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ABSTRACT

ATP-dependent nucleic acid helicases and translo-
cases play essential roles in many aspects of DNA
and RNA biology. In order to ensure that these
proteins act only in specific contexts, their activity
is often regulated by intramolecular contacts and
interaction with partner proteins. We have studied
the bacterial Mfd protein, which is an ATP-
dependent DNA translocase that relocates or dis-
places transcription ECs in a variety of cellular
contexts. When bound to RNAP, Mfd exhibits
robust ATPase and DNA translocase activities, but
when released from its substrate these activities are
repressed by autoinhibitory interdomain contacts. In
this work, we have identified an interface within the
Mfd protein that is important for regulating the
activity of the protein, and whose disruption
permits Mfd to act indiscriminately at transcription
complexes that lack the usual determinants of Mfd
specificity. Our results indicate that regulation of
Mfd occurs through multiple nodes, and that activa-
tion of Mfd may be a multi-stage process.

INTRODUCTION

Proteins that move on nucleic acids participate in a broad
range of cellular pathways including DNA repair, replica-
tion, recombination, transcription and chromatin
remodelling. Their activity is often regulated by inter-
actions with accessory proteins, or interdomain contacts
within the proteins, which ensure that nucleic acid trans-
location occurs only in the correct macromolecular
context. The control of DNA motor activity by autoinhi-
bition has been observed in a number of DNA
translocases, such as the bacterial proteins Rep, UvrB
and Mfd (1–4). In the case of the Mfd protein the N-
and C-terminal domains of the protein form an inbibitory
clamp around the domains that couple ATP hydrolysis to
movement of DNA (2,3,5). The autoinhibitory effect of
this clamp is relieved when the Mfd protein binds to RNA

polymerase (RNAP), but the mechanism by which this
occurs is unclear.

Mfd is the prokaryotic transcription-repair coupling
factor (TRCF), and is a member of helicase superfamily
2 (6). It plays a central role in transcription-coupled DNA
repair, during which it binds to RNAP that has been
stalled by a DNA lesion in the template strand, and trans-
locates the DNA immediately upstream of the stalled
transcription complex (7,8). Mfd displaces RNAP
from the damaged DNA by pushing the polymerase
forward, allowing the lesion to be accessed by repair
proteins (8,9). It also recruits the repair protein UvrA to
the site of the DNA damage and so accelerates the repair
process (5,7).

Mfd is a 130 kDa monomer made up of eight domains
(10) (Figure 1A). Domain 4 is the RNAP interaction
domain (RID), which makes a specific interaction with
the b1 domain of RNAP (11,12). Domains 5 and 6
contain the 7 motifs characteristic of a superfamily 2
helicase and constitute the ATP-dependent DNA
translocase activity of the protein. In isolated Mfd, these
central domains, which are essential for the RNAP-
displacement activity of the protein, are surrounded by a
‘clamp’ made up of the N-terminal and C-terminal regions
of the protein (3). The N-terminal part of the clamp is
composed of domains 1a, 2 and 1b, and is termed the
UvrB homology module (BHM) since it is structurally
homologous to part of UvrB (13). The other part of the
clamp is domain 7 at the C-terminus of the protein.
Interactions between conserved surfaces on domain 2
and 7 hold the clamp closed, and several lines of
evidence suggest that this interaction must be broken in
order for the activities of Mfd to be upregulated during
transcription-coupled repair.

