proteins has been used previous-
ly to study protein interactions with chaperones
such as GroELw19x and DnaJw20x. Our study is
facilitated by the fact thatv itself lacks tryptophan
residues and the emission spectrum is contributed
entirely by the tryptophans ofb9. As seen in Fig.
1 the fluorescence spectrum of nativeb9 has a
maximum at 334 nm. Whenb9 is denatured in the
presence of 8 M urea, the emission maximum
shifts to 340 nm indicating the partial unfolded
nature of the protein. It should be mentioned at
this point thatb9 has several tryptophan residues
distributed all over the primary sequence and thus
the emission spectrum ofb9 reported here is an

average value. Thus a shift of 6 nm upon denatur-
ation is of significance here.b9 renatured in the
absence ofv has an emission maximum of 337
nm indicating a state intermediate between that of
the denatured and the native conformation ofb9.
However, when refolded in the presence of stoi-
chiometric amounts ofv, the emission maximum
is restored to 334 nm which is identical to that of
the native protein. These results suggest thatb9

can be folded into its native conformation in the
presence ofv.

We have further probed the changes inb9

conformation upon refolding using the quenching
of tryptophan fluorescence by acrylamide. The
exposure ofb9 tryptophans to the external solvent
as it refolds to its native conformation was deter-
mined by monitoring the fluorescence intensity of
b9 in the presence of increasing concentrations of
acrylamide(0–80 mM). Fig. 2 shows the Stern–
Volmer plots of b9 fluorescence quenching by
acrylamide asb9 is refolded in the absence and
presence of stoichiometric amounts ofv. The
Stern–Volmer constants(K ) which are represen-SV

tative of solvent exposure, are summarized in Table
1. Unfolding ofb9 results in a solvent exposure of
tryptophan residues as indicated by the largest
extent of quenching(K s1.60). The native stateSV

(K s1.0) as well asb9 refolded in the presenceSV

of v (K s0.98) show least accessibility to theSV

quencher, whereasb9 renatured in absence ofv
shows an intermediate accessibility to acrylamide
(K s1.16). These results corroborate the resultsSV

obtained in the previous section from tryptophan
fluorescence and further indicate thatb9 can
achieve its native folded state only in the presence
of v. It should be mentioned that the Stern–
Volmer plot shown here is an average of two
independent experiments at each point which
yielded very close values and thus we did not
calculate standard-deviation or other statistical par-
ameters. Computer drawn best fit lines at times
did not pass through 1, as the case should be and
had small variations(0.95–1.05). Thus, our inter-
pretation ofK have small errors attributed to thissv

variations which do not alter the conclusion drawn
here.
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Fig. 1. Fluorescence emission spectra ofb9: 0.8 nmol ofb9 was denatured in 8 M urea,v was added and the proteins were then
refolded together by removal of urea. Tryptophan emission spectra of nativeb9 (open circles), denaturedb9 (cross marks), andb9

renatured in the absence(grey filled circles) and presence(black filled circles) of v.

3.2. Construction and characterization of single
cysteine mutations

The crystal structure ofv associated in theT.
aquaticus RNA polymerase shows the presence of
secondary structure elements from 3 to 65 amino
acids spanning the regions of sequence conserva-
tion CR1 and CR3w6x. There are twoa-helices in
the CR1 region(2–34 amino acids ofE. coli),
whereas the first half CR3(46–65 amino acids in
E. coli) corresponds to the third helix and the
second half to ab-strandw6x. However, our pre-
vious studies on the structure of freev using
limited proteolytic digestion with the V8 protease,
revealed thatv is structured into a 53 amino acid
domain in the N-terminal portion of the protein,

whereas the remaining region from 54 to 91 amino
acids is disordered as it is rapidly cleaved by the
proteasew12x. Thus, the region 50–65 amino acids
which is unstructured in the free protein seems to
become structured when associated in the poly-
merase. In the present study we have now
employed fluorescent methods to monitor confor-
mational alterations and the behavior of this C-
terminal tail upon complex formation withb9. This
method involves the measurement of fluorescent
signals originating from a probe attached at differ-
ent positions of the tail. In order to be able to
label v with a specific fluorescent probe we have
constructed single Cys mutantv derivatives bear-
ing cysteines at different locations with respect to
the N-terminal domain(Fig. 3a). These are:(i)
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Table 1
Stern–Volmer(K ) quenching constants forb9 in differentSV

stages of folding

K (M )y1
SV

Native b9 1.0
Denaturedb9 1.6
b9 renatured in the absence ofv 1.16
b9 renatured in the presence ofv 0.98

