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TFIIF, a basal eukaryotic transcription factor, is a substrate for

poly(ADP-ribosyl)ation
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We have examined the susceptibility of some of the basal
eukaryotic transcription factors as covalent targets for poly-
(ADP-ribosyl)ation. Human recombinant TATA-binding pro-
tein, transcription factor (TF)IIB and TFIIF (made up of the 30
and 74 kDa RNA polymerase II-associated proteins RAP30 and
RAP74) were incubated with calf thymus poly(ADP-ribose)
polymerase and [**P[NAD* at 37°C. On lithium dodecyl
sulphate/PAGE and autoradiography, two bands of radio-
activity, coincident with RAP30 and RAP74, were observed. No
radioactivity co-migrated with TATA-binding protein or TFIIB.

The phenomenon was dependent on the presence of nicked
DNA, which is essential for poly(ADP-ribose) polymerase
activity. Covalent modification of TFIIF increased with time of
incubation, with increasing TFIIF concentration and with in-
creasing NAD* concentration. High-resolution PAGE confirmed
that the radioactive species associated with RAP30 and RAP74
were ADP-ribose polymers. From these observations, we con-
clude that both TFIIF subunits are highly specific substrates for
covalent poly(ADP-ribosyl)ation.

INTRODUCTION

Poly(ADP-ribosyl)ation of proteins is a post-translational re-
action that involves the sequential addition of NAD*-derived
ADP-ribose units to nuclear acceptor proteins in response to
DNA strand breaks (for reviews, see references [1,2]). Poly(ADP-
ribose) polymerase (PARP; EC2.4.2.30) is the chromatin-
bound DNA-dependent enzyme that catalyses this reaction [1-3].
Competitive inhibition of PARP [4,5], niacin deprivation [4,6,7],
mutation leading to reduced PARP activity [8,9], expression of
PARP antisense mRNA [10,11] and overexpression of the
enzyme’s DNA-binding domain [12,13] all suppress poly(ADP-
ribose) synthesis. Under such circumstances, DNA base excision
repair is compromised [6,9,10,12,13]. Moreover, cellular differ-
entiation [14-17] is also impaired in the absence of poly(ADP-
ribosyl)ation. However, the molecular function that the poly-
(ADP-ribosyl)ation pathway fulfils in these processes has yet to
be elucidated. Poly(ADP-ribosyl)ation of proteins has profound
effects on chromosomal architecture because most of the mol-
ecular targets for poly(ADP-ribose) are DNA-binding proteins.
Therefore it is likely that the polyanionic nature of poly(ADP-
ribose) affects the interaction of these polypeptides with DNA.
In support of this hypothesis is the finding that PARP is
associated with transcriptionally active DNA [18]. This phenom-
enon suggests an involvement of the protein-poly(ADP-ribosyl)-
ation pathway in gene expression. Indeed, Matsui et al. [19]
previously described the inhibition of nick-induced mRNA
transcription at the elongation stage, without interruption of
specific transcription initiation, by transcription factor IIC
(TFIIC). Interestingly, TFIIC was later identified as PARP [20].

Basal eukaryotic transcription factors orient RNA polymerase
IT (Pol II) for accurate site-specific mRNA transcript initiation
and elongation (for reviews, see references [21-24]). The TATA-
binding protein (TBP) of transcription factor IID (TFIID) locates
and binds to the TATA box in the promoter element of a class
II gene [25,26]. Transcription factor IIB (TFIIB) associates with
TBP and directs Pol I [27] and transcription factor IIF (TFIIF)

[28] to the initiation complex. RAP30, the small subunit of
TFIIF, interacts with TFIIB and Pol II [29,30] and is essential
for transcript initiation. Transcription factors IIE and ITH assist
Pol II in clearing the promoter site [31]. Finally, RAP74 binding
to RAP30 and Pol II is required for elongation of the nascent
transcript [32].