In the absence of accessory proteins Mfd is in an
autoinhibited form and exhibits very low ATPase and
DNA translocase activity (2). The surface of D2 that inter-
acts with D7 in the crystal structure of Escherichia coli
apo-Mfd partially overlaps with the surface that interacts
with UvrA, suggesting that Mfd must undergo major con-
formational changes in order to bind to UvrA during
transcription-coupled repair (5,10,14). Autoinhibition of
the ATP-dependent DNA translocase activity is relieved
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when Mfd binds to stalled transcription elongation
complexes (ECs) (2,14). Substitutions that disrupt the
interface between D2 and D7 relieve the autoinhibition
of the protein in the absence of RNAP (5) (Figure 1),
and these derepressed derivatives of Mfd are more suscep-
tible to proteolytic cleavage than WT Mfd, suggesting that
the activation of Mfd involves substantial conformational
changes within the protein (15). Autoinhibition can also
be overcome by deletion of either D7, or the BHM (2,3,5).
SAXS analysis of Mfd in the presence of different nucleo-
tides indicates that conformational changes occur during
nucleotide binding and hydrolysis, and that these involve
movement of D7 away from the remainder of the protein
(14). On the basis of these results it has been proposed that
binding to RNAP switches Mfd from a ‘closed’,
autoinhibited form to a more open and flexible active con-
formation, stimulating the DNA translocation activity
and allowing recruitment of the DNA repair enzymes
involved in transcription-coupled repair (TCR).
However, the extent of domain movement that occurs,
or is required, at each stage of the TCR process is cur-
rently unclear: a recent study showed that the ATPase
activity of an Mfd derivative in which D2 was cross-linked
to D7 was still stimulated somewhat by binding to RNAP,
and the cross-linked protein retained the ability to displace
stalled transcription complexes from DNA (14).

Two non-exclusive mechanisms have been suggested to
explain the autoinhibition of Mfd by interdomain contacts
(2,3,10). Firstly, in the autoinhibited form of the protein
the N-terminal domains (domains 1–3) form extensive
interactions with the translocase domains (primarily
domain 6). These interactions, stabilized by the interaction
between domains 2 and 7, are proposed to constrain the
movements of the translocase domains that are required to
couple ATP hydrolysis to DNA translocation. In the
simplest interpretation of this model the role of D7 is
simply to act as a tether that holds the N-terminal

domains in place. An alternative possibility is that, in
addition to tethering the N-terminal domains, movement
of D7 itself affects the action of the translocase domains
by transmitting conformational changes through a
network of alpha helices that connect the RID, the
translocase domains and D7. Support for a potentially
multi-stage mechanism of autoregulation comes from the
observation that some mutants in the D2:D7 interface
elevate ATPase activity but not DNA translocation
activity, indicating that the two activities can be
uncoupled (5).
The translocase domains of Mfd, and the regions that

immediately flank them, are homologous to those found in
RecG, an ATP driven DNA translocase that is involved in
the bypass of collapsed replication forks (10,16,17). In
both Mfd and RecG the translocase domains are
preceded by a long helix (termed the relay helix in Mfd),
which in Mfd links the RID to domain 5. The C-terminal
translocase domain of both proteins contains a conserved
motif termed the TRG (translocation in RecG) motif
which is located downstream of the helicase domains
and is essential for the DNA translocation activities of
both proteins. The TRG motif consists of a helical
hairpin, followed in Mfd by a pair of ‘hook’ helices
that wrap around the relay helix before linking to D7
(Figure 1B). The relay, TRG and hook helices form a
network of connections between the RID, the translocase
domains and D7 that makes it likely that movement of
any one of these domains will be transmitted to the others.
To investigate the role that this network of helices plays in
the regulation of Mfd we have examined the effect of dis-
rupting the conserved interaction between the hook helices
and the relay helix of Mfd. We show that disrupting this
interaction results in a highly active Mfd derivative that is
able to displace not only stalled ECs, but also non-specific
targets such as transcription initiation complexes (ICs).
The mutant protein exhibits altered interactions with
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Figure 1. The Mfd protein. (A) Crystal structure of E. coli Mfd (PDB ID 2EYQ) (10). Residues changed to alanine in the derepressed mutants Mfd
D7AAA (E1045, D1048, R1049) and Mfd D2AAA (R165, R181, F185) together with other key residues discussed in the text are shown in
space-filling representation. (B) Alternative view of part of the structure, showing the juxtaposition of the RID, relay helix and hook helices.
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DNA, and its translocase domains are more susceptible to
proteolysis than previously studied activated Mfd deriva-
tives. Our results indicate that the DNA translocation
activity of Mfd is regulated in a multipartite fashion.

MATERIALS AND METHODS

Plasmid construction

The Mfd WA550 expression vector pETMfd-T7 WA550 is
a derivative of the WT plasmid pETMfd-T7 (5) and was
constructed by Quikchange mutagenesis (Stratagene). The
Mfd WA550 RA953 expression vector pETMfd-T7
WA550 RA953 is a derivative of pETMfd-T7 WA550
which was also constructed by Quikchange mutagenesis.

