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Molecular Mechanism of
Transcription-Repair Coupling

Christopher P. Selby and Aziz Sancar

Lesions in the transcribed strand block transcription and are repaired more rapidly than
lesions in the nontranscribed (coding) strand which do not block RNA polymerase (RNAP).
It has been shown previously that in Escherichia colithe mfd (mutation frequency decline)
gene is necessary for strand-specific repair. The mfd gene was cloned and sequenced and
the Mfd protein was purified and used to reconstitute strand-specific repair in a completely
defined system. The mfd gene encodes a protein of 130 kilodaltons and contains the
so-called “helicase motifs,” a leucine zipper motif, and regions of sequence similarity to
UvrB and RecG proteins. The Mfd protein was shown to (i) displace RNAP stalled atalesion
in an adenosine triphosphate—dependent reaction, (ii) bind to the damage recognition
subunit (UvrA) of the excision nuclease, and (jii) stimulate the repair of the transcribed
strand only when transcription is taking place. Thus, Mfd appears to target the transcribed
strand for repair by recognizing a stalled RNAP and actively recruiting the repair enzyme
to the transcription blocking lesion as it dissociates the stalled RNAP.

DNA lesions that impede DNA and RNA
polymerases may kill cells by interfering
with replication in actively growing and
dividing cells or by blocking transcription
and thus depriving nondividing cells of an
essential protein. Thus, targeting DNA re-
pair enzymes to genes that are transcrip-
tionally active is advantageous for cell sur-
vival, especially the survival of nondividing
cells. Bohr et al. (1) and Mellon and Han-
awalt (2) discovered that actively transcrib-
ing genes in mammalian cells and in E. coli,
respectively, were repaired more rapidly
than nontranscribed genes or regions of the
genome. An important clue to a biochem-
ical understanding of “preferential repair”
came from the discovery that in the dihy-
drofolate reductase gene of CHO cells (3)
and in the lacZ gene of E. coli (2) the
increased rate of repair was confined to the
template (transcribed) strand. Although in
eukaryotic systems, for certain lesions and
in certain genes, enhanced repair occurs in
both strands, as a general rule transcription
blocking lesions are repaired faster only in
the template strand (4).

A plausible model for the efficient repair
of the transcribed strand is that a stalled
RNAP complex creates a high affinity site
for the damage recognition subunit of the
repair enzyme, which, in the case of E. coli,
is the UvrA subunit of (A)BC excinuclease
(2, 5). However, when this model was
tested in vitro in a defined system, it was
found that RNAP stalled at a lesion did not
stimulate but actually inhibited repair and
led to the proposal that cells contain a
transcription-repair coupling factor (TRCF)
that (i) overcomes the repair inhibitory
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effect of stalled RNAP and (ii) recruits the
repair enzyme to such sites (5). An in vitro
system for investigating strand-specific re-
pair in E. coli has been developed and a
putative TRCF was partially purified (6).
Clues from earlier genetic studies (7) led to
the discovery that cell-free extracts from an
mfd~ mutant were incapable of strand-spe-
cific repair, and complementation was ob-
served when partially purified TRCF was
added to mfd~ cell extracts (8). It was
concluded that the mfd gene encoded the
TRCF, with the prediction that in mfd~
mutants the transcribed strand would be
repaired poorly, and most of damage-in-
duced mutations in mfd~ cells should arise
from lesions in the transcribed strand (8).
Two studies have confirmed both of these
predictions (9, 10) and thus support the
suggestion that mfd encodes the TRCEF.
However, the requirement for an additional
factor could not be ruled out. In this article
we show that the TRCF is the mfd gene
product and that it is necessary and suffi-
cient for transcription-repair coupling. A
comprehensive model is described for the
reaction mechanism on the basis of the
properties of highly purified TRCF and its
interactions with transcription and repair
proteins.