Owing to the myriad of intricate protein—protein interactions
involved in transcription, regulation of this process may be
achieved via post-translational modification of components
within the transcription assembly. This has already been demon-
strated for the phosphorylation of some specific transcriptional
activators (for reviews, see references [33,34]). However, less is
known about the control of the basal transcription complex. It
has been established that phosphorylation of the Pol Il C-
terminal domain, which is catalysed by TFIIH after transcript
initiation [35], inhibits interaction of Pol II with the promoter
[36]. The phosphorylation of the large TFIIF subunit, RAP74,
modulates the degree to which TFIIF participates in transcription
complex-formation [37] as well. This modification appears to
stimulate both basal transcript initiation and elongation in vivo
[37]. In a similar manner, other post-translational modifications
of the general transcription factors may contribute to the
regulation of basal gene expression.

In this study, we have explored the potential for some of the
general transcription factors to act as targets for poly(ADP-
ribosyl)ation. Human recombinant (hr) TBP, TFIIB and TFIIF
(RAP30/RAP74) were exposed to calf thymus PARP in the
presence of *?P-labelled NAD* and DNA. These experiments
demonstrate that both TFIIF subunits are highly specific sub-
strates for poly(ADP-ribosyl)ation in vitro.

MATERIALS AND METHODS
Materials

hrTBP (~ 20 ug/ml), hrTFIIB (20 ug/ml) and hrTFIIF (hr-
RAP30 ~ 250 ug/ml; hrRAP74 ~ 500 ug/ml) were supplied

Abbreviations used: PARP, poly(ADP-ribose) polymerase; TFIIF, transcription factor IIF; hrRAP30/74, human recombinant 30 kDa and 74 kDa RNA
polymerase ll-associated proteins; pol Il, RNA polymerase II; LDS, lithium dodecyl sulphate; TBP, TATA-binding protein.
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by Upstate Biotechnology (Lake Placid, NY, U.S.A.). Sephadex
G-25 was obtained from Pharmacia (Piscataway, NJ, U.S.A.).
Cellulose was bought from Whatman (Hillsboro, OR,
U.S.A.). Lithium dodecyl sulphate (LDS) and activated calf
thymus DNA (type XV) were provided by Sigma (St. Louis, MO,
U.S.A.). [adenylate-**PINAD" (specific radioactivity 500 Ci/
mmol) was procured from ICN (Costa Mesa, CA, U.S.A.).
Dithiothreitol, electrophoresis reagents and molecular-mass
markers were purchased from Bio-Rad (Hercules, CA, U.S.A.).
All other chemicals used were of the highest purity commercially
available.

Enzyme purification

PARP was partially purified to the DNA—cellulose step by the
method of Zahradka and Ebisuzaki [38]. A crude homogenate of
calf thymus was fractionated by two sequential (NH,),SO,
precipitations of 30 and 709, respectively. Insoluble material
was desalted on Sephadex G-25, and the enzyme was subjected
to DNA-—cellulose chromatography. The final preparation con-
tained 40 ug of protein/ml. The enzyme was shown to be approx.
909, pure as revealed by SDS/PAGE.

Determination of transcription factor modification by calf thymus
PARP

The potential for poly(ADP-ribosyl)ation of hrTBP, hrTFIIB
and hrTFIIF was assessed using a previously described method
[39]. Transcription factors were incubated in the presence of calf
thymus PARP, nicked calf thymus DNA and [**P]NAD" at
37 °C. The reaction was stopped by the addition of trichloroacetic
acid (209, w/v, final concentration). Incorporation of *?P into
the trichloroacetate-precipitable material was measured by
Cerenkov counting. Proteins were separated by LDS/PAGE on
a 109, acrylamide gel, as detailed [39]. Coomassie Blue-stained
gels were autoradiographed using Kodak XAR-5 X-ray film.
Band intensities on the films and gels were determined using the
Intelligent Quantifier software from Bio Image (East Lansing,
MI, U.S.A)).

Identification of ADP-ribose polymers bound to TFIIF

The method of Alvarez-Gonzalez and Jacobson [40] was used to
determine the size distribution of ADP-ribose polymers attached
to TFIIF. After LDS/PAGE of modified hrRAP30 and hrRAP74
as described above, Coomassie Blue-stained bands were cut from
the gel. The bands were homogenized in 100 mM ammonium
acetate, pH 4.5, and incubated at 37 °C for 60 min to elute the
proteins. Ammonium formate was eliminated from the samples
via lyophilization. To chemically detach the ADP-ribose poly-
mers from their acceptor proteins, samples were incubated in
0.1 M NaOH/20 mM EDTA for 2 h at 60 °C. To resolve the
different ADP-ribose polymer species, samples were neutralized
with 0.1 M HCI and electrophoresed on TBE (100 mM Tris/
borate, 5 mM EDTA, pH 8.3)/20 %, acrylamide gels. Gels were
exposed to X-ray film at —80 °C.