Proteins

His-tagged RNAP holoenzyme (WT and bIA117 KA118
EA119) was purified as described (11). WT Mfd and Mfd
D7AAA (Mfd EA1045 DA1048 RA1049) were purified as
described in (5). Mfd �D7, Mfd WA550 and Mfd WA550
RA953 were purified from BL21(DE3) Dmfd cells trans-
formed with pETMfd1-997-T7 (2), pETMfd-T7 WA550
and pETMfd-T7 WA550 RA953, respectively. Mfd �D7
and Mfd WA550 were purified as described for Mfd
D7AAA (5), except that cells were grown for 2 h at 30�C
after addition of IPTG. Cells expressing Mfd WA550
RA953 were grown in LB containing appropriate antibi-
otics at 37�C to an A600 of 1.2, expression was induced by
the addition of 0.5mM IPTG and the culture was
incubated for 2 h at 30�C before harvesting and protein
purification as for Mfd WA550.

ATPase assay

ATPase assays were carried out using an ATP–NADH-
coupled ATPase assay essentially as described in (2), with
the following modifications: 150 mM (moles of base pairs)
herring sperm DNA was used in place of � DNA and the
NADH concentration was 224 mM. Reactions were started
by the addition of 1mM ATP and the change in absorb-
ance at 340 nm was monitored on a lambda 35 spectro-
photometer (Perkin Elmer).

TFO displacement assays

TFO displacement assays were carried out as described in
(2), except that TFO displacement was monitored from
supercoiled, rather than linearized, plasmid pSRTB1.

RNAP displacement assays

The RNAP displacement assays were carried out as
described for Mfd E1045A D1048A R1049A in (5).

DNA binding activity

DNA binding was analysed by EMSA using either a
570 bp PCR fragment from pAR1707 (5), or a 50 bp
oligonucleotide duplex formed by annealing the oligo-
nucleotide 5’-ctcatacgacgctgtcgatccagtcactgtcatgcgctatccg
atcctag-3’ with its complement. Both the PCR fragment
and the annealed oligonucleotide duplex were end labelled

using T4 polynucleotide kinase and [g-32P]ATP. 0.4 nM
pAR1707 fragment or 0.5 nM annealed oligonucleotide
duplex were incubated with the indicated concentrations
of Mfd and its derivatives in 10 ml reactions containing
repair buffer (40mM Hepes pH 8.0, 100mM KCl, 8mM
MgCl2, 4% v/v glycerol, 5mM DTT, 100 mg/ml BSA).
2mM ATP or ATPgS was added where indicated.
Reactions were incubated for 30min at 37�C and
analysed by electrophoresis at 4�C through 5% acryl-
amide/1� TAE/8mM magnesium acetate gels.

Trypsin proteolysis

WT Mfd and derivatives were digested with trypsin
(Sigma). 2 mM protein was digested in a 10 ml reaction
with trypsin added at the amounts indicated. The trypsin
dilutions were made in 1mM HCl and the reactions were
carried out in repair buffer minus BSA. Reactions were
incubated for 20min at room temperature and stopped by
the addition of 10 ml SDS loading buffer (100mM
Tris.HCl pH 6.8, 4% w/v SDS, 20% v/v glycerol,
200mM DTT, 0.2% w/v bromophenol blue). Samples
were heated at 95�C for 5min and analysed by electro-
phoresis on a 10% SDS-PAGE gel. Gels were stained
with Biosafe Coomassie (Bio-Rad). In order to determine
the major site of proteolysis equivalent reactions were run
on a 10% SDS-PAGE gel and transferred onto PVDF
membrane for 2.5 h at 230 mA using a mini trans-blot
module (Bio-Rad). The major proteolysis products were
then identified by Edman N-terminal sequencing (Dr Will
Mawby, Proteomics facility, University of Bristol).

Multi-angle light scattering

The multi-angle light scattering (MALS) setup consisted
of a cross-linked agarose-based size exclusion column
(Superdex 200 10/300, GE Healthcare, UK) connected
to an HPLC (Agilent Technologies, UK) and two
MALS detectors in series: a light scattering (LS) diode
array (Dawn Heleos II, Wyatt, USA) and a differential
refractive index detector (Optilab rEX, Wyatt, USA).
The column was equilibrated overnight in repair buffer
(excluding BSA) at 1ml/min to achieve stable base lines
as well as low background scatter (�0.1mV). The experi-
ments were performed in repair buffer (excluding BSA) at
1ml/min. The respective molar mass was calculated from
resulting LS and dRI data using the software ASTRA
(Wyatt, USA).

