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Summary
The bacterial transcription-repair coupling factor (TRCF) is a large, multi-domain, SF2 ATPase that
is widely conserved. It couples nucleotide excision repair with transcription by dislodging inactive
RNA polymerase molecules stalled at template DNA lesions, and by increasing the rate at which the
Uvr(A)BC excinuclease acts at these sites. The recent elucidation of Escherichia coli TRCF X-ray
crystal structures reveals its architectural details and will allow the design of more incisive
experiments addressing how TRCF translocates on double-stranded DNA, destabilizes the RNAP
ternary elongation complex, and recruits the Uvr(A)BC system.

Introduction
DNA repair asymmetry in genomes has long been linked to transcription [1]. Following its
initial discovery by Hanawalt and co-workers in eukaryotes and later in Escherichia.coli [2,
3], the preferential repair of DNA damage in the transcribed strand of genes, termed
transcription-coupled repair (TCR), has emerged as a subpathway of nucleotide excision repair
(NER) that is elicited by a stalled RNA polymerase (RNAP).

While eukaryotic TCR has only very recently been reconstituted in vitro [4], bacterial TCR
has been relatively well studied in E. coli, where the product of the mfd gene was identified by
in vitro complementation with purified protein to be the (only) Transcription-Repair Coupling
Factor (TRCF) [5]. Work from the Sancar laboratory began to dissect the structure-function
relationship of TRCF, and established that TRCF, a large monomeric SF2 ATPase, binds UvrA,
RNAP and DNA, and has a dual function: it dislodges RNAP ternary elongation complexes
(TECs) using energy of ATP hydrolysis, and it recruits the Uvr(A)BC excinuclease to the sites
of damage by binding to the UvrA subunit [6–8].

So how exactly does TRCF perform these multiple functions? TRCF-mediated UvrA
recruitment is poorly characterized mechanistically, mainly because it has not been possible
to isolate coupling intermediates, such as a TRCF/RNAP/UvrA ternary complex. In contrast,
understanding of TRCF function in RNAP release has been facilitated by the realization that
TRCF employs a motor module homologous to that of RecG, a Holliday branch migration
protein involved in replication fork damage bypass [6]. This sequence homology provided
considerable insight into how TRCF may act on TECs. Structural and biochemical analysis of
the RecG motor revealed a molecular architecture composed of a RecA-type dsDNA
translocase motor and a separate strand-separating module consisting of a junction-DNA
binding "wedge" domain across which DNA is dragged by the action of the motor [9]. Instead
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of possessing a DNA strand-separating module, TRCF was shown by two-hybrid methods to
be equipped with an ancillary domain termed the "RID" (RNAP Interacting Domain), which
was hypothesized to serve as an anchorage point onto the RNAP within the TEC [10,11],
explaining why TRCF is devoid of helicase activity on a variety of substrates, including
transcription bubble mimics [7]. The experimental finding that provided the most insight into
TRCF function came from biochemical experiments demonstrating that TRCF can rescue
backtracked TECs by binding to dsDNA upstream of the transcription bubble and, using the
energy of ATP hydrolysis, cause forward translocation of the RNAP [11]. Taken together,
these data suggested an "induced forward translocation" model, whereby TRCF uses its RecG-
like SF2 ATPase module to track on upstream dsDNA and push RNAP downstream, causing
the RNAP to dissociate if forward translocation is impeded by protein roadblocks or DNA
damage that prevents translesional bypass. In the absence of obstacles to RNAP forward
translocation, TRCF action causes elongation to be resumed by repositioning the 3'-OH of the
nascent RNA in the catalytic center [11]. TEC release competes ineffectively with elongation
at cellular concentrations of NTPs [11], which reflects a kinetic competition, at least in vitro,
that probably ensures that only TECs stalled at sites of DNA damage or by roadblocks are
targeted for TRCF-mediated release.

TRCF function is not restricted to TCR, but extends to cellular processes that are either
regulated by, or are interfered with by, roadblocks to RNAP elongation [12–15]. In these cases,
it is likely that only the RNAP elongation complex release function of TRCF is needed.

TRCF - a molecular motor with many parts
The recent elucidation of the 3.2 Å crystal structure of E. coli TRCF represents a key
contribution to our understanding of bacterial TCR because it paves the way to more targeted,
structure-guided experiments to dissect the details of the TRCF functional cycle [16,17]. The
structure revealed a compact protein organized into five modules (corresponding to eight
structural domains) connected by flexible linkers (Figure 1). The five modules correspond to
two protein/protein interaction modules (the N-terminal UvrB homology module and the RID),
the ATP-dependent translocase (D5/D6, or TD1/TD2, for Translocation Domain), a species-
specific module of unknown function (D3), and a C-terminal, novel α/β fold with a proposed
UvrA-recruitment regulatory function (D7). Such an architectural design serves to maintain a
tight coupling of functional activities [17].