RESULTS AND DISCUSSION

In this study we explored the potential for basal eukaryotic
transcription factors to be poly(ADP-ribosyl)ated in a pure
enzyme system. Purified hrTBP, hrTFIIB and hrTFIIF were
incubated with calf thymus PARP, nicked calf thymus DNA and
[**PINAD* (1 M) at 37 °C for 5 min. A relatively low NAD*
concentration was used, because at this level PARP synthesizes
predominantly ADP-ribose oligomers rather than long highly
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Figure 1 Poly(ADP-ribosyl)ation of basal transcription factors

hrTBP, hrTFIIB and hrTFIIF were incubated with calf thymus PARP (14 nM), nicked calf thymus
DNA (20 pg/ml) and [*PINAD* (1 £eM) at 37 °C for 5 min. Lane a, PARP control; /ane b,
PARP/TFIIF; /ane ¢, PARP/TBP; /ane o, PARP/TFIIB. The results shown are representative of
three separate experiments with very similar results.
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Figure 2 Kinetics of the poly(ADP-ribosyl)ation of TFIIF

hrRAP30 (38 nM) and hrRAP74 (41 nM) were incubated with calf thymus PARP (14 nM),
nicked calf thymus DNA (20 zg/ml) and [*?PINAD* (1 xM) at 37 °C. Proteins were separated
by LDS/PAGE and autoradiographed. Lane a, PARP control, no TFIIF; /ane b, TFIIF control, no
PARP; /anes ¢—/, 0,30 s, 60 s, 90 s, 2 min, 3 min, 4 min and 5 min of incubation respectively;
lane k 5 min incubation of TFIIF plus free radiolabelled ADP-ribose polymers; /ane |,
TFIIF/PARP control, no DNA.

branched molecules [39] which can inactivate the enzyme on
automodification. The proteins were electrophoresed under acidic
conditions to prevent the degradation of potentially alkali-labile
protein—~ADP-ribose conjugates. Gels were exposed to X-ray
film. As shown in Figure 1, most of the radioactivity was present
at the origin of the gel in all lanes. This represents the auto-
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Figure 3  Poly(ADP-ribosyl)ation of TFIIF is TFIIF-concentration-dependent

Increasing concentrations of hrRAP30 and hrRAP74 were incubated in the presence of PARP
(14 nM), nicked calf thymus DNA (20 xg/ml) and [*2PINAD™ (1 zM) at 37 °C for 5 min. An
autoradiograph of proteins separated by LDS/PAGE is shown. Lanes a—f 0.8/0.8, 1.5/1.6,
7.7/8.1,19.2/20.3, 38.3/40.5 and 76.6/81.0 nM RAP30/RAP74 concentrations respectively
per lane; /ane g, TFIIF control, no PARP; /ane h, PARP control, no TFIIF.

poly(ADP-ribosyl)ation activity of PARP which, at 116 kDa,
did not migrate into the 109, gel [38]. Two other bands were
evident in the sample containing TFIIF (Figure 1, lane b). These
migrated at 30 and 74 kDa, coincident with the Coomassie-
stained bands which represented RAP30 and RAP74 respectively
(not shown). No radioactivity was present in association with
either TBP (Figure 1, lane ¢) or TFIIB (Figure 1, lane d). Both
TFIIF subunits are therefore specific substrates for poly(ADP-
ribosyl)ation, since neither of the other transcription factors was
modified. As indicated above, the majority of poly(ADP-ribose)
acceptors are DNA-binding proteins. However, TBP, the central
DNA-binding participant in the preinitiation complex, was not
modified by PARP. In contrast, RAP30, which contains a DNA-
binding domain [41], was efficiently poly(ADP-ribosyl)ated. Our
observation that RAP74 is also radiolabelled supports the
suggestion that this polypeptide is able to associate with DNA
[32].