RESULTS

Disruption of the hook-relay helix interface in Mfd
stimulates its ATPase and DNA translocase activity

When the structure of apo-Mfd was solved, it was noted
that several highly conserved hydrophobic residues
interact where the hook helices wrap around the relay
helix (10). It was suggested that these interactions may
play a role in controlling the conformation of the relay
helix. One pair of conserved interacting residues is W550
in the relay helix and I970 in the hook (Figure 1). To
determine whether the hook-relay interface plays a role
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in the autoregulation of Mfd activity we disrupted the
interaction between W550 and I970 by constructing an
Mfd mutant containing an alanine substitution at W550.

The ATPase activity of purified Mfd WA550 was
compared with those of the wild-type (WT) protein and
the previously characterized derepressed Mfd mutants
Mfd �D7 (in which D7 is deleted (2)) and Mfd D7AAA
(Mfd EA1045 DA1048 RA1049, in which the D7:BHM
interface is disrupted (5)). Rates of ATP hydrolysis were
determined in the presence and absence of saturating
amounts of double stranded DNA in the presence of
non-saturating amounts of ATP (Figure 2A). In the
absence of DNA, the ATPase activity of Mfd WA550
was �10-fold higher than that of the WT protein, and
was comparable to the activities of Mfd �D7 and Mfd
D7AAA. The presence of dsDNA increased the ATPase
activity of Mfd WA550 by �4-fold, in contrast to the
2-fold stimulation of Mfd �D7 and Mfd D7AAA. Mfd
WA550 RA953 (in which both the hook:relay helix inter-
face and the TRG motif are disrupted) had the same
DNA-independent ATPase activity as Mfd WA550
(Figure 2A), but was stimulated just 1.4-fold by dsDNA,
indicating that the integrity of the TRG motif is important
for stimulation of Mfd WA550 by dsDNA.

To determine whether Mfd WA550 exhibited dere-
pressed DNA translocase activity in addition to dere-
pressed ATPase activity we analysed triplex dissociation
on a supercoiled plasmid DNA template (Figure 2B). Mfd
WA550 exhibited RNAP-independent motor activity, and
displaced the triplex forming oligonucleotide (TFO) more
rapidly than Mfd D7AAA did. To confirm that TFO dis-
placement by Mfd WA550 reflected DNA translocation
driven by ATP hydrolysis the assays were repeated using
Mfd WA550 RA953, which has a disrupted TRG motif,
and also using ATPgS in place of ATP. In both cases the
TFO displacement was reduced to the background levels
observed in the absence of protein.

Taken together, the ATPase and DNA translocation
activity data show that disrupting the hook:relay helix
interface of Mfd results in derepression of Mfd motor
activity, and that this interface constitutes an additional
node through which the autoinhibition of the protein is
controlled.

Mfd WA550 is able to displace transcription complexes
that are resistant to WT Mfd

The ability of Mfd WA550 to displace stalled transcription
ECs was examined in vitro (Figure 3). Transcription com-
plexes initiating from the T7A1 promoter on a
radiolabelled DNA fragment were stalled at +20 by the
RNA chain terminator 3’dUTP, and the effect of Mfd on
the complexes formed was analysed by electrophoretic
mobility shift assay (EMSA). Mfd WA550 displaced the
stalled transcription EC much more rapidly than WT Mfd
did, and this activity required an intact TRG motif, as
Mfd WA550 RA953 was unable to displace stalled ECs.

