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Mammalian Rrn3 Is Required
for the Formation of a Transcription
Competent Preinitiation Complex
Containing RNA Polymerase |
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Mammalian Rrn3, an essential, polymerase-associated protein, is inactivated when cells are treated with cyclo-
heximide, resulting in the inhibition of transcription by RNA polymerase I. Although Rrn3 is essential for
transcription, its function in rDNA transcription has not been determined. For example, it is unclear whether
Rrn3 is required for initiation or elongation by RNA polymerase I. Rrn3 has been shown to interact with the
43-kDa subunit of RNA polymerase I and with two of the subunits of SL1. In the current model for transcription,
Rm3 functions to recruit RNA polymerase I to the committed complex formed by SL1 and the rDNA promoter.
To examine the question as to whether Rrn3 is required for the recruitment of RNA polymerase I to the template,
we developed a novel assay similar to chromatin immunoprecipitation assays. We found that RNA polymerase
I can be recruited to a template in the absence of active Rrn3. However, that complex will not initiate transcrip-
tion, even after Rrn3 is added to the reaction. Interestingly, the complex that forms in the presence of active
Rrn3 is biochemically distinguishable from that which forms in the absence of active Rrn3. For example, the
functional complex is fivefold more resistant to heparin than that which forms in the absence of Rrn3. Our data
demonstrate that Rrn3 must be present when the committed template complex is forming for transcription to
occur.

Key words: Rrn3; RNA polymerase I; Transcription initiation

INTRODUCTION elements (9,36). These steps have been shown to be

the targets of several different mechanisms of regula-

Before RNA polymerase I (Pol I) can initiate spe-
cific and effective transcription, both the ribosomal
DNA (rDNA) promoter and RNA Pol I have to be
“transcription ready,” and they must join together to
form a functional initiation complex. The assembly
of the intermediate and final complexes involved in
this process requires a complex series of protein—
DNA and protein—protein interactions. For example,
the efficient and stable binding of the transcription
factors to the rDNA promoter requires the coordinate
binding of factors to the core and upstream promoter

tion including posttranslational modifications and the
actions of antioncogenes (7,9). Thus, there is a signif-
icant body of evidence suggesting that the regulation
of transcription initiation or the formation of the pre-
initiation complex is a major site of regulation of rDNA
transcription. In addition, there is increasing evidence
for postinitiation regulation of rDNA transcription (45).

Eukaryotic rDNA promoters contain a core pro-
moter element and an upstream promoter element
[for review, see (9,36)]. Two multisubunit complexes
are required to commit the yeast rtDNA promoter.
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Core factor (CF) and upstream activating factor
(UAF), which bind to the core promoter and to the
upstream element, respectively (22,23), interact spe-
cifically with TATA-binding protein (TBP) (27,46).
In mammals, two known transcriptional factors are
required for efficient rDNA transcription. The bind-
ing of selectivity factor (SL1) containing TBP and TBP-
associated factors (TAFs) to the core promoter ele-
ment is necessary and sufficient in vitro (3,11,12,26,
55). The binding of upstream binding factor (UBF)
(2,20), a multiple HMG box containing architectural
protein, and, possibly, a second molecule of SL1, to
the upstream promoter element are required for effi-
cient transcription in vitro. Interestingly, while the
core promoter is sufficient for transcription, deletion
mutants that only contain the core promoter are less
than 20% as efficient as the intact promoter in the
formation of a stable preinitiation complex when ana-
lyzed in competition assays against the intact pro-
moter (5). Both SL1 and UBF are subject to regula-
tion via phosphorylation and acetylation (14,16,17,
33,34,37,41,48) and modulatory protein—protein in-
teractions (e.g., Rb and SV40 large T antigen). Rb,
the protein product of the retinoblastoma susceptibil-
ity gene, interacts with UBF repressing Pol I tran-
scription (7). In contrast, SV40 large T antigen acti-
vates Pol I transcription by interacting with SL1 (54).