We next proceeded to characterize the radioactive labelling of
the TFIIF subunits. As shown in Figure 2, there was no
modification of hrRAP30 or hrRAP74 in the absence of PARP
(lane b) or nicked calf thymus DNA (lane 1); PARP requires
nicked DNA for activation [42]. Furthermore the association of
radioactivity with the TFIIF subunits was not merely a result of
non-covalent physical association between the proteins and
poly(ADP-ribose), since incubation of TFIIF with protein-free
32P-labelled ADP-ribose polymers did not result in the local-
ization of a radiolabelled band at these two sites (Figure 2, lane
k). These controls confirm that hrRAP30 and hrRAP74 were
covalently modified by PARP.

Figure 2 also shows that poly(ADP-ribose) incorporation
increased with the time of incubation up to 5 min (lanes c—j).
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Figure 4 Poly(ADP-ribosyl)ation of TFIIF is NAD*-concentration-dependent

Increasing concentrations of [*2P]NAD™ were added to a mixture of hrRAP30 (38 nM) and
hrRAP74 (41 nM), PARP (14 nM) and nicked DNA (20 zg/ml). Samples were incubated for
5 min at 37 °C. An autoradiograph of proteins separated by LDS/PAGE is shown. Lane a, PARP
control, no TFIIF; /ane b, TFIIF control, no PARP; /anes c—i, NAD™ concentrations of 87 nM,
200 nM, 500 nM, 1 M, 10 zM, 50 «M and 100 «M respectively.

Relative rates of protein modification were quantified by densito-
metric scanning from 0 to 5 min. In keeping with previous results
[43,44], PARP was the preferred acceptor substrate as indicated
by the delay in modification of the TFIIF subunits (results not
shown). This delay may have been necessary for the hetero-
dimerization of PARP with either hrRAP30 or hrRAP74 to
occur. We also observed that hrRAP74 was modified in pre-
ference to hrRAP30. Interestingly, hrRAP74 contains a central
peptide domain, 50 %, of which is composed of glutamate and
aspartate residues [45]. These amino acids are the main residues
modified on poly(ADP-ribose) acceptor proteins characterized
to date [46-49], so the acidic regions in hrRAP74 may contribute
to its suitability as a PARP substrate. Preliminary results indicate
that the ADP-ribose polymers bound to both TFIIF subunits are
labile during mild alkali treatment or prolonged exposure to
neutral hydroxylamine (results not shown), further suggesting
that carboxylate groups are the acceptors for the polymers
[50,51].

The poly(ADP-ribosyl)ation of TFIIF also increased with
increasing concentrations of hrRAP30/hrRAP74 (Figure 3, lanes
a—f). It should be noted that even at the lowest TFIIF con-
centration used in this experiment (0.8 nM RAP30; 0.8 nM
RAP74), a situation in which there was a 17:1 ratio between
PARP and each TFIIF subunit, modification of both hrRAP30
and hrRAP74 was possible (Figure 3, lane a). A progressive
accumulation of ADP-ribose polymers was evident as the TFIIF
concentration increased (Figure 3, lanes a—f).

We next examined the effect of increasing NAD* concen-
trations on the poly(ADP-ribosyl)ation of TFIIF (Figure 4, lanes
c—i). In this experiment, equal amounts of **P-labelled NAD™*
were diluted with progressively greater quantities of unlabelled
NAD*. Thus, at higher NAD" concentrations, the specific
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Figure 5 Profile of ADP-ribose polymers covalently attached to TFIIF

hrRAP30 and hrRAP74 were incubated with PARP, nicked DNA and 1 #M NAD* over 5 min
at 37 °C. Proteins were separated by LDS/PAGE and then eluted from gel slices. Poly(ADP-
ribose) was chemically detached from the acceptor proteins and separated by TBE high-
resolution gel electrophoresis. Poly(ADP-ribose) synthesized in two separate incubations (/anes
a—c, lanes d—f) is shown. Lanes a, d, ADP-ribose polymers attached to PARP; /anes b, 6, ADP-
ribose polymers attached to RAP74; lanes ¢, f ADP-ribose polymers attached to RAP30.
Electrophoretic migration of xylene cyanol (XC) [(ADP-ribose),,], Bromophenol Blue (BPB)
[(ADP-ribose)g] and AMP is indicated.