As reported previously, WTMfd does not displace tran-
scription ICs from DNA (Figure 3B). Surprisingly, Mfd
WA550 rapidly displaced the majority of transcription ICs
(Figure 3C). The transcription ICs (heparin stable

complexes that are observed in the absence of nucleotides)
migrated as multiple bands, which presumably represent
different conformations of RNAP-promoter complexes.
The ability of Mfd WA550 to displace transcription ICs
is not a general property of derepressed Mfd derivatives,
as neither Mfd �D7 nor Mfd D7AAA possess this ability
(data not shown).
To further understand the enhanced ability of Mfd

WA550 to displace RNAP from DNA we examined its
effect on transcription complexes formed with RNAP

Figure 2. Mfd WA550 exhibits elevated ATPase and DNA translocase
activities. (A) Rates of ATP hydrolysis by Mfd derivatives. ATP hy-
drolysis rates were measured at 37�C using an ATP/NADH-coupled
assay. Reactions were carried out in repair buffer and contained
50 nM protein and 1mM ATP. 150mM herring sperm DNA was
added where indicated. Data are the average of three independent
experiments and are shown with standard deviation. (B) Analysis of
DNA translocation by Mfd derivatives. TFO displacement was
analysed on 5 nM supercoiled pSRTB1 containing a triplex, which
was incubated with 250 nM Mfd or its derivatives. Reactions were
initiated with 2mM ATP or ATPgS and samples were removed at
time intervals, quenched and analysed by gel electrophoresis. The
data shown are the percentage of TFO displaced normalized to the
amount of free TFO at t=0. The data are the average of three inde-
pendent experiments shown with standard deviation. The TFO dis-
placement data for WT Mfd and Mfd D7AAA have been published
previously (5) and are shown for comparison.
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bIA117 KA118 EA119, which is a derivative of RNAP
that is defective in its interaction with the RID of Mfd
(11). Stalled transcription ECs formed with RNAP
bIA117 KA118 EA119 are not displaced by WT Mfd
(Figure 3F and (11)) or Mfd �D7 ((2)). However, Mfd
WA550 displaced 80% of stalled RNAP bIA117
KA118 EA119 complexes in the first 30 s after its
addition (Figure 3A and E), and also displaced the tran-
scription ICs formed by this mutant RNAP.
These results indicate that the RID-RNAP interaction

is not required for RNAP displacement by Mfd WA550,
and that, in contrast to previously characterized Mfd de-
rivatives, Mfd WA550 might act as a non-specific ‘molecu-
lar bulldozer’, displacing proteins from DNA without the
need for a specific protein–protein contact.

Disrupting the hook-relay helix interface in Mfd alters the
nature of its interaction with DNA

WT Mfd binds stably to DNA fragments in the presence
of the poorly hydrolysable ATP analogue ATPgS but not

in the presence of ATP or in the absence of nucleotide
(18,19) (Figure 4). We used EMSAs to examine the
binding of Mfd WA550 to a 570 bp DNA fragment
(Figure 4A) and a 50 bp oligonucleotide duplex
(Figure 4B). In both cases DNA binding by Mfd
WA550 showed the same nucleotide-dependence as the
WT protein. However, the complexes formed by Mfd
WA550 differed markedly from those formed by WTMfd.

On the 570 bp DNA fragment Mfd WA550 formed
complexes that ran as a smear on the gel, in contrast to
WT Mfd, which formed discrete bands whose mobility
was only slightly changed from that of the free DNA.
The smeared appearance of the Mfd WA550-DNA
complexes suggests that the protein initially formed a
complex (or complexes) of low electrophoretic mobility,
which subsequently dissociated while the gel was running.
We were unable to find electrophoresis conditions that
stabilized this complex and allowed it to be resolved as a
discrete band(s) (data not shown). The complexes formed
by Mfd WA550 on the 50 bp DNA fragment were more

