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Repairing information lacunae: Coupling of transcription with repair

Purnima Bhargava

DNA is the substrate/template for the
components of the three essential proces-
ses of the cell which result in the replica-
tion, transcription or repair of the genetic
material. Recent evidences show that these
fundamental biochemical processes neces-
sary for the life and its propagation,
are intricately and meticulously inter-
woven. A closer look reveals how the
fine tuning of the three processes, Viz.
replication, repair and transcnplion of the
DNA, through common knobs has helped
the cells to generate and maintain
mechanisms falling higher on the evolu-
tionary scale and cope with the pressure
of developing more control mechanisms.
The genetic material of a cell is constantly
subjected to a spectram of events resulting
In mutations, lesions or losses of infor-
mation. Obviously, these deleterious
effects cannot be tolerated by the cell
for its survival. DNA repair has gvolved
as an essential mechanism to overcome
this problem. Processes like replication
and transcription, during which the DNA
double helix is unwound, are almost in-
variably preceded, followed or accom-
panied by a careful scan of the DNA
strands by the repair machinery to ensure
that wrong information is not pro-
pagated. This is more important for the
transcribed strand because vital infor-
mation is copied from this strand.

It has been known for a long time that
cells repair the active genes and the
transcribed strand of DNA with more
vigour than the buik genomel‘z. Several
new, exciting examples have come into
focus in the recent past which demonstrate
that the DNA repair process is coupled
with replication or transcription. The
transcription factors or specially named
coupling factors are shown to be impli-
cated in each cxampies". Following the
principle of economy, it seems plausible
that the cell would use the protein factors
used in onc of the processes to fulfil the
similar or common requirements of more
than one process. For example, DNA
scanning, melting and unwinding of the
local regions underlying these processes
can be performed by the same protein
molecules in all the instances, which can
later recruit or complex with different
process-specific factors (O generate
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diverse functional complexes. The cells
follow exactly the same strategy in prac-
tice. As and when possible, the cell tries
to use the available set of proteins/factors
used in one of the reaction mechanisms,
already present as 4 functional complex
on the DNA rather than designing and
producing new, separate components for
another mechanism. These common fac-
tors may serve as connectors of the diverse
processes to switch from one mechanism
to the other and search for such factors
has been on for a long ttme, [dentification
and studies on the properties of such a
factor along with the cloning of its gene
from the bacterial cell* have helped in
the discovery of putative coupling factors
from other eukaryotic cells as well. Re-
search on complex reaction mechanisms
of eukaryotic cells thus continues to get
guiding leads from the relative simplicity
of the mechanisms used by a prokaryotic
cell.

Bacterial coupling factor

The nucleotide excision repair (NER)
mechanism for DNA repair recognizes a
wide range of damages and eliminates a
broad spectrum of lesions thus serving
as the major pathway of DNA repair.
NER mechanism seems to be highly con-
served among various species™®, wherein
several sequential activities like the
damage recognition, nucleolytic incision
on both sides of the lesion, excision of
the oligomer, repair synthesis and ligation
of the new ends, by several gene products,
all result in repair of the damage. While
the details of the pathway are resolved
in the microbe E. coli, with the iden-
tification of several Uvr gene products,
the components of the pathway in
eukaryotic cells remain elusive, exhibiting
a more complex pattern due to the
involvement of numerous genes (Table 1).
The mfd (mutation jfrequency decline)
gene product of E. coli, which was shown
to be necessary for strand specific repair
was found to do two things at once. It
could displace a stalled RNA polymerase
molecule at a lesion in an ATP-dependent
manner, as well as bind to the damage
recognition subunit of UvrA of the
excision nuclease; and the repair of the

transcribed strand could occur only during
active transcription process. The mfd
protein was also found to have helicase
motifs and regions of sequence similarity
to UvrB and RecG proteins. Thus the
mfd gene product could fit the bill as
the long sought after ‘molecular
matchmaker’’ of transcription and repair
and thus be rightly termed as the
‘transcription-repair coupling factor’
(TRCPF)* of E. coli. It is not difficult to
visualize that a similar coupling factor
may also be present in eukaryotic cells.
A gene product can be considered as a
putative coupling factor if its requirement
1S shown for both transcription and repair.
[t may also have an ATP-dependent
helicase activity and it may be capable
of forming protein—protein bridges with
Its counterpart.