Genetics, cloning, and sequence of the
mfd gene. The one known mfd mutant
allele, which had been isolated from an E.
coli B/r background by Witkin (11), is 20
percent cotransducible with umuCD, at 26
minutes of the E. coli chromosome (12).
Using transposon transduction, we moved
the mutation into the E. coli K-12 strain
AB1157, mapped the gene at 25.3 minutes,
by means of genetic (I13) and biochemical
(6, 8) assays. We then located the gene to
phage 238 in the Kohara library mini-set
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(14) by Southern (DNA) hybridization
with a 29-nucleotide (nt) degenerate oligo-
mer (15), deduced from the amino-terminal
sequence of a putative, partially purified
TRCEF protein band (8). The mfd gene was
subcloned from this phage by screening for
ultraviolet-resistant transformants of strain
UNCR9 (mfd~ recA™) since, as described
by Oller et al. (10), in E. coli K-12, the mfd
mutation confers moderate ultraviolet sen-
sitivity. The plasmid pMFD19, a pIBI25
derivative carrying the mfd gene on a 5 kbp
Ssp [-Sph I fragment, complements the
ultraviolet-sensitive phenotype of mfd™
cells (Fig. 1) and confers wild-type strand-
specific repair to extracts from transformed
mfd~ cells (see below).

We sequenced the mfd gene by the
dideoxy method, using the sonication shot-
gun sequencing strategy (16). The gene
encoded a protein of 1148 amino acids. The
sequence of the 18 NH,-terminal residues
was identical with the sequence of the
partially purified TRCF protein band (8).
Thus, the Mfd protein and the TRCF are
identical and these terms are used inter-
changeably.

The translated amino acid sequence
(Fig. 2A) revealed three regions of special
interest. Near the central region (Fig. 2B)
were seven motifs that are conserved in the
family of known or putative helicases (17).
A stretch of 387 amino acids that includes
the so-called helicase motifs (17) showed
38 percent sequence identity with the cor-
responding helicase motifs region of E. coli
RecG protein (18) (Fig. 2B). The RecG
protein promotes branch migration of a
synthetic Holliday junction in an adenosine
triphosphate (ATP)—dependent manner
(19). The second region of interest, a
stretch of 140 amino acids in the NH,-
terminus (Fig. 2C), showed 22 to 25 per-
cent sequence identity with the three bac-
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Fig. 1. Effect of ultraviolet on survival /S, of an E.
coli-mfd~ recA- strain and complementation by
the cloned mfd gene. Circle, UNCR10 (recA~
mfd*); open triangle, UNCR9 (recA— mfd"); solid
triangle, UNCR9/pMFD19; and square, UNCR9/
pIBI25. Data represent the average of three
experiments.
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Fig. 2. (A) Sequence of the Mfd protein. The leucines of the B
leucine zipper are in boldface and .underlined. (B) Se-
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include any helicase motif from either pro-
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tein (17, 20). Finally, a leucine zipper motif M 123 SINEEVERLRHSATNALLTRRDVIVVATVSCIYGLGTPEEYIE-QMVTLRRGAEMDRDVLLRRFVQOMQY
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terminal region of Mfd. This region may
T 82 SPHQDIISSRLSTLYQLPTMQRGVLIVPVNTLMORVCPHSFLHGHALVMKKGORLSRDALRTQLDSAGY

participate in the interaction of TRCF with
RNAP (see below).
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mid, pMFD19, produced large amounts of b
TRCF protein (Fig. 3). We followed our
earlier purification procedure (8) and ob-
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tained 4 mg of protein (>95 percent pure)
from a 3-liter culture (Fig. 3) and character-
ized some physical and biochemical proper-
ties of the purified protein (Table 1). Our
data indicate that TRCF is an adenosine
triphosphatase (ATPase) and a DNA bind-
ing protein whose modest binding was stim-
ulated by ATPyS; the ATPase activity was
modest and was not affected by DNA or by a
stalled RNAP complex.