radioactivity of the NAD* was lower. The band intensities of
modified TFIIF subunits and PARP were therefore products of
(a) the change in specific radioactivity and (b) the quantity of
ADP-ribose polymers incorporated into each protein [52].
Although the intensities of the protein bands at elevated NAD*
concentrations decreased (Figure 4, lane g, 10 xM NAD™; lane h,
50 uM NAD*; lane i, 100 xM NAD?), there was undoubtedly
more poly(ADP-ribose) incorporation at these NAD™ levels
since the RAP30 and RAP74 bands exhibited decreased and
more diffuse electrophoretic mobilities. In the presence of greater
NAD concentrations, PARP synthesizes longer branched ADP-
ribose molecules [39], which would have caused the shift in gel
mobility.

The DNA-dependence, time course and dose-responses all
support the conclusion that PARP was synthesizing covalently
bound ADP-ribose polymers on to TFIIF. In order to confirm
this hypothesis, we examined the radioactive species attached to
TFIIF. hrRAP30 and hrRAP74, modified by PARP in the
presence of 1 yM NAD*, were electrophoresed under acidic
conditions. The protein bands were excised from the gel and the
radioactivity was detached from the proteins with alkali. Using
a TBE/20 9, acrylamide gel, we separated the radioactive species.
The results are shown in Figure 5. ADP-ribose monomers, which
are converted into AMP under the alkaline conditions of release

[39], are present at the bottom of the autoradiograph. A ladder
of sequentially larger ADP-ribose polymers rises above AMP.
No long ADP-ribose polymers were produced under these
conditions because of the low NAD™" concentration used [39].
The ADP-ribose polymers associated with PARP, up to four
residues in length (Figure 5, lanes a and d), were of identical size
with those attached to RAP74 and RAP30 (four residues long;
Figure 5, lanes b, c, e and f).

We have demonstrated here, for the first time, the susceptibility
of a basal transcription factor to poly(ADP-ribosyl)ation. Fur-
thermore, the modification of the factor, TFIIF, is highly specific.
The majority of poly(ADP-ribose) acceptors are DNA-binding
proteins, yet TBP was not poly(ADP-ribosyl)ated. TFIIB,
another general transcription factor, was also ineffective as a
PARP substrate. TFIIF is involved in the initiation and elonga-
tion of RNA transcripts. RAP30 interacts with Pol 11 [30]. It also
contains a DNA-binding domain, which may be important for
either preventing Pol II association with non-specific DNA
sequences or stabilizing the transcription preinitiation complex
[53]. RAP74 appears to be necessary for promoter clearance and
transcript elongation [32,54]. Its central acidic domain is postu-
lated to regulate N-terminal interactions with RAP30 and C-
terminal associations with Pol I [32]. The post-translational
addition of a large polyanion such as poly(ADP-ribose) to
RAP30 or RAP74 would undoubtedly affect the protein—protein
interactions in which TFIIF participates. It has previously been
shown that PARP can prevent random transcription at DNA
strand breaks, without interfering with site-specific mRNA
transcript initiation [19,20]. Poly(ADP-ribosyl)ation of RAP30
and RAP74 may be an important component of this phenom-
enon, and may provide a link between DNA transcription and
repair.

Finally, it is important to note that Wang et al. [55] recently
reported that mice homozygous for the deletion of PARP were
healthy, normal and fertile, possibly suggesting that protein-
poly(ADP-ribosyl)ation has little, if any, role in basal tran-
scriptional and replicative processes. However, one should keep
in mind that the protein-poly(ADP-ribosyl)ation pathway is
substantially enhanced when DNA-strand breaks are introduced
as a result of DNA damage during DNA excision repair.
Therefore the covalent poly(ADP-ribosyl)ation of TFIIF may be
physiologically relevant during DNA excision repair after DNA
damage. The utilization of cell lines derived from these knock-
out mice [56] may prove valuable in the functional character-
ization of the poly(ADP-ribosyl)ation of TFIIF.

This work was supported by grants from the Texas Advanced Research program (no.
009768-14) and the National Institutes of Health (no. GM45451).
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