Genetic experiments in yeast and biochemical ex-
periments in yeast and mammalian cells demonstrate
that both yeast Rrn3 and its mammalian homologue
are essential for rDNA transcription [(9,31,36,51,53)
and references therein]. The mammalian homologue
of yeast Rrn3 has been identified as the previously
described transcription initiation factor IA (TIF-IA)
(4,31). The current model of transcription is based on
data demonstrating that Rrn3 acts as a bridge between
RNA Pol I and CF/SL1 bound to the committed
rDNA promoter (8,19,30,38,47,52). A direct interac-
tion between the 43-kDa subunit of Pol I (rpa43) and
Rrn3 in the Rrn3-Pol I complex was confirmed (8,
30) as well as the direct interaction of human Rrn3
with the TAF110 and TAF;68 subunits of the spe-
cies-specific transcription factor SL1 (8,30,42). De-
spite this body of knowledge, there are both differ-
ences in the apparent mechanisms that regulate the
Rrn3—Pol I interaction and significant controversies
concerning the role that Rrn3 plays in transcription
and the mechanism whereby RNA Pol I is recruited
to the rDNA promoter.

Schnapp et al. reported that RNA Pol I complexes
could be recruited to the template in the absence of
active Rrn3/TIF-IA. Schnapp et al. also reported that
the complexes formed in the absence of active Rrn3
were transcriptionally inactive, but that the same
complexes could be activated by the addition of ac-
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tive Rrn3 (42). In contrast, Zomerdijk’s lab (30) re-
ported that antibodies to Rrn3 blocked recruitment of
RNA Pol I to a committed template. Thus, one report
would suggest that recruitment can occur indepen-
dently of Rrn3/TIF-TIA and the second one suggests
that Rrn3/TIF-IA is required for recruitment. Interest-
ingly, in their studies of the role of yeast Rrn3 in
transcription, Aprikian et al. (1) reported results that
would appear to agree, at least in part, with both re-
ports. They demonstrated, using immobilized tem-
plates, that S. cerevisiae RNA Pol I could be recruited
to a committed template in the absence of yRrn3.
However, they also reported that the complex formed
in the absence of Rrn3 was not competent and the
subsequent addition of Rrn3 to this complex was in-
sufficient to convert the incompetent complex to a
competent complex.

As these differences would have significant impli-
cations with respect to the mechanism by which Rrn3
functions in transcription, we sought to determine 1)
if mammalian RNA Pol I could be recruited in the
absence of active Rrn3 and 2) if the complex that
formed in the absence of Rrn3 could be converted to
a transcriptionally active complex by the addition of
active Rrn3. Our first experiments used immobilized
templates. We found that complexes formed in the
absence of active Rrn3 were not transcriptionally
competent and could not be converted to competent
complexes by the subsequent addition of Rrn3. Sub-
sequently, we developed a modified ChiP assay to
directly assess recruitment. Interestingly, in agreement
with two previous reports, our results demonstrate
that Pol I was recruited to a committed template in
the absence of active Rrn3. However, the complexes
that formed in the presence or absence of Rrn3 could
be distinguished by their sensitivity to heparin and
sarkosyl. In addition, the complexes that formed in
the absence of active Rrn3 could not be chased from
the template. These results indicate that the protein—
DNA or protein—protein interactions that occur in the
absence of Rrn3 are not the same as those that form
in its presence. While these experiments do not pre-
clude a role for Rrn3 in the process of initiation, they
strongly suggest that Rrn3 is required for the forma-
tion of the competent preinitiation complex.

MATERIALS AND METHODS
Cell Culture

N1S1 cells or NISIC3 cells, which stably incorpo-
rate a FLAG tagged B subunit of RNA Pol I (15),
were grown in RPMI supplemented with 5% horse
serum and 1% fetal bovine serum. The preparation of
S100 extracts from N1S1 cells has been previously
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described (6). Where indicated, S100 extracts were
prepared from NISIC3 cells treated with 100 pg/ml
cycloheximide (CHX) (Sigma, St. Louis, MO) for 1
h. S100 extracts were dialyzed against C-20 (20 mM
HEPES, pH 7.9, 20% glycerol, 100 mM KCI, 5 mM
MgCl,, 0.2 mM EDTA) in a Pierce (Rockford, IL)
Slide-A-Lyzer mini dialysis unit overnight at 4°C be-
fore use to remove endogenous NTPs. Active, recom-
binant human FLAG tagged Rrn3 was expressed in
Sf9 cells and purified as previously described (8).