Functionally, a relevant finding is the
lack of helicase activity particularly in view
of the good match of the protein to the
so-called helicase motifs. The TRCF failed
to displace either a 71-nt DNA or a 48-nt
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RNA annealed to single-stranded phage
DNA. Since the transcriptional termina-
tion factor Rho requires a 5’ single-stranded
RNA tail to perform its RNA-DNA heli-
case activity (22), we synthesized an RNA-
DNA hybrid with a 222-nt single-stranded
RNA tail (23). However, even though the
Mfd protein has a Rho-like activity (see
below), it did not dissociate the partially
hybridized RNA. We conclude that TRCF
is not an RNA-DNA helicase or a DNA-
DNA helicase in the generally accepted
sense of the term (24).

Our earlier in vitro observations that
RNAP stalled at a lesion inhibits repair
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indicated that the TRCF must (i) overcome
the inhibition by RNAP and (ii) target the
excision repair enzyme to the damage site
(5). We therefore investigated the interac-
tion of TRCF with these two enzyme sys-
tems.

Interaction of TRCF with RNA poly-
merase and (A)BC excinuclease. To study
the effect of TRCF on transcription, we
synthesized two oligonucleotide template-
substrates (Fig. 4A), bearing promoters for
E. coli (25) and T7 (26) RNAPs and a
psoralen-thymine  monoadduct located
downstream in either the template or cod-
ing strand. With these substrates we con-
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Fig. 3. Purification of Mfd (TRCF). The protein
was purified from E. coli DH5aF’ cells and
pMFD19 plasmids, and purification was fol-
lowed by SDS-polyacrylamide gel electropho-
resis (PAGE) and Coomassie blue staining.
(Lane 1) Host cells (DH5aF’, 100 wl); (lane 2)
transformed cells (DH5aF' pMFD19, 100 pl);
(lane 3) cell-free extract (1.2 l); (lane 4) DEAE
Bio-Gel peak fractions; (lane 5) blue Sepharose
chromatography peak fractions; (lane 6) AcA34
peak fractions; (lane 7) first heparin agarose
chromatography; and (lane 8) second heparin
agarose chromatography peak fractions. Lanes
4 to 8 each contained about 4 pg of protein; M,
molecular weight markers.

Table 1. Properties of E. coli TRCF.

Gene mfd
Size (amino acids)* 1148
Mr* 130,067
pl* 6.8
Quaternary structuret Monomer
Nucleotide binding Yes
ATPase (k¥
— DNA 2.7 min~!
— ssDNA 3.3 min~’
— dsDNA 2.3 min~!
DNA binding§ Nonspecific
Helicase|
DNA-DNA No
RNA-DNA No
DNA (5’ tail)-RNA No

*Based upon the sequence, values include the NH,-
terminal Met residue which is absent in the protein.
tBased upon gel filtration analysis. Where indi-
cated, reactions included 0.9 mM TRCF, 200 ng of
single-stranded M13 DNA (+ssDNA), or 200 ng of
pBR322 (+dsDNA). Values are the averages of three
experiments. §Binding to duplex (b) in Fig. 4A was
observed in experiments that employed concentra-
tions of TRCF over 90 nM and was stimulated by
ATPyS.  |The substrates were a 71-nt DNA strand
annealed to M13 (DNA-DNA), a 48-nt RNA annealed
to pGEM-3Zf(+) (RNA-DNA), or a 271-nt RNA, with 49
bases at the 3' end annealed to pGEMt '5 (22) [DNA
(5'-tail)-RNA].