An N-terminal region of TRCF (approximately residues 82–219) shows weak sequence
similarity with the NER component UvrB [6]. The 2.1 Å-resolution crystal structure of the N-
terminal 333 residues of E. coli TRCF revealed that, unexpectedly, the close structural
similarity with UvrB extends over the entire fragment, although TRCF lacks key elements of
UvrB, such as an active ATPase function and the UvrB β-hairpin involved in DNA damage
recognition (Figure 2a) [18]. Included within this region of structural similarity between TRCF
and UvrB is the interface thought to be critical for the interaction between UvrB and UvrA
[17–19] located in D2 (Figure 2), leading to the proposal that the TRCF/UvrA interaction
structurally mimics the UvrB/UvrA interaction [17,19]. Remarkably, in the structure of intact
TRCF, the putative UvrA binding surface is occluded due to inter-domain packing with D7
(Figure 2b), and residues in both D2 and D7 participating in this interaction are highly
conserved across the TRCF family [17]. The hypothesis of Deaconescu et al. [17], consistent
with both in vitro and in vivo data on the effects of C-terminally truncated TRCF on TCR and
global NER [8], is that during its functional cycle, TRCF undergoes conformational changes
that expose the buried surface and allow for recruitment of UvrAB. TRCF may actually aid
formation of the UvrB/DNA preincision complex by promoting dissociation of UvrA from the
UvrAB complex, as suggested by the fact that immobilized TRCF only retains UvrA upon
incubation with UvrAB [8]. It is interesting to note that C-terminally truncated TRCF, unlike
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full-length TRCF, can translocate on naked DNA in triplex destabilizing assays (N.S.,
unpublished). This also supports the notion that repositioning of D7 is a prerequisite for
initiation of the coupling pathway. Although this model is consistent with all available data, a
caveat is that D7 is extensively involved in crystal packing. Thus the conformation observed
in the crystal structure might not be representative of the conformation in solution.

The RID is an all β, Tudor-like domain. Surprisingly, the closest structural neighbor of the RID
is the KOW domain of the NusG antiterminator, itself an RNAP binding protein [20,21]. This
is an intriguing observation as NusG, like TRCF, enhances escape from class II pause sites,
but not class I sites, and both proteins relieve backtracking [22]. There are, however, no striking
similarities in sequence or surface properties between the NusG-KOW domain and the TRCF-
RID.

The translocase and the TRG motif
The translocase module (TD1/TD2 in Figure 1), directly connected to the RID via the "relay
helix" (RH), represents the ATP-hydrolyzing, dsDNA-tracking motor. DNA binding is most
likely mediated by two DNA binding sites, which may alternate in cycles of DNA binding and
release during translocation, as in other DNA-tracking enzymes such as Swi/Snf2 [23]. While
the structure of TRCF allowed identification of a putative DNA binding site on TD1 [17],
details of the secondary binding site remain obscure. ATP binding is required for TRCF to
bind DNA, and hydrolysis of the ATP γ-phosphate results in TRCF dissociation from the DNA.
Stable binding is only achieved with nonhydrolyzable ATP analogs such as ATP-γ-S [8]. The
TRCF crystal structure represents the apo-form (no nucleotide). Thus the translocase assumes
an open conformation that does not stably bind DNA [17].

The TRG motif is a key element in the transduction of the energy of ATP hydrolysis into
mechanical work [24,25]. Mechanistically, the role of the TRG motif was suggested from
comparison of the RecG•ADP and TRCF structures (Figure 3). The helical TRG hairpin may
sense the γ-phosphate indirectly, via a conserved arginine finger in ATPase motif VI (TRCF
R902/RecG R680; Figure 3), and appears to undergo an opening motion upon nucleotide
dissociation triggered by two invariant arginines (TRCF R929 and R953/RecG R704 and R725;
Figure 3). This motion engages the hook and the RH, which undergoes a straight/bent transition
that appears to be regulated by the hook though evolutionarily conserved interactions. The RH,
hook, and the TRG are all mechanically coupled because the hook is located immediately C-
terminal to the TRG, while the RH is surrounded by the hook.

The TRCF/TEC model and TEC destabilization
Destabilization and release of the highly stable TEC is in itself quite a feat, and only one other
protein factor in bacteria, Rho, is able to terminate transcription. The third termination
mechanism, the intrinsic terminator, is entirely nucleic-acid based, but interestingly, like Rho
and TRCF, it appears to lead to forward translocation of the RNAP on the template along the
pathway of RNA release [26]. In fact, forward translocation of RNAP is a common theme
underlying all transcription termination mechanisms, but the manner in which this is achieved
is unique for each termination mechanism. For example, Rho mechanically peels the RNA due
to its 5'-3' translocase activity [27], the RNA terminator hairpin destabilizes the DNA/RNA
hybrid during its folding and interaction with the RNAP [28], while TRCF likely imposes
torque upsteam of RNAP due to helical tracking on DNA. Recent experiments have
demonstrated that in the case of TRCF, transcription complex release is preceded by the
reannealing of basepairs at the upstream edge of the transcription bubble. Indeed, TECs
reconstituted on DNA heteroduplexes that inhibit rewinding of the upstream duplex are less
susceptible to both TRCF attack, and Rho-induced RNA release [29].
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In addition to the potential for topological stress generated by the TRCF helical tracking motor,
specific protein/protein interactions between TRCF and RNAP are required for RNAP release.
This is supported by findings that trailing, elongating RNAPs cannot dissociate a leading,
stalled (downstream) RNAP [15], despite RNAP being a powerful molecular motor [30,31].
In this regard, the interaction between the RID and the RNAP β-subunit, particularly with the
RNAP-β "IKE" motif (a motif corresponding to E. coli β residues 117–119; [32]), appears to
play a critical role, as substitution of TRCF-L499 (surface exposed and positioned close to the
"IKE" motif in the TEC/TRCF model [17]) abolishes TEC displacement as well as RID/RNAP
β-subunit interactions detected by a bacterial two-hybrid assay [17].