DNA Templates

A 920-bp fragment of the rat 45S rDNA promoter
was subcloned into the BamHI and EcoRI sites of
pUC 19 and used to generate rDNA templates for the
immobilized template assays. Wild-type template
was amplified with one of two primer pairs using a
common 5" primer (5-GCTCACTCATTAGGCACC
CCAGG-3’), based on pUC 19 sequences upstream
of the rDNA insert. The reverse/downstream primers
were either 5-GGAAAACCCTTCCAGTCG-3’ or 5'-
GTGCAACTCGGGAGGCACACAG-3, which gen-
erate products of 680 or 857 bp, respectively, contain-
ing 90 bp of pUC, and fragments of the rat rDNA
gene extending from —287 to either +303 or +480,
respectively. pUC 19 was used as a nonspecific DNA
template in some experiments. pUC template was
amplified using forward 5-CAGGGGATAACGCA
GG-3" and reverse 5-GACGCCGGGCAAGAGCA
AC-3’" primers, which generate a 1300-bp product.
Primers were purchased from Integrated DNA Tech-
nologies (Coralville, IA). PCR products were purified
using a Qiagen (Valencia, CA) MinElute PCR purifi-
cation kit. Following elution from the Qiagen spin
columns, the DNA was phenol extracted, ethanol pre-
cipitated, and resuspended in 10 mM Tris, pH 8.0, 1
mM EDTA (TE).

Formation, Isolation, and Analysis
of PIC Complexes

Five microliters of S100 (5-8 lg protein) was in-
cubated with 60 ng PCR template (wild-type or pUC
as indicated) for 20 min at room temperature in a
total volume of 30 pl. Heparin or sarkosyl (Sigma)
were added where indicated in a total volume of 20
ul and the incubation continued for 15 min at 30°C.
Anti-FLAG M2 agarose beads (Sigma) were washed
three times with C-20 and stored as a 50% slurry in
the same buffer. Twenty microliters of the 50% slurry
of anti-FLAG beads was added and the mixture was
tumbled for 1 h at 4°C. The slurry was centrifuged
at 2,000 rpm (360 x g) for 20 s and the supernatant
removed. The beads were washed three times with
100 ul of C-20. The bead pellet was resuspended in

50 pl of distilled water followed by the addition of 5
ul of 1 mg/ml proteinase K (Fisher). The mixture was
incubated at 65°C for 15 min. The beads were centri-
fuged and the supernatant removed to a fresh tube.
Nucleic acids were purified by extraction with an
equal volume of phenol/chloroform/isoamyl alcohol
(25:24:1) and the aqueous phase was then extracted
with 10 pl of chloroform. The DNA from the entire
reaction was amplified using 2 ng of the forward and
reverse primers described above with 50 pl of Pro-
mega (Madison, WI) PCR Master mix. PCR was per-
formed in a GeneMate Genius (ISC BioExpress, Kays-
ville, UT) under the following conditions: 94°C, 1
min (1 cycle); 95°C, 45 s, 55°C, 30 s, 72°C, 1 min
(35 cycles); 72°C, 7 min (1 cycle). Twenty-five mi-
croliters of this reaction was further amplified in a
second PCR reaction. The second reaction contained
24 ng of each primer and proceeded for 20 cycles.
Control reactions demonstrated that these conditions
ensure primer excess. Ten microliters from the sec-
ond reaction was electrophoresed on a 1% agarose
gel; DNA was visualized by ethidium bromide stain-
ing. Gels were scanned on an AlphaEaseFC Imaging
System (Alpha Innotech Corp., San Leandro CA).
Real-time PCR (RT-PCR) was performed with a
Roche Light Cycler (Roche Molecular Biochemicals,
Mannheim, Germany). The forward primer was 5’-
CCTGTCATGTTTATCCCTG-3’ and the reverse 5’-
GGTGCAAGCCTCTTGGAACG-3’, which generates
a 135-bp product. For RT-PCR experiments DNA
and extract in a final volume of 30 pul were incubated
for 10 min on ice, heparin was added at the concen-
trations indicated to a final volume of 50 pl, and the
incubation continued for an additional 30 min at
30°C. Twenty microliters of the 50% slurry of anti-
FLAG beads was added and the reaction tumbled at
4°C for 45 min. The supernatant was removed from
the slurry, digested with proteinase K, and the DNA
purified as described above. The first round of PCR
was the same as for ethidium bromide stained gels.
Two microliters of this reaction was further amplified
in the second RT-PCR reaction using the Qiagen,
QuantiTect SYBR Green PCR kit. PCR conditions
were 95°C, 15 min (1 cycle); 95°C, 1 s, 55°C, 10 s,
72°C, 27 s (65 cycles).