firmed that a psoralen monoadduct in the
template strand blocked E. coli RNAP,
whereas a lesion in the coding strand did
not (25). We examined the effect of the
TRCF on initiation and elongation com-
plexes by deoxyribonuclease I footprinting
(Fig. 4B). The TRCF has no effect on the
initiation complex of E. coli RNAP (com-
pare lanes 1 and 2 to 3 and 4) but released
RNAP from the elongation complex stalled
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Fig. 4. Release of E. coli RNAP and the truncated RNA by TRCF. (A) Template-substrates. Closed
circles indicate psoralen-modified thymines and asterisks indicate 32P-labeled sites. (A)BC exci-
nuclease incisions are shown with arrows. Incision generates 67-nt and 56-nt 32P-labeled fragments
from the two substrates as shown. The transcription initiation sites and direction of transcription for
E. coli and T7 RNAPs are marked on the coding strands. The adduct in duplex (b) is in the
transcribed strand for E. coliRNAP and in the nontranscribed strand for T7 RNAP. The reverse is the
case in the (a) duplex (25, 26). (B) Effect of TRCF on footprints of initiation and stalled elongation
complexes of E. coliand T7 RNAPs. Reactions (50 pl) contained 40 mM Hepes (pH 7.8), 100 mM
KCl, 8 mM MgCl,, 2 mM ATP, 5 mM dithiothreitol (DTT), bovine serum albumin at 100 pg/ml and
about 1 nM DNA. Where indicated rNTPs were present at 200 uM each, TRCF at 87 nM, and E. coli
and T7 RNAPs at 0.012, and 5 units per reaction, respectively. After the reactions were incubated
at 37°C for 18 minutes (E. coliRNAP) or 25 minutes (T7 RNAP), deoxyribonuclease | footprinting was
performed (5). Duplex (a) was used with T7 RNAP and duplex (b) with E. coli RNAP. Asterisks
indicate hypersensitive sites in elongation complexes. (C) Release of truncated RNA by TRCF.
Elongation complexes formed with E. coli RNAP and duplex (b) without (lanes 2 and 5) and with
TRCF (lanes 3 and 6) were analyzed by gel retardation. In lanes 1 to 3 32P-labeled duplex (b) and
nonradioactive rNTPs were present in the reaction; in lanes 4 to 6 duplex (b) was nonradioactive,
and the transcript was labeled with [32P]JUTP (3000 Ci/mmol). Reactions were as in (B) except that
(i) incubation with only UTP (the first nucleotide in the transcript) at 200 pM (lanes 1 to 3) or
[a—32P]UTP at 66 nM (lanes 4 to 6) was performed for 12 minutes at 37°C, and (ii) CTP, GTP, and
UTP were added to 200 uM each along with rifampicin at 22 pg/ml, and pBR322 to 2 pg/ml to
ensure one round of transcription initiation, and where indicated TRCF to 87 nM. After incubation for
an additional 12 minutes the complexes were resolved by electrophoresis at 4°C in a 4 percent
polyacrylamide gel and located by autoradiography after washing the gel. F, free DNA or RNA; T,
ternary complex; and UTP, unincorporated [32P]UTP.

at the adduct site (lanes 5 and 6). This
Rho-like effect of TRCF (which we found
required ATP hydrolysis and was inhibited
by ATPyS) was specific for E. coli RNAP
because the elongation complex of T7
RNAP was not affected by the TRCF (Fig.
4B, lanes 9 and 10). The lesion was not
required for dissociation since removal of a
stalled E. coli RNAP by TRCF was also
observed when transcription was blocked by
a protein bound tightly to the template (27).

The disposition of the truncated tran-
script was examined next. Using duplex (b)
in Fig. 4A we carried out transcription in
the absence and presence of TRCF and
analyzed the macromolecular complexes by
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gel retardation. A ternary complex did form
at the lesion site and the TRCF released
both RNAP and the transcript (Fig. 4C).
Analysis of the labeled RNA on sequencing
gels showed that a truncated transcript of
29 nt was synthesized in the absence (15)
and presence of TRCF, an indication that
TRCF does not enable RNAP to transcribe
through the lesion or back off and cleave
the truncated transcript (28).

Having shown the specific interaction of
TRCF with a stalled RNAP, we next stud-
ied the targeting of the excision repair
enzyme, (A)BC excinuclease, to the dam-
age site. (A)BC excinuclease is the enzy-
matic activity resulting from partially over-

55



Fig. 5. UvrA binds to a TRCF affinity column. A :