Fig. 2. Stern–Volmer plot for the quenching ofb9 tryptophan fluorescence by acrylamide:F is the measured fluorescence intensity
in the presence of the indicated concentration of acrylamide andF is the initial fluorescence intensity in the absence of acrylamide.0

Denaturedb9 («filled triangles«), native b9 (_ _ open circles_ _ _), b9 denatured in the absence(----open triangels----) and
presence(––open squars––) of v. Tryptophan emission was recorded between 315 and 380 nm using an excitation wavelength of
295 nm.

immediately after the N-terminal domain, G57C
(ii) at the terminal residue of the ‘tail’, R90C and
(iii ) at a position in the middle of the tail, R67C.
The sites of mutation were chosen so as to preserve
the activities of the derivatives by mutating only
the non-conserved residues. All the mutants were
overexpressed, purified and used in the reconsti-
tution assay of thev-less enzyme. The efficiency
of reconstitution remained unaltered for all the
mutants(Fig. 3b).

3.3. Labeling of Cys mutants with IAEDANS and
characterization of the labeled proteins

All the three mutants were modified with the
cysteine specific probe IAEDANS. All labeled
proteins were then separated from their unlabeled
counterparts on an anion exchange resin(MonoQ,
Pharmacia). The stoichiometry of labeling was
estimated to range from 0.9 to 1.0 as determined

by the ratio of concentrations ofvØw´ s210

2.5=10 yMx (this work) and IAEDANSw´ sy5
336

6.1=10 yMx w21x implying that IAEDANS wasy3

incorporated specifically at the cysteine residues.
The absorbance and emission spectra of the
AEDANS-labeledv subunits are shown in Fig. 4a
and b. AEDANS conjugated tov has an absorption
l of 336 nm and an emissionl of 495 nmmax max

indicating that neither thel of absorption normax

the l of emission of IAEDANS changes uponmax
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Fig. 3. Construction of cysteine mutations and their characterization.(a) Construction of cysteine mutations at indicated positions on the tail.(b) Reconstitution of
v-less RNA polymerase in the absence and presence of wild typev, cysteine mutants ofv and AEDANS labeledv. All mutants as well as the labeled mutants
reconstitutev-less RNAP with the same efficiency and therefore only a representative is shown in either case.
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Fig. 4. Characterization of AEDANS labeled species.(a) Absorbance spectra of AEDANS-labeledv. (b) Emission spectra of
AEDANS-labeledv. (c) Far UV CD spectrum of wild typev (solid line) and a representativev cysteine mutant(dotted line).

conjugation withv. The structure of all the three
mutants were unaltered after labeling as deter-
mined by CD studies(Fig. 4c). Moreover, their
ability to reconstitute the activity of anv-less
RNA polymerase was also found to be unaltered
(Fig. 3b).

3.4. Probing the mobility of AEDANS at different
regions of v upon interaction with b9

Following the labeling of mutants at their
respective positions with AEDANS, we have then
probed the mobility of AEDANS at different

regions ofv upon interaction withb9. Measure-
ment of fluorescence anisotropy has been widely
used to study protein–proteinw22,23x and protein–
DNA interactions w22,24x. The behavior of the
probe at a particular residue can be considered to
be representative of that region of the protein. This
experiment is predicated on the difference in rota-
tion rates(and consequently fluorescence anisot-
ropies) of different regions of the C-terminal tail
of v, free in solution and in complex withb9.
According to the principle of fluorescence polari-
zationw17x anisotropy values for freev are expect-
ed to be low in regions of the protein that are in
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Table 2
Absolute anisotropies of AEDANS at different locations in free
v