Eukaryotic TRCF

Clues from human genetic disorders

The wealth of information collected
during the past two years gives a fresh
insight into the old lessons from bacteria;
also several phenomena appear as redis-
coveries in a new context. This explosion
in information has been possible through
several detailed molecular genetic studies
of the biochemical processes in yeast,
Drosophila, rat and human genes/mutants.
Details of the phenotypic and genetic
analyses of some of the rare human dis-
eases as well as analogous Drosophila
and yeast RAD mutants have given deeper
insights into the connection between DNA
repair and transcription processes. For
example, the RADI/RAD10 complex of
yeast (single strand nuclease) is involved
in mitotic recombination stimulated by
transcriptians, thus suggesting that
transcription/repair complexes may be per-
manently associated. In humans, the
inability to repair damaged DNA i3
associated with diseases, at least two of
which have been studied by now. Both
the diseases, namely Xeroderma pigmen-
tosum (XP) and Cockayne's syndrome
(CS) show phenotypes of wide varieties,
unrelated to each other, due to defects
lying in unidentified early steps of the
pathway preceding incision and repair
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Table 1.

Major activity: established/suggested for

DNA repair genes of yeast and homologous genes in human repair deficiency diseases

Yeast NER Human Disease comple-
genes Yeast Human homolog gene/mutant mentation group
RADI14 Damage recognition, DNA binding, Zn finger, binds ss DNA XPAC XP-A
zinc finger motif UV damaged DS DNA
RAD235 Essential, required for pol Il Helicase motifs, part of TFIIH, XPBC/ERCC 3 XP-B
(§SL.2) transcription, helicase motifs chromatin binding
RAD4 Chromatin, DNA binding? XPCC? XP-C
RAD3 Essential, 5°-3’ helicase?, RNA-DNA Essential helicase, XPDC/ERCC 2 XP-D
helicase, subunit of factor b (TFIIH) DNA binding
- - - XPEC XP-E
- —~ — XPFC XP-F
RAD2 SS specific endonuclease Functions in complexation XPGC/ERCC 5 XP-G
transcription inducible by UV with ERCC 4, ERCC 11, XPFC
- - - XPBC/ERCC 3 & XP/CS
XPDC/ERCC 2
RADI16 Helicase?, DNA binding, Zn finger Helicase, NTP binding CSAC CS-A
(SNF2) homology to RADS & 54 sites, non-¢ssential CSBC/ERCC 6 CS-B
Other yeast
repair genes
RADI0O RAD 1/10 complex C-termunus homologous to UvrA and ERCC 1
also RADI, UvrC, involved in recombination”?
RADS, RAD7,

RAD23 & 24

synthesis. Many of the human NER genes
have been cloned by complementing the
exicision repair deficiency of rodent cell
lines and subsequently named as ERCC
(Excision repair cross complementing)
genes. Some other genes of the pathway
were, however, cloned by directly com-
plementing the NER deficiency of XP
cell lines. Several complementation
groups of both the disorders are known
(Table 1). The mutant phenotypes range
from UV sensitivity in all the cases with
(XP) or without (C8) skin cancer,
neurological abnormalities, hypogonadism
and retarded growth. Obviously, all these
phenotypes cannot be attributed directly
to DNA repair deficiency alone. Some
unknown connections of the genes
regulating these phenotypes with the
repair deficiency seem to be the best
explanations,