The column was prepared with 270 ul of tresyl- Fraction L 2 6 8 10 11 12 13 M
activated agarose and 270 pg of TRCF (37).
(A) UvrA (10 pg) and E. coli extract (2.9 mg) in
1 mi of 50 mM tris-HCI (pH 7.6), 50 mM KClI, 1
mM ATP, and 5 percent glycerol was loaded (L)
onto the column and, after the column was
washed with the same buffer, bound protein
was eluted with 900 mM KClI in the same buffer.
Fractions of 630 u! were collected, and 100 pl of
each was analyzed by SDS-PAGE with subse-
quent silver staining. Lane M is the UvrA marker.
(B) UvrA (10 ng) plus UvrB (50 ng) mixture (L) in
1 ml of loading buffer [25 mM tris-HCI (pH 7.6), 25

-

v - g b = - UvIA

B
L 2 4 6 1014 151617 1819 2021

mM KCl, 1 mM MgCl,, 1 mM ATP, and 5 percent glycerol] was applied tothe  fractions. The bound protein was eluted with 900 mM KCl (fractions 16 to 21).
column and the column was washed with the same buffer collecting 175-ul  TRCF did not bind to a control column lacking UvrA.
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B Fig. 6. TRCF overcomes repair inhibition caused by stalled RNAP and specifically

RNAP - + + stimulates repair of the transcribed strand. (A) Suppression of inhibition. A mixture of
TCRF__ . 137-bp duplexes (a) and (b) were incubated with E. colior T7 RNAP as in Fig. 4B and
then UvrA (4 nM), UvrB (120 nM), and UvrC (50 nM) were added and incubation
continued for 15 minutes. The reaction products were analyzed on 8 percent
polyacrylamide sequencing gels. T and N are the fragments resulting from incisions
by (A)BC excinuclease 5’ to the adduct on the transcribed and nontranscribed
strands, respectively (Fig. 4A). (B) Stimulation of incision of the transcribed strand by
RNAP plus TRCF. The template strand of ultraviolet-irradiated pDR3274 (6) was
labeled with 32P at the 3’ terminus of the Eco Rl site 200 bp from the promoter, the
DNA was incubated with (A)BC excinuclease at 37°C for 22 minutes under conditions
identical to panel A, and the incision products were analyzed on a 3.6 percent
polyacrylamide sequencing gel. The tac promoter elements are indicated by (—10)
and (—35); the arrow on the left indicates the transcriptional start site and direction,
and the arrow on the right shows the incision site closest to the promoter which is
stimulated by TRCF. (C) Strand specificity of transcription-repair coupling. Nonla-
beled pDR3274 was irradiated with 225 Jm—2 of 254 nm (ultraviolet) (lanes 1 to 4 and
7 to 10) and subjected to transcription-repair reactions in the presence of

%_ - ~— [«-*2P]dCTP to measure repair synthesis (6). After incubation with cell-free extracts

! (lanes 1 to 4) or a defined transcription-repair system (lanes 5 to 10), the DNA was
-10| . digested with restriction enzymes and resolved on a 3.6 percent sequencing gel to
35| I show levels of repair in the transcribed (T) and nontranscribed (N) strands of

SR promoter-proximal fragments from a region transcribed from the strong tac promoter

Lane 123 (TAC) and fragments that were essentially nontranscribed (TET). The cell-free

extracts were from UNC3610-45 (mfd™) or UNC3610 (mfd*), and 87 nM TRCF was

included when indicated. The defined system (lanes 5 to 10) contained E. coli RNAP (1.2 U/ml),

UvrA (4 mM), UvrB (100 nM), UvrC (70 nM), helicase Il (5 nM), Pol | (80 U/ml), T4 DNA ligase (48
U/ml), and 350 nM TRCF.
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lapping actions of UvrA, UvrB, and UvrC
proteins (29); UvrA and UviB form an
A,B, complex, which, guided by UvrA’s
affinity to damaged DNA, can then bind to
a damage site; in an ATP hydrolysis—depen-
dent reaction, UvrB is delivered to DNA,
with formation of a severe kink in the DNA
and dissociation of UvrA from the com-
plex. Binding of UvtC to the UviB-DNA
complex brings about the hydrolysis of the
8th phosphodiester bond 5’ to the lesion
and either the 4th or 5th phosphodiester
bond 3’ to the lesion. In the overall pro-
cess, damage recognition and loading of
UviB onto DNA is the rate-limiting step
(30). Therefore, a plausible role for TRCF
would be to target the A,B; complex to the
lesion site and facilitate the delivery (load-
ing) of UvrB.