AEDANS positions AnisotropysI yI yI q2I≤ H ≤ H

vC57 0.191"0.002
vC67 0.096"0.003
vC90 0.073"0.003

Fig. 5. Fluorescence polarization analysis ofv–b9 interaction: Mutant AEDANS-labeledv (C57 (green circles), C67(red circles)
and C90(blue circles)) proteins(0.8 nmol) were mixed with increasing amounts of denaturedb9 (b9:v ratios of 0, 0.3, 0.5, 0.75,
1.0, 1.25, 1.5, 1.75, 2.0, 2.25, 2.5, 2.75, 3.0, 4.0, and 5.0) and refolded together. Anisotropy measurements were recorded using a
SPEX Fluoromax-3 spectrofluorometer equipped with autopolarizers. Atb9:v ratios of 2, 2.25 and 2.5,v (C57 (green triangles),
C67 (red triangles) and C90(blue triangles)) was added to restore stoichiometric concentrations betweenb9 andv (dotted lines).

rapid motion. If a region becomes constrained
upon association withb9, it would then show an
increase in anisotropy. Thus the difference in
anisotropy between the free and theb9-bound
forms can be expected to shed light on the con-
formational status of the C-terminal region ofv

in solution and in association withb9.
Fluorescence anisotropy for AEDANS at C57,

C67 and C90 positions ofv bound tob9 or free
in solution was measured at 258C. Measurements
were carried out at the emission maximum of
AEDANS (495 nm) in the correction mode. Data
was expressed as(AyA )yA where A denotes0 0

fluorescence anisotropy in the presence of indicat-
ed concentrations ofb9 and A denotes the fluo-0

rescence anisotropy in the absence ofb9. It was
observed that the absolute anisotropy value of
AEDANS at position C90 is the least followed by
C67 and being the highest for C57(Table 2). This
suggested that in the free protein the distal end of
the tail is in rapid motion whereas the proximal
end(C57) is more rigid as a consequence of being
near the N-terminal domain region. The middle
portion of the tail(C67) is nearly as mobile as the
terminal region. Fig. 5 shows that addition ofb9
to v labeled at positions C67 and C90 results in a
large increase in fluorescence anisotropy, which
saturates at ab9:v ratio of between 1 and 1.2.
Anisotropy differences are slightly higher in the
case of the distal region of the tail(residue 90) as
compared to the middle of the tail(residue 67)
implying that the terminal region of the tail gets
maximally constrained upon association withb9;
the mid region is also constrained in its movements
upon interacting withb9, though to a slightly lesser
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Fig. 6. Stern–Volmer plots for the quenching of AEDANS fluorescence by acrylamide: Stern–Volmer plots ofF yF versus quencher0

concentration, for quenching of the AEDANS fluorescence by acrylamide when AEDANS is attached to the C57(a); C67 (b) and
C90 (c) positions ofv. Accessibility to the quencher was studied in the presence(d) and absence(s) of stoichiometric amounts
of b9.

degree than the tail end. There is however not
much change in anisotropy at the C57 position as
the residue is very close to the N-terminal domain
and does not undergo much change in mobility
upon interaction withb9. This is followed by a
sudden non-specific increase in anisotropy upon
increasing theb9:v ratio beyond 2(Fig. 5). As we
have shown earlier,b9 has a tendency to aggregate
and this can be inhibited only in the presence of
v. Therefore, as the amount ofb9 increased,
aggregates could be formed, which on association
with v could show large anisotropy values. We
have therefore added externalv to stoichiometric
concentrations. This resulted in disruption of these

aggregates and a concomitant restoration of ani-
sotropy values to saturable levels(Fig. 5).

3.5. Probing the accessibility of AEDANS at dif-
ferent regions of v upon interaction with b9

We have studied the behavior of different por-
tions of the C-terminal tail ofv upon association
with b9 further by probing the accessibility of
AEDANS (conjugated at different locations inv)
to a quencher. The fluorescence of extrinsic probes
has been shown to be susceptible to various kinds
of quenchers. Since acrylamide has been previous-
ly used to quench the fluorescence of dansyl probes
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Table 3
Stern–Volmer(K ) quenching constants for freev and inSV

association withb9

Proteins K (M )y1
SV

Free C57v 7.84
C57 vqb9 7.85

Free C67v 8.37
C67 vqb9 6.66

Free C90v 9.71
C90 vqb9 7.25

Fig. 7. Emission spectrum of AEDANS conjugated tov: The emission spectrum of AEDANS was recorded in freev (dotted lines)
as well as in association withb9 (solid line).