In Vitro Transcription: Immobilized
Template Assays

All templates were generated by PCR and immobi-
lized on avidin-magnetic beads (Dynal Corp, Oslo,
Norway) through a biotin incorporated in a common
5" primer. The two templates were distinguished by
the 3" PCR primer resulting in transcription of either
480- or 303-nt transcripts. Binding of the biotinylated
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template to the magnetic beads was performed as rec-
ommended by the manufacturer. After 60 ul of S100
was incubated with 260 ng of immobilized template
for 45 min at room temperature, the beads were col-
lected with the magnet. Beads were washed with C-
20 and the incubations continued at 30°C followed
in some experiments by a second wash with C-20.
Recombinant Rrn3 was added to some incubation
(300 ng) at the time points indicated. Transcription
was initiated by the addition of NTPs + [0-*?PJUTP
as indicated. The products of transcription were ana-
lyzed by denaturing urea/PAGE as previously described
(44). In vitro transcription reactions using templates
in solution were performed using 0.1 pug p5.1E/X lin-
earized with EcoRI as template per reaction as pre-
viously described (44). The reactions were supple-
mented with heparin or sarkosyl as indicated.

Western Blot Analysis

SDS-PAGE and electroblot analysis were per-
formed as described previously (15). Polyclonal rab-
bit antisera to mouse rpa43 were raised to recombi-
nant rpa43 expressed in E. coli (Capralogics, Inc.,
Hardwick, MA). Monoclonal anti-FLAG antibody
(M2) was purchased from Sigma Chemical Co. (St.
Louis, MO) and was used as previously described
(15).

RESULTS
Rrn3 Is Required for Functional Recruitment

We have previously reported that cells that have
been treated with CHX are not capable of supporting
in vitro transcription by RNA Pol I due to the inacti-
vation of Rrn3 (8). We extended this observation by
in vitro transcription assays using biotinylated tem-
plate immobilized on avidin-magnetic beads. Results
of such an experiment are presented in Figure 1. As
described in Materials and Methods, these experi-
ments utilized two different PCR templates distin-
guishable by size. Template A yields a transcript of
480 nt while template B yields a transcript of 303 nt.
The preincubation included the S100 plus immobi-
lized template and recombinant Rrn3 where indicated.
After the preincubation, some of the complexes are
washed and incubated for an additional 15 min at 30°C
in the presence or absence of nucleotide triphosphates
(NTPs). Following a second wash, the complexes
were combined where indicated and NTPs including
[**P]JUTP were added and the incubation continued
for an additional 10 min to allow for transcription.
Figure 1A is a schematic of the transcription reac-
tions. As previously reported, extracts from CHX-
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treated cells cannot support transcription (Fig, 1A,
lanes 1 and 2). The results in Figure 1A (lane 4) indi-
cate that transcription only occurs when Rrn3 is in-
cluded in the preincubation (compare lanes 3 and 4).
Figure 1B confirms these results in that once again
transcription only occurs when Rrn3 is included in
the preincubation phase of transcription (Fig. 1B,
lane 8). Note the absence of transcripts from template
B in Figure 1B (lanes 6 and 7). In some of the reac-
tions the capacity of preformed complexes to support
a second round of transcription after a first round was
investigated. Transcription was only observed for
template B (Fig, 1C, lane 12) that had been incubated
in the absence of NTPs prior to the addition of
[**P]JUTP and cold NTPs. In contrast, the complex
that formed on template A, which had undergone
transcription, did not transcribe in the second tran-
scription reaction (Fig, 1C, lane 12). Similarly, tran-
scripts were not produced in the reactions depicted in
Figure 1C (lanes 9-11). The presence of the tran-
script in Figure 1C (lane 12) also indicates that the
transcriptionally competent complex dissociates after
transcription (compare lanes 9—12). The results pre-
sented in Figure 1C confirm the observation that
Rrn3 must be present for the preinititation complex
to form correctly. The results presented in Figure 1A
and B are consistent with the model that Rrn3 func-
tions stoichiometrically in transcription, as we have
previously reported (18).