A B

DC

FE

Figure 3. Mfd WA550 displaces stalled transcription ECs and transcription ICs in vitro. ICs were formed in repair buffer by the incubation of
RNAP holoenzyme with a radiolabelled DNA fragment (DNA). ECs stalled at +21 (ECs) were formed by the addition of ApU, ATP, CTP, GTP
and 3’dUTP. 250 nM WT Mfd or its derivatives and 2mM dATP were added and samples loaded on an EMSA gel at the time intervals indicated.
(A) Graphical representation of time-course reactions monitoring displacement of stalled ECs by Mfd and its derivatives. The ECs were formed with
WT RNAP or RNAP bIA117KA118EA119. Data points are expressed as a percentage of the amount of EC at t=0 and are an average of three
independent experiments, with standard deviation. (B–F) Representative images of EMSA gels showing the effect of WT and mutant Mfd proteins on
transcription complexes. Asterisk indicates bands of higher electrophoretic mobility which are thought to be due to the presence of two RNAP
molecules on the DNA (one of which is bound to the promoter).
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discrete than those formed on the longer DNA fragment,
and at the higher concentrations of Mfd WA550, protein-
DNA complexes of substantially reduced electrophoretic
mobility were again observed. The unusual DNA binding
properties of Mfd WA550 are dependent on an intact
TRG motif, since Mfd WA550 RA953 did not shift the
50 bp oligoduplex in the presence of ATPgS (Figure 4B).
This is in contrast to Mfd RA953 which is able to form a
stable complex with both a 50 bp oligoduplex (data not
shown) and a longer DNA fragment (19). Mfd D7AAA,
which has derepressed levels of ATP hydrolysis and DNA
translocase activity, bound the 50 bp duplex stably in the
presence of ATPgS but not in the presence of ATP or in
the absence of nucleotide, and the shifted complexes had
similar electrophoretic mobilities to those observed with
WT Mfd (Figure 4B).

The formation of low mobility protein-DNA complexes
by Mfd WA550 might result from binding of multiple Mfd
proteins to the DNA and/or to alterations in the conform-
ation of the DNA caused by Mfd WA550 binding. Our
data do not discriminate between these possibilities, but
do indicate that the nature of the interaction between Mfd
WA550 and DNA differs from that of WT Mfd and Mfd
D7AAA. Disruption of the hook-relay interface thus ap-
parently alters the manner in which Mfd engages with
DNA.

The C-terminal domains of Mfd are subject to
increased proteolysis when the hook-relay helix
interactions are disrupted

Derepressed Mfd derivatives that contain disruptions in
the interface between D2 and D7, are more susceptible
to proteolytic cleavage than WT Mfd (15). The major
sites of tryptic cleavage occur in the linker between D3
and the RID and in the flexible hinge between translocase
domains 1 and 2 (Figure 5A). The N-terminal domains 1–
3 maintain a protease-resistant form in both repressed and
derepressed forms of Mfd, supporting the proposal that
the N-terminal half of Mfd acts as rigid clamp.
In order to investigate the conformational flexibility of

Mfd WA550 it was treated with a range of concentrations
of trypsin for 20min at room temperature, and the prote-
olysis products were analysed by SDS PAGE and
Coomassie staining (Figure 5B). WT Mfd and Mfd
D7AAA controls were subjected to the same treatment.
Consistent with the observations of (15), WT Mfd was
much more resistant to proteolysis by trypsin than the
two derepressed Mfd derivatives, each of which exhibited
different patterns of proteolysis. After proteolysis of Mfd
D7AAA two significant bands were observed, designated
A and B, which were identified using N-terminal
sequencing. Band B was the N-terminal fragment of the

A

B

Figure 4. Effects of disruption of the hook:relay helix interface on DNA binding in vitro. 0.5 nM radiolabelled DNA was incubated in repair buffer
with the indicated concentrations of Mfd or its derivatives for 30min at 37�C. 2mM ATP or ATPgS was added where shown. The complexes were
analysed by running on a 5% acrylamide TAE/MgAc gel. (A) Image of a typical EMSA gel showing binding of Mfd or Mfd WA550 to a 570 bp
PCR-amplified DNA fragment. (B) Images of typical EMSA gels showing binding of WT and mutant Mfd proteins to a 50 bp annealed oligo-
nucleotide duplex. Asterisk indicates complexes of higher electrophoretic mobility observed with Mfd WA550.
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protein, and band A was a C-terminal fragment, with
cleavage occurring between amino acids 463 and 464
within the linker between D3 and the RID. This corres-
ponds to a major trypsin cleavage site in Mfd derivatives
with a disrupted D2–D7 interface reported previously
(15). During trypsin digestion of Mfd WA550 only band
B was observed as a stable product, with little accumula-
tion of band A. This suggests that in Mfd WA550 the
C-terminal fragment containing domains D4–D7 is

susceptible to further proteolysis while D1–D3 remains
resistant to proteolysis. The increased susceptibility of
the translocase domains of Mfd WA550 to proteolysis
suggests that that they are in a more open conformation
than those of Mfd D7AAA.