w25x, we have used acrylamide to probe the acces-
sibility of AEDANS at different locations inv
upon its interaction withb9 (Fig. 6). The Stern–
Volmer constants(Table 3) which are the slopes
of F yF as a function of quencher concentration,0

provide a relative measure of the degree of acces-
sibility of the fluorescent group to the quencher.
In this experiment we have assumed that the
fluorescence lifetime of AEDANS is not signifi-
cantly different in the free and theb9 bound forms
of v as the fluorescence intensity of AEDANS

does not change significantly uponb9 binding
(Fig. 7). TheK values in the free proteins is theSV

least in the case of AEDANS-labeled at C57,
followed by C67 and is the highest in the case of
C90 indicating that the fluorescence of AEDANS
was most efficiently quenched when conjugated at
positions C90, followed by C67 and being the
least in the case of C57. This suggests that the
C90 residue is the most solvent accessible region
whereas C57 being close to the domain is the least
accessible. Upon association of these mutants with
b9 the fluorescence of AEDANS was less efficient-
ly quenched at C67 and C90 positions suggesting
that these residues became protected and thereby
became less accessible to acrylamide upon binding
to b9. There was however not much change in the
accessibility of AEDANS at C57(which is imme-
diately next to the N-terminal domain) upon asso-
ciation with b9.

The X-ray structure ofT. aquaticus core RNA
polymerase has been solved at 3.3-A resolution˚
w10x. Residues Asp 57, Arg 72 and Ala 98 inT.
aquaticus v subunit were identified to correspond
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Table 4
Residues inb9 that fall within a radius of 4 A of residues in˚
wild type v

Residue inE. coli Residue in Interacting
chainE(v) T. aquaticus residue in

chainE(v) T. aquaticus chain
D(b9)

Gly 57 Asp 57 His 696
Arg 67 Arg 72 Asp 1489, Gln 1490
Arg 90 Ala 98 None

to the E. coli residues at positions 57, 67 and 90.
Using the available crystal structure co-ordinates
we have then determined the residues inb9 that
fall within a radius of 4 A of each of these residues˚
in v (Table 4 and Fig. 8A–C) as a distance of 4
A is considered to be optimum for the side-chains˚
of two residues to interact. No other residues show
any side-chain interactions withv at this distance.
A small algorithm was written to facilitate this
procedure. Further, we have substituted Asp 57,
Arg 72 and Ala 98 to cysteines at each of these
positions and then identified the residues inb9

which show interactions with the side-chain of the
cysteines within a radius of 4 A. We also noticed˚
that these interactions remain unaltered after cys-
teine substitution. On comparing our results with
the available information from the crystal structure
we find that residuev 72 (67 in E. coli) shows
the maximum interactions withb9 residues thereby
explaining the decreased accessibility to acrylam-
ide and an increase in anisotropy. Interestingly this
region forms an antiparallelb sheet with residues
1483–1487 of theb9 subunit in a manner that
‘clamps’ it in a crevice formed by CR1 and the
first half of CR3 of v w6x. Residue 98(90 in E.
coli), however, does not show any interaction with
b9 residues at a distance of 4 A. Nonetheless, this˚
region also shows an increase in anisotropy values
as compared to the free protein perhaps due to the
increase in mass for probe attachment. It is tempt-
ing to suggest that this restricted mobility may be
a result of the effects ofb9 binding at the clamp
region (represented by the amino acid at position
67) of the tail being transduced to the distal tail
portions. However, it may also be a consequence
of the presence of the bulky AEDANS moiety. We

have determined the side-chain interactions
betweenv andb9 at a distance of 10 A to account˚
for the presence of AEDANS. At this cut-off, the
residue at position 90(98 in T. aquaticus) also
begins to show interactions withb9 (data not
shown).