In the absence of transcription, TRCF
had no effect on (A)BC excinuclease. Sim-
ilarly, no TRCF-UvrA interaction was de-
tected by standard gel permeation chroma-
tography. Therefore, we used protein affin-
ity chromatography, which can detect
weak, but specific, protein-protein interac-
tions (31). An E. coli cell-free extract
supplemented with UvrA was passed
through a column consisting of TRCF cou-
pled to an agarose resin, and the bound
proteins were eluted with high salt. UvrA
did bind to the TRCF matrix. RNAP,
which constitutes about 1 percent of the
total protein in the extract, did not bind to
the column (Fig. 5A) even though TRCF
does interact with a stalled RNAP com-
plex. Since most of UvrA is in the A,B,
complex under physiological conditions
(30) it was of interest to determine whether
TRCF bound to this complex as well.
When the mixture of UvrA and UviB, in
which all UvrA would be expected to be in
A,B, complex was applied to the column,
UvrA was retained quantitatively, but
UvrB did not bind (Fig. 5B). Thus, TRCF
did not directly bind to UvrB, and it ap-
pears that binding of TRCF to the A,B,
complex promoted dissociation of UvrA
from UvrB. These experiments provide an
important link to the mechanism of tran-
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Fig. 7. Model for strand-specific repair in E.
coli. Closed circle, lesion in DNA, dotted line,
RNA; A, UvrA; B, UvrB; and C, UvrC. The TRCF
recognizes a stalled RNAP and UvrA in the
A,B, complex and delivers UvrB to the lesion in
the transcribed strand from the A,B; complex
as it releases the stalled RNAP in a sequential
(as shown here) or a highly concerted reaction
4 — 8).

scription-repair coupling by revealing that
TRCF recruits the damage recognition sub-
unit to a stalled RNAP and thus is capable
of increasing the rate of damage recognition
at such sites. The results also suggest that
the UviB-TRCF homology region is the
UvrA interaction site of UvrB and TRCEF.
It is possible that they both bind to the
same site of UvrA.

Transcription-repair coupling. To find
out whether TRCF was necessary and suffi-
cient for transcription-repair coupling we
used the duplexes (a) and (b) (Fig. 4A),
which contained a psoralen-thymine ad-
duct either in the template or coding
strand. Transcription-repair reactions were
conducted under conditions similar to those
shown in Fig. 4B, except that UvrA, UviB,
and UvrC were also added to the reaction
mixtures. Both E. coli and T7 RNA poly-
merases inhibited repair when stalled at a

lesion (Fig. 6A). Inclusion of the TRCF
had no effect on the inhibition by T7
RNAP, as expected, since it did not dis-
place the polymerase from the elongation
complex. In the homologous system, the
TRCEF did improve the repair rate in the
template strand during transcription; how-
ever, it did not stimulate repair compared
to that obtained in the absence of transcrip-
tion (lanes 4 and 6 in Fig. 6A). Thus, in
this system the TRCF performed only one
of the two functions attributed to such a
factor; it removed the inhibitory effect by
releasing E. coli RNAP, but it did not target
(A)BC excinuclease to the lesion.

From the above results, we could infer
that, even though the TRCF interacted
with both components of transcription and
repair reactions, another factor may be
required for the preferential repair of the
transcribed strand. It is also possible that
the TRCF had special substrate require-
ments for exerting its repair stimulatory
effect, requirements that were not provided
by the 137-bp duplex used in our experi-
ment. We reasoned that a longer substrate
might be needed to anchor TRCF onto
DNA as it carried out its dual functions,
and therefore we labeled a 5.3-kbp frag-
ment from pDR3274 at the 3’ end of the
transcribed strand 200 bp upstream from a
tac promoter (6). The DNA was irradiated
with ultraviolet, and a transcription-repair
reaction was performed (Fig. 6B). Without
transcription, the DNA was nicked at many
specific sites as a result of excision by
(A)BC excinuclease of photoproducts pro-
duced at dipyrimidine hot spots (lane 1).
When RNAP was present in the repair
reaction, excision was inhibited (lane 2).
When the TRCF was also added, the inhi-
bition disappeared and the rate of incision
throughout the transcription unit, except
the promoter region (lane 3), was actually
stimulated. These results, which are consis-
tent with the specific effect of TRCF on
elongation but not on initiation complexes
(Fig. 4B), demonstrate that TRCF alone is
capable of stimulating the rate of incision of
the transcribed strand.