The oligomeric state of the purified proteins was
analysed by MALS analysis (Figure 6), which showed
that both WT Mfd and Mfd WA550 were monomeric.
This result is consistent with previous studies of E. coli
Mfd (7,14), and in contrast to reports of higher order
Mfd oligomers in Mycobacterium tuberculosis (20). Mfd
WA550 eluted from a size exclusion column slightly
earlier than the WT protein, providing further support
for the suggestion that Mfd WA550 adopts a more
‘open’ conformation.

DISCUSSION

It has previously been suggested that the interdomain
contacts between the hook and relay helices of Mfd are
ideally positioned to transmit functionally relevant con-
formational changes within the protein during TCR (10).
Comparison of the crystal structure of apo-Mfd with that
of RecG (solved in complex with ADP and a three-way
DNA junction) reveals interesting differences in the con-
formation of this region of the two proteins. In the RecG
structure the helical hairpin of the TRG motif is in a
closed conformation that places positively charged
residues at its base in close proximity, and the relay
helix adopts a bent conformation (17). In contrast, in
the Mfd structure the TRG helical hairpin adopts an
open conformation and the relay helix is straight.
Deaconescu et al. proposed that the TRG motif forms a
‘spring loaded’ element that opens and closes in response
to nucleotide binding and hydrolysis, and that interaction
of the hook helices (whose position relies on that of the
TRG motif) with the relay helix might control relay helix
conformation (10). In this scenario the hook-relay inter-
face might transmit motions of the RID or D7 to the TRG
motif and the translocase domains (and vice versa), thus
linking DNA translocation activity to conformational
changes induced by binding to RNAP. In this work, we
have shown that disruption of the hook-relay interface by
an alanine substitution of conserved residue W550 does
indeed disrupt the regulation of the protein, and results in
a derepressed DNA translocase with properties that are
distinct from those of Mfd mutants described previously.

The most striking difference between Mfd WA550 and
previously characterized mutants is that it is able to
displace transcription complexes in the absence of a
specific interaction between the RID and the RNAP b
subunit. Surprisingly the displacement activity of Mfd
WA550 also extends to transcription ICs, which are not
a target for WT Mfd or previously characterized dere-
pressed Mfd derivatives (it is thought that interaction of
the RNAP s subunit with DNA prevents Mfd from inter-
acting simultaneously with the RNAP b subunit and the
upstream DNA (8)). The WA550 substitution also alters
the DNA binding properties of Mfd in a manner that
depends on the integrity of the TRG motif, which is

A

B

Figure 5. Effects of disruption of the hook:relay helix interface on the
proteolysis of Mfd. (A) Schematic of the domain architecture of Mfd.
Asterisks indicate the major sites of trypsin cleavage previously
observed in derepressed Mfd mutants in which the D2–D7 interface
is disrupted (15). The bold arrow indicates the major site of trypsin
cleavage observed in these experiments, with A and B indicating the
major proteolysis products that were obtained. (B) Limited trypsin pro-
teolysis of WT Mfd, Mfd D7AAA and Mfd WA550. 2 mM protein was
incubated with the indicated amounts of trypsin for 20min at room
temperature and resolved on a 10% SDS-PAGE gel. Gels were stained
with Coomassie blue and the images shown are of typical gels. The
molecular weights of the molecular weight markers (MW) are indicated
in kDa. The position of the full-length protein (FL) and the two major
proteolysis products (A and B) are indicated.
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essential for DNA translocation activity. Since
deregulated Mfd DNA translocase activity alone is not
sufficient to allow RNAP displacement in the absence of
a RID–RNAP interaction (neither Mfd �D7 nor Mfd
D7AAA exhibit this property), we suggest that the key
to this unusual activity of Mfd WA550 may be increased
processivity, due to an altered interaction with DNA. We
have previously noted that RNAP may act as a
processivity factor for Mfd: acting as an additional
tether to the DNA that will allow Mfd to remain
engaged even if the translocase domains transiently
release the DNA (2). We suggest that disrupting the
hook-relay interface allows Mfd to engage with DNA in
an altered fashion, which results in increased processivity
and enables Mfd WA550 to act as a non-specific ‘bull-
dozer’ and displace transcription complexes without
being physically tethered to them. Our results indicate
that untethered DNA translocation by Mfd is capable of
displacing stable transcription complexes from DNA,
much as the motor activity of the RecBCD helicase/
nuclease can displace transcription complexes from its
path (21), although we note that this activity of Mfd
WA550 must be moderated or tolerated in some way
in vivo, as cells expressing the mutant protein exhibit no
obvious signs of toxicity.