Conclusions and Perspectives
The bacterial TRCF is a complex, macromolecular machine. Understanding the details of its
functional mechanism is important from two perspectives. From a biological perspective,
TRCF is the link connecting the central cellular processes of transcription and NER. In addition,
the TRCF uses its multiple domains and functions to manipulate the RNAP as well as the NER
machinery in interesting ways – understanding the details of these manipulations will shed
light on the functional mechanism of these macromolecular machines as well.

While the manner in which TRCF interfaces with the NER machinery remains murky, the last
few years have seen significant advances in our understanding of TRCF/RNAP interactions.
Biochemical and biophysical experiments have revealed how the TRCF dsDNA-tracking
motor induces forward translocation of the RNAP, fleshed out the requirements for the TRCF
interaction with the TEC [11], and shed light on the transcription termination mechanism
[29]. Mutational studies and biochemical analyses have begun to provide details of TRCF/
RNAP protein/protein interactions [17,32]. The new structural results outlined in this review
[17,19] now provide a structural framework with which to design and interpret more incisive
experiments addressing the TRCF structure/function relationship.

The model for the TRCF/TEC assembly put forth by Deaconescu et al. [17] clearly has
limitations. Most importantly, the apo-TRCF structure used for modeling does not represent
the DNA-bound state being modeled, which would require the binding of ATP. Furthermore,
the model is a hybrid, based on combined atomic coordinates of Thermus aquaticus RNAP
and E. coli TRCF. Much work remains to uncover the details of protein/protein interactions
between TRCF/RNAP and TRCF/UvrA.

Of utmost importance in understanding TCR will be to elucidate the nature and timing of the
conformational changes that TRCF undergoes during its functional cycle [17]. Structural
studies of nucleotide-bound TRCF by X-ray crystallography, as well as RNAP/TEC complexes
by cryo-electron microscopy combined with alternative solution-based techniques such as
small angle X-ray scattering and TRCF inter-domain crosslinking via engineered disulfide
cross-links will be highly informative.
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Figure 1. Overall architecture of E. coli TRCF
(a) Schematic represenation of TRCF domain organization, with labeled translocase motifs
and sequence characteristics. Thin white vertical lines are 100-residue marks. Structural
domains are represented as thick bars, thin bars represent linkers connecting the domains. The
domains are color-coded as follows: D1a, dark blue; D2, cyan; D1b, light blue; D3, orange;
D4, magenta; D5, yellow; D6, green; D7, red. D1a/D2/D1b contain a region of sequence
similarity with UvrB (white box) [6], and make up the UvrB homology module. D4 is an RNAP
Interacting Domain (RID) [17]. D5/D6 (also called TD1/TD2 for Translocation Domains)
contain the seven SF2 ATPase motifs (denoted by white boxes and labeled, share the TRG
motif with RecG [23,24], and make up the translocation module.
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(b) In the middle is shown the top view of E. coli TRCF, color-coded as in (a). Structural
domains are shown as molecular surfaces, with the linkers connecting the domains shown as
bacbone worms. Ribbon representations of the individual modules are shown around the
outside.
(c) Side view of TRCF, shown as a ribbon representation and color-coded as in (a). Adapted
from [17].
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Figure 2. UvrB homology module
(A) Backbone worms of D1a/D2/D1b of B. caldotenax UvrB (gray worm, except the β-hairpin
is highlighted in magenta) [19] and TRCF (D1a, dark blue; D2, cyan; D1b, light blue)
superimposed on D1a and D1b.
(B) Ribbon representation showing the top view of TRCF, with D2 (cyan) and D7 (red)
highlighted. The putative UvrA binding surface on D2 (blocked in an interface with D7) is
indicated. Adapted from [17].

Deaconescu et al. Page 9

Curr Opin Struct Biol. Author manuscript; available in PMC 2009 October 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3. TRCF and RecG translocation modules
Side-by-side comparisons of the translocation modules of RecG•ADP (left) and TRCF (right),
illustrating the overall domain reorientation between TD1 (yellow) and TD2 (green) and the
associated conformational change in the TRG motif (blue). The SF2 ATPase motifs (Figure
1a) are colored red. Individual amino acid side chains discussed in the text are shown and
labeled. The small insets schematically illustrate the reorientation of TD1/TD2 between the
ADP-bound state (RecG•ADP) and the nucleotide-free state (TRCF), which involves a 97°
rigid body rotation of TD1 with respect to TD2 [17].
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