To investigate the strand specificity of
repair inhibition and stimulation in this
system, we conducted repair synthesis as-
says with closed circular pDR3274 and mea-
sured incorporation of label into repair
patches in the two strands downstream from
the tac promoter (6, 8). The preferential
repair signal in this assay (Fig. 6C) can be
seen by comparing repair synthesis from
extracts of mfd~ (lane 1) and mfd* (lane 2)
cells, and by comparing repair synthesis
from mfd~ extract minus (lane 3) and plus
(lane 4) the TRCF. Using a defined system
consisting of purified transcription and re-
pair proteins in this assay, we found that
transcription preferentially inhibited repair
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of the transcribed strand (lanes 7 and 9)
and that added TRCF overcame the inhib-
itory effect of transcription (lane 9) and
stimulated the repair of the transcribed
strand above the basal level (lanes 7 and 8)
without affecting the repair of the nontran-
scribed strand (lane 10). Thus, we conclude
that the TRCF is necessary and sufficient to
specifically increase the rate of repair of the
transcribed strand.

Model for transcription-repair cou-
pling. A plausible model for strand-specific
repair in E. coli is presented in Fig. 7. A
lesion in the template but not the coding
strand blocks RNAP (1 to 4). The RNAP-
RNA-DNA ternary complex (4) is specifi-
cally recognized by the TRCF (5), which
releases RNAP and the truncated tran-
script; the TRCF may replace RNAP at the
lesion site (6) perhaps by simultaneously
binding to an anchor site at some distance
from the lesion. The DNA-bound TRCF
recruits the A,B,; complex by its affinity for
UvrA (7) and aids in the formation of the
UvrB-DNA complex by facilitating the dis-
sociation of UvrA, perhaps by binding to
UvrA at its UviB interface. The TRCF
dissociates from DNA simultaneously with
UvrA leaving behind the preincision UvrB-
DNA complex (8). UvrC binds to this
complex, and the dual incisions are made
(9). Reactions 4 to 8 might be highly
coupled, precluding detection of some of
the proposed intermediates by footprinting
techniques.

The human genetic disease Cockayne’s
syndrome appears to be caused by lack of a
strand-specific repair mechanism (32, 33).
The gene ERCC-6 that specifically corrects
this defect has recently been cloned and
sequenced (33). On the basis of phenotypic
similarities between Mfd~ E. coli and Cock-
ayne’s syndrome cell lines, we predict that the
ERCC-6 protein, like Mfd, will specifically
interact with its cognate RNAP, RNAP II
(34), and the damage recognition subunit (or
subunits) of human excision nuclease. Both
ERCC-6 and Mfd have the “helicase motifs”;
however, we have found no striking homolo-
gy between the two proteins.
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DNA Repair Helicase: A
Component of BTF2 (TFIIH)
Basic Transcription Factor

Laurent Schaeffer, Richard Roy, Sandrine Humbert,
Vincent Moncollin, Wim Vermeulen, Jan H. J. Hoeijmakers,
Pierre Chambon, Jean-Marc Egly*

The human BTF2 basic transcription factor (also called TFIIH), which is similar to the &
factor in rat and factor b in yeast, is required for class Il gene transcription. A strand
displacement assay was used to show that highly purified preparation of BTF2 had an
adenosine triphosphate—dependent DNA helicase activity, in addition to the previously
characterized carboxyl-terminal domain kinase activity. Amino acid sequence analysis of
the tryptic digest generated from the 89-kilodalton subunit of BTF2 indicated that this
polypeptide corresponded to the ERCC-3 gene product, a presumed helicase implicated
in the human DNA excision repair disorders xeroderma pigmentosum and Cockayne’s
syndrome. These findings suggest that transcription and nucleotide excision repair may
share common factors and hence may be considered to be functionally related.