How does disruption of the hook:relay interface
activate the ATPase and DNA translocase activity of the
Mfd protein? Like substitutions in the D2–D7 interface,
the WA550 substitution results in an ‘open’ conformation
of Mfd, as judged by proteolysis. Although our data
do not allow us to determine whether or not the D2–D7

interaction is disrupted in Mfd WA550, the simplest ex-
planation for the increased proteolytic sensitivity of the
linker between domains 3 and 4 is that the interaction
between the hook and the relay helix is important for
maintenance of the inhibitory clamp around the
translocase domains in the autoinhibited form of the
protein. Weakening of the hook-relay interface likely
allows D7 more flexibility of motion and shifts the equi-
librium between the closed and open forms of the D2–D7
clamp. However, the WA550 substitution also increases
the proteolytic sensitivity of the C-terminal fragment of
the protein, indicating that disruption of the hook-relay
interface also allows the RID-translocase-D7 fragment to
adopt a more open and/or flexible conformation than seen
in Mfd derivatives in which the D2–D7 interface is dis-
rupted directly.
Our results suggest that multiple interdomain contacts

regulate the ATPase and DNA translocase activities of
Mfd by routes that are at least partially separable: muta-
genesis studies have identified substitutions in D2 that
elevate ATPase but not DNA translocase activitities, sub-
stitutions in D7 that elevate both activities, and now sub-
stitutions in the hook-relay interface that deregulate
ATPase and DNA translocase activities and the specificity
of RNAP displacement (5). Presumably, in the context of
the WT protein, rearrangements at the various nodes
involved in autoinhibition are induced by interaction
with its partner proteins during TCR. This may occur
either in a concerted fashion, or as part of a multi-stage
event in which different activities are regulated tempor-
ally. Our results do not enable us to tell whether the
hook-relay interface has evolved as a permanently
applied ‘brake’ that prevents optimal engagement of the
translocase domains with the DNA in order to restrict
their modes of action, or whether the conformation
induced by the WA550 substitution is an ‘on pathway’
state for WT Mfd during RNAP displacement
(i.e. whether interaction of the RID with RNAP alters
the hook-relay interface and allows the translocase
domains to engage with DNA in a more processive
manner).
The possibility that movement of D7 can regulate Mfd

activity via the hook/relay/TRG helices as well as by
holding or releasing the N-terminal clamp around the
translocase domains has implications for the regulation
of atypical Mfd proteins in some organisms. The
obligate endosymbiotic bacteria Buchnera aphidicola and
Wigglesworthia glossinidia have mimimalist genomes and
lack the NER proteins UvrA, B and C (22,23). The
chloroplasts of Arabidopsis thaliana similarly contain an
Mfd homologue but lack UvrA, B and C (24). It is not
clear what the function of Mfd is in these organisms since
they lack the critical repair components of the TCR
pathway, but analysis of their genome sequence reveals
that the Mfd gene does not encode the N-terminal BHM
that forms a key part of the autoinhibitory clamp in E.coli
Mfd. It seems unlikely that Mfd would exist in a perman-
ently activated form in the cell, and as D7 and the hydro-
phobic hook-relay interface are conserved in these atypical
Mfd proteins our results suggest that their activity might

Figure 6. MALS analysis of Mfd oligomeric state. The upper panel
shows the elution profile of WT Mfd (black) and Mfd WA550 (red)
from a Superdex 200 size exclusion column, monitored by measuring
LS (arbitrary units). The lower panel shows a magnified area of this
elution profile, displaying the molar masses determined by MALS
analysis (dotted lines) across the peaks of eluted protein. Both
proteins eluted as a single molecular species, with MALS-determined
molar masses of 122 kDa (WT) and 124 kDa (WA550). The theoretical
molar mass of monomeric Mfd is 130 kDa.
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be regulated by interactions between the RID, D7 and the
hook/relay/TRG helices.
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