RNA Polymerase I Recruited to a Template
Can Be Immunoprecipitated Along
With That Template

Transcription is the most direct way to determine
if an extract or combinations of transcription factors
and RNA polymerase have joined together to form
a competent preinitiation complex. However, while
transcription demonstrates that recruitment has oc-
curred, it is not a direct measure of recruitment. Poly-
merase might have been recruited, but was unable to
initiate or elongate. By themselves, the results pre-
sented in Figure 1 do not demonstrate that Rrn3 is
required for recruitment, only that Rrn3 must be pres-
ent when the preinitiation complex forms.

To further examine the nature of the initiation com-
plex, we developed a novel assay to determine the
ability of both control and CHX-treated extracts to
bind to the rat ribosomal DNA promoter. The chro-
matin immunoprecipitation (ChIP) assay has become
a commonly used tool to demonstrate that transcrip-
tion factors occupy their cognate sites in vivo. We
sought to modify that assay to determine if it could
be used to demonstrate recruitment of RNA Pol I to a
promoter. This assay combines immunoprecipitation
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Figure 1. Rrn3 is required for “productive” recruitment. (A, B) In each reaction, the template indicated (immobilized on magnetic beads)
was preincubated with an S100 extract from cells treated with cycloheximide (CHX S100) in the absence or presence of recombinant Rrn3
as indicated. Subsequently, the templates were washed in transcription buffer (gap in the horizontal line), resuspended, and incubated for an
additional 15 min at 30°C (Preincubation 2). Following the second wash, the templates were again resuspended and combined as indicated.
NTPs including [0-P]JUTP were then added, and transcription was allowed to proceed for 10 min. Where indicated, Rrn3 was added at the
beginning of the transcription reaction. The transcripts were then analyzed by denaturing urea-PAGE and autoradiography. (C) A transcrip-
tion reaction was carried out after the first wash in the presence of unlabeled NTPs. The templates were then washed and pooled, and
transcription was allowed to proceed in the presence of NTPs including [a-?PJUTP. All templates were generated by PCR and immobilized
on avidin-magnetic beads through a biotin incorporated in a common 5" primer and were distinguished by the 3" PCR primer, resulting in

transcripts (Trans.) of either 480 (Template A) or 303 nt (Template B).
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with PCR (i.e., the DNA that is bound to the protein
of interest is isolated by immunoprecipitation and
then detected by PCR). As we have previously re-
ported (15), NISIC3 cells stably express the FLAG-
tagged [ subunit of RNA Pol I, enabling us to specif-
ically immunoprecipate RNA Pol I with immobilized
anti-FLAG antibodies. Our first experiments were de-
signed to determine if we could demonstrate the
coimmunoprecipitation of RNA Pol I with its pro-
moter and to examine the specificity of the interac-
tion. S100 extracts were incubated with a PCR tem-
plate containing the rat ribosomal DNA promoter and
immunoprecipated with anti-FLAG beads. The beads
were washed and incubated with proteinase K to lib-
erate the DNA bound to the beads. After phenol
extraction, the released DNA was amplified with
primers specific for the Pol I promoter. Figure 2A
illustrates the steps in the assay. S100 extracts pre-
pared from both N1S1C3 cells and N1S1 cells, the
parental cell line that does not express FLAG-tagged
RNA Pol I, were incubated with the DNA fragment
containing the rDNA promoter. Immobilized anti-
FLAG antibodies were added and the DNA bound to
the immunoprecipitated RNA Pol I was purified and
amplified with primers specific for the respective
fragment as described in Materials and Methods. The
PCR products derived from the immunoprecipitated
DNA were analyzed by agarose gel electrophoresis
(Fig. 2B). As shown in Figure 2B (lane 2), the rtDNA
promoter was found in immunoprecipitates obtained
with extracts containing the FLAG-tagged Pol I, but
it was not found in immunoprecipitates obtained with
extracts that did not express FLAG-Pol I (lane 3).
To control for nonspecific binding, a similar exper-
iment was carried out using either a PCR fragment
of pUC 19 or the -tDNA PCR fragment. The DNA
bound to the immunoprecipitated RNA Pol I was pu-
rified, amplified with primers specific for the respec-
tive fragment, and analyzed as described above. The
results shown in Figure 2C demonstrate the specific-
ity of the assay (lanes 3 and 4). When extract was
incubated with the PCR fragment containing the
rDNA promoter, that fragment was found in the im-
munoprecipitate. In contrast, when the assay con-
tained the nonspecific PCR fragment of pUC, that
fragment was not found in the immunoprecipitate
(Fig. 2C, lane 4). The results of an additional experi-
ment to demonstrate the specificity of the assay are
shown in Figure 2D. In this experiment both the
rDNA and pUC DNA fragments were incubated with
the S100 extract prepared from N1S1C3 cells. After
immunoprecipatation and DNA purification, primers
for both the rDNA promoter and pUC template were
added to the PCR reaction and immunoprecipated
DNAs were amplified simultaneously. As demonstrated