Transcription initiation of protein coding
genes requires, in addition to RNA poly-
merase II (B), two sets of transcription
factors that control basal and activated
transcription, respectively. The basal tran-
scription factors along with RNA polymer-
ase Il are required for most if not all
promoters (1). They function with the min-
imal promoter, which may or may not
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contain an initiator element (2) in addition
to a TATA box, to form a multiprotein
complex that, when nucleoside triphos-
phates (NTPs) are added, initiate transcrip-
tion. Activated transcription is dependent
on regulatory proteins that, by binding to
specific cis-acting DNA elements, commu-
nicate directly or indirectly with the basal
transcription machinery by way of the
TATA binding protein (TBP) or through
TBP-associated factors (TAFs) to activate
or repress RNA synthesis (3).

Binding of the factor (TFIID/TBP),
which recognizes the TATA box to the
minimal promoter is thought to be the first
step in the formation of a multiprotein
complex containing at least six other gen-
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eral transcription factors TFIIA, TFIIB,
TFIE, TFIIF, TFIJ/TFIIG, and BTF2
(TFIIH) (4). Once formed on the promot-
er, the conversion of this preinitiation com-
plex to an active initiation complex capable
of forming the first phosphodiester bond of
the RNA transcript, requires the hydrolysis
of the B-y bond of adenosine triphosphate
(ATP) (5). In eukaryotes, RNA polymer-
ase II transcription factors or their associat-
ed proteins consume ATP. For example,
the transcription factor b from yeast (6),
factor & in rat (7), and the human counter-
part BTF2/TFIIH (8, 9) have a DNA-
dependent ATPase activity (7), whereas
the same factors were also found to con-
sume ATP to phosphorylate the carboxyl-
terminal domain (CTD) of the largest sub-
unit of RNA polymerase II (10-13). It was
thus postulated that such a phosphorylation
of the CTD induces the transition from
initiation to elongation (14). However, the
absolute necessity of ATP hydrolysis for
initiation of transcription in RNA polymer-
ase [I-dependent systems cannot be entirely
accounted for by its consumption in the
phosphorylation of the CTD, which can
use both ATP and guanosine triphosphate
(GTP) as substrates (12, 13), but rather by
another ATP-dependent step that must oc-
cur during or after the kinase reaction and
before the formation of the first phosphodi-
ester bond (I14). Such an activity could
reside in a factor analogous to that respon-
sible for the melting (opening) of the du-
plex DNA during the formation of the open
complex in prokaryotes, a step that requires
ATP (15). In eukaryotes, an affinity col-
umn strategy based on protein-protein in-
teractions was used to show that an ATP-
dependent DNA helicase activity was asso-
ciated either with the transcription factor
TFIIF (also called RAP30-RAP74) or with
the RNA polymerase II, or both (16).

We present evidence that a helicase
activity is closely associated with the BTF2/
TFIIH transcription factor (8, 9), a mul-
tisubunit protein complex, which has a
CTD protein kinase activity and includes a
62-kD polypeptide (17). Microsequencing
of tryptic digests of the largest subunit (the
89-kD polypeptide) of BTF2 resulted in a
series of oligopeptides also present in the
human ERCC-3 gene product, which has
been shown to participate in the nucleotide
excision repair process in man, drosophila,
and yeast (18-20) and whose sequence
contains motifs similar to those of RNA
and DNA helicases (21).

Coelution of helicase, protein kinase, and
BTF2 transcription activities. The purifica-
tion of the basal transcription factor BTF2 was
performed as described (8), with the last three
steps of the purification scheme, including
chromatography with phenyl-5PW and hy-
droxyapatite (HAP) and a subsequent glycer-