Studies during the last few months
have successfully unravelled some of
these connections, The question is whether
the observed heterogeneity in the pheno-
types could be due to some gencral
connection of repair and transcription
resultung in pleiotropic clfects; if yes,
what is the mechanism of this link. The

task was difficult not only because the
link between transcription and repair in
cukaryotes 35 not known, but more so
because the mechanism and intermediate
steps of even the NER process itself still
need to be worked out. In a major
advancement, the gene of one of the
repair proteins ERCC3, has been shown
to code for one of the subunits of an
essential basal transcription factor TFIIH
in human cells’. TFIIH is one of the
basal factors required by the enzyme RNA
polymerase II to form a functional ini-
tiation complex. Several enzymatic acti-
vities such as ATPase, helicase and even
a kinase activity were shown associated
with this multi-subunit factor. TFIIH is
also required for the formation of open
initiation complex and for switching the
complex from initiation to elongation
mode'’. Thus it will be interesting to see
if ERCC3 is also found in the elongation
complex. The same protcin can couple
repair and transcription during both the
steps, or in other words the coupling of
repair and transcription complex com-
poncnls may be processive in npature.
ERCC3 gene product in humans (same
as the 89 kDa subunit of the basal
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transcription factor TFIIH) is presumably
a repair helicase involved in connecting
the defects in a very rare combined form
of Xeroderma pigmentosum complemen-
tation group B (XPBC) and Cockayne's
syndrome. Phenotypes of the two rare
human disease (XP and CS) are caused
by partial loss of function due to mutant
proteins. The XP allele of mutant ERCC3
gene makes a truncated protein. In the
case of E. coli, mfd™ i1s null phenotype
in contrast to yeast where null allele is
lethal. The truncated XPBC protein cannot
work in NER (resulting in XP) with a
simultaneous rcduction in its capacity {o
function in concert with RNA polymerase
II transcription machinery (resulting in
CS). Thus a deficicncy in transcription
process itself rather than a delect in
preferential repair of transcribed stiand
may be the cause of Cockayne's
syndrome. The Drosophila homoleg of
ERCC3, haywire (66% identily) was
shown to have many recesstve lethal
alleles like in XP, Viable allcles caused
UV sensitivity and marginal expression
disptayed motor defects and reduced lite
span’'. Using the analogy, a defect in
transcription could also account for
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various phenotypes of the hay™* mutant

of Drosophila. Sumilarly, one of the NER
genes of yecast, RAD25S (SSL2) having
54% sequence identity with ERCC3 was
also recently shown to be required for
transctipion by RNA polymerase '
The properties of the ERCC3 protein and
presence of its homologs in  various
organisms suggest that despite com-
ments'* and counter-comments'*, ERCC3
may be considered the putative human
TRCF by analogy.

XP arises largely due to autosomal,
recessive Jethal mutations causing extreme
UV sensitivity and susceptibility to skin
cancer. CS in contrast shows no cutaneous
abnormality, retarded growth and severe
progressive neurological degenerationw.
One of the very rare disorders called
Brittle hair trichothiodystrophy (TTD1BR)
in XP-D was found to be a repair deficien-
cy without photosensitivity. In the other
extreme case of CS§, cells were found to
be defective in preferential repair of
lesions on the transcribed strand of active
genes, which permits quick resumption
of transcription after UV exposure In
normal conditions. Similarly, CS fibro-
blasts did not show any capacity to pre-
ferentially repair the active genes but
were proficient in overall genome repair.
Thus, in spite of normal range repair
function, they were unable to recover
their RNA synthesis after UV irradiation®.
The mutation of the gene affected in
CS-B patients, ERCC6 showed defect in
preferential repair of active genes and the
protein involved was found to have seven
motifs characteristic of several proteins
of the family of helicases'®. ERCC6 is
also proposed to be a human TRCEF.