CAVANAUGH, EVANS, AND ROTHBLUM

by the results shown in Fig. 2D (lane 2), only the
rDNA promoter was amplified, once again illustrat-
ing the specificity of the assay.

Extracts From CHX-Treated Cells Form a Complex
on the rDNA Template

We next determined if extracts prepared from
CHX-treated cells demonstrated the same ability to
bind the rDNA promoter as control extracts. In the
experiment shown in Figure 3, the rDNA fragment
was incubated with either extracts from control
N1S1C3 cells (lanes 1-4) or with extracts from
CHX-treated N1S1C3 cells (lanes 7—10). As shown
in Figure 1, the extracts from CHX-treated cells did
not support specific transcription. However, the ex-
tract from CHX-treated cells was capable of forming
a complex with the rDNA promoter (Fig. 3, lane 7)
in the same manner as the control extract (lane 1).
This binding was specific; when pUC DNA was in-
cluded in the assay, it was not found in the immuno-
precipitate (Fig. 3, lanes 8 and 10). Rrn3 was also
added to parallel incubations (Fig 3, lanes 3, 4, 9, and
10), but it had no effect on the formation of complex.
As Pol I-DNA complexes were found in the absence
of added Rrn3, it was not surprising that the addition
of Rrn3 had no significant effect on the DNA binding
ability of the FLAG-tagged Pol I in either the control
or CHX treated extracts.

Active Rrn3 Is Required for Polymerase
to Dissociate From the Template
Following Transcription

The above experiments indicated that transcription
required that Rrn3 be added at the same time as the
preinitiation complexes were formed, but that RNA
Pol I could be recruited in the absence of active Rrn3.
This suggested that the complexes formed in the ab-
sence of active Rrn3 would not release from the pro-
moter and elongate. In order to examine this possibil-
ity, we next determined if Pol I would dissociate from
the template following transcription.

When control extracts were incubated with the rDNA
promoter, they formed a preinitiation complex that
was stable following incubation at 30°C as demon-
strated by the PCR product found in Figure 4A (lane
1). The DNA—-Pol I complex was also detected when
NTPs were added, but the reaction maintained at 4°C
to prevent transcription (lane 2). However, this obser-
vation was inconclusive as a Pol I-DNA complex
was also found following transcription (Fig. 4A, lane
4). This led us to consider the possibility that this
same observation could result from reinitiation. As
these were not immobilized templates we could not
wash away excess RNA Pol 1. To reduce the contri-
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Figure 2. Coimmunoprecipation of rDNA with RNA Pol I using anti-FLAG antibody. (A) Schematic illustrating the steps in the PCR assay
to detect protein—DNA interactions. (B) Five microliters of S100 from N1S1C3 (lane 2) or NISI cells (lane 3) was incubated with 60 ng of
template containing the rDNA promoter. C-20 buffer was added to bring the volume to 30 pl. The incubation was carried out at room
temperature for 20 min. Twenty microliters of a 50% suspension of anti-FLAG agarose beads was added and the