4. Discussion

Objective of this manuscript was to study the
nature of interaction between thev andb9 subunits
of E. coli RNA polymerase which make them such
a specific partner during the assembly process of
the enzyme. We have studied the changes in both
proteins as they interact with each other. In our
earlier study we have shown thatb9 tends to
aggregate when refolded in vitro and that this
aggregation can be prevented by the addition of
the v subunit implying thatv can bind b9 and
help in its process of refoldingw12x. We have
extended this study here further by directly moni-
toring the conformation ofb9 as it refolds from its
denatured state in the absence and presence ofv.
Further, we have also studied the accessibility of
tryptophans, duringb9 renaturation, to acrylamide
which acts as a quencher of fluorescence. Results
are presented in Figs. 1 and 2. The emission
maximum of tryptophan shows a shift from 334
to 340 nm as it unfolds from its native to a
denatured state. Upon refolding in the presence of
stoichiometric amounts ofv, b9 regains its confor-
mation to that of the native state as characterized
by a shift in tryptophan fluorescence to 334 nm.
Whenb9 is unfolded in the absence ofv it attains
a conformation intermediate between the native
and the denatured state as characterized by a
tryptophan emission maximum of 337 nm. The
accessibility of tryptophan to acrylamide also
showed a similar trend with tryptophans being
most accessible in the denatured form; the native
and v-induced renatured forms ofv showed the
least accessibility to acrylamide whereasb9 rena-
tured in the absence ofv showed an intermediate
exposure of tryptophans. These results together
show thatb9 can be folded into its native confor-
mation only in the presence ofv.

The second aspect of this work involves the
study of the C-terminal tail ofv which, from our
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Fig. 8. v–b9 interactions in theT. aquaticus RNA polymerase: Residues Asp 57, Arg 72 and Ala 98(shown in yellow) in T.
aquaticus v subunit were identified to correspond to theE. coli residues at positions 57, 67 and 90. Using the available crystal
structure co-ordinates, residues Asp 57, Arg 72 and Ala 98 were substituted to cysteines at each of these positions. The residues in
b9 which show interactions with the side-chain of the cysteines within a radius of 4 A are shown in red.˚

earlier work w12x, appears to be an unstructured
stretch of 38 amino acids. To this end, residues at
different regions of the tail were changed to a
cysteine to enable labeling with a cysteine-specific
probe, IAEDANS. We have then probed the mobil-
ity of AEDANS at different regions ofv upon
interaction withb9 using the technique of fluores-
cence anisotropy. The anisotropy values of

AEDANS at position C90 are the smallest fol-
lowed by C67 and being the highest for C57. This
indicated that in the free protein the distal end of
the tail is in rapid motion whereas the proximal
end(C57) is more rigid as a consequence of being
near the N-terminal domain region. Difference in
anisotropy (AyA ) between theb9 complexed0

protein and the free protein shows that the tail
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becomes highly constrained upon association with
b9. This is further demonstrated by the results of
acrylamide quenching of AEDANS fluorescence;
the solvent accessibility remains unchanged in the
C57 position uponb9 binding whereas regions in
the middle and at the end of the tail become more
protected upon bindingb9 as revealed by a
decreased accessibility to acrylamide.

The above results show that the C-terminal tail,
which is in random motion in the free protein,
upon association with theb9 subunit, is restricted
in its mobility due to the interactions it makes
with b9. An analysis of theb9–v interface in the
crystal structure ofT. aquaticus core RNAP w6x
also confirmed the involvement of the residues in
the tail portion to interact withb9, although the
majority of interactions are contributed by thev
N-terminal domain. This is also in agreement with
our previous work where we have shown that
although the C-terminal region is not involved in
v function, its deletion reduces the overall effi-
ciency of thev N-terminal domainw12x. From
these results we can conclude that the C-terminal
tail contributes to the binding to RNA polymerase,
specifically theb9 subunit. Thereby, deletion of
the tail reduces the efficiency ofv function by
decreasing the binding tob9.

An interesting aspect is the specificity ofv for
theb9 subunit of RNA polymerase. This specificity
is true not only inE. coli but has also been shown
in T. aquaticus w10x and S. cerevisiae w6x (v
homolog RPB 6 interacts withb9 homolog RPB
1). Our side-chain interaction studies with three
different positions inv show only theb9 subunit
as a partner within a radius of 4 A indicating˚
major functional implications for such interactions.
The mobility of the C-terminal tail ofv helps it
to latch onto theb9 subunit. Sequence specificity
for such interactions could be utilized further to
modulate the assembly process of this important
enzyme.
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