Clues from yeast mutants

Thus, several recent results suggest that
there may be precise controls to carry
out transcription and repair in concert.
More direct results come from studies on
yeast. It was reported sometime ago that
the transcribed strand of the GAL7 gene
is repaired 2-3 times faster than the
non-transcribed strand or the overall
gename”. The transcniption compiex thus
seems {0 direct the repair machinery {0
the transcribed strand of active genes.
This strand sefectivity was lost tn the
temperature sensitive mutant of the largest
subunit of yeast RNA polymerase II, rpb]-
1, which was found to resemble the
temperature sensitive rad25 mutant. Upon
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shifting to non-permissive temperature, it
was secn that pol III transcription is not
affected, while pol I transcription is
hampered and pol Il transcription undcr-
goes rapid decline'®, Effect on pol I
transcription in rpbl-1 mutant could be
explained due to the stringent-response.
It is possible that the rad25 mutation
produces inhibition of transcription of
genes involved in the translation initiation
process, resulting in the observed effects.
RAD2S, which was later found to be
required for pol II transcription, contains
the conserved ATPase/DNA helicase
sequence motifs and the domains respon-
sible for transcription and repair activity
could be demonstrated to be sepambleu.
In the beginning of this year, a report
in Nature showed that another yeast NER
gene RAD3 is essential for pol 1I
transcription, The rad3-ts,, mutant was
also found to resemble rpbl-1 mutant
and the gene product was shown to have
DNA-dependent ATPase and helicase
activities'®. The latest piece of information
has appeared in a recent issue of Nature'
where the authors show that RAD25
associates with, and RAD3 purifies as,
the subunit of yeast basal transcription
factor b (homolog of human TFIIH) and
that SSL2 is required for NER. This gtves
more direct proof that SSL2 (RAD25)
binds to factor b of yeast through the
other repair factor RAD3 which is actually
a subunit of factor b and even has RNA-
DNA helicase activity. This way, RAD25
can be accepted as the true TRCF of
yeast. Mutations in human homolog of
RAD3, ERCC2, result in XP-D, CS and
trichothiodystrophy (Table 1); thus ERCC2
may also be a putative coupling factor.
While none of suggested human TRCFEs
showed any strong sequence homologies
with mfd of E. coli, it seems there may
be more than one TRCF and more than
one NER pathways in human cells, each
having its own factor of coupling with
transcription. Multiple pathways may also
explain multiple complementation groups
for apparently similar disorders.

While three clear cut models XP, CS
and PIBIDS (TTDIBR) of repair defects
in humans are available, Drosophila
haywire can prove to be a more con-
venient model for these human diseases
and along with yeast mutants, it may
give valuable information on the basic
mechanisms underlying transcription-
repair coupling. Analysis of the function
of a normal protein in a complementation

L

assay using the mutant extract, or vice
versa, can even help in deciphering the
whole NER pathwaym'u, for which
most of the proteins involved would be
helicases or the nucleases, Several of the
NER genes have been cloned by now.
Thus it may soon be possible to replace
a TFIIH component by one of the ERCC3
mutant allele product. It may also help
to find out whether TFIIH activity is
affected during elongation or initiation of
transcription, which in turn will tell if
TFIIH activity has any role to play in
elongation. With the demonstration of the
coupling of the transcription with repair
it would also be important to study if
all the proteins of transcription and repair
coupling complex remain continually
bound together as a complex, or whether
the required proteins go on and off the
complex as and when required under the
signals from as yet unidentified additional
component (or components). The cloning
of rodent NER genes may make possible
generation of repair defective transgenic
mice to serve as better models for human
diseases and study several phenomena
related to ageing, neuronal degeneration,
measurement of toxicity of a mutagen
etc. It may also help us understand how
the molecular defects may get translated
into clinical phenotypes so diverse and
heterogeneous, such as those found in
the human disorders like repair deficien-
cies and how mutations in a single path-
way may predispose cells to onset of
cancer in some and not all cases.
These new and interesting results show-
ing the link between repair and transcrip-
tion give rise to a new class of disorders,
according to which many of repair
deficiency diseases can be classified as
‘transcription  syndromes’. This concept
of transcription syndrome in humans is
certainly striking and it may also create
a new chapter in human genetics. It not
only shows that extremely rare disorders
can still be very revealing but also sug-
gests that such disorders are necessanly
rare, because they affect the very fun-
damental, basal activity of the cell. Thus
it can be speculated that all extremely
rare genetic disorders must be due to a
defect at a crucial point in a very basic
metabolic activity of the cell. And above
all, those of us working on the basic
process of transcription may find here a
strong case to present as another example
of the importance and relevance of basic
research, when questioned by the staunch
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supporters of the much demanded applied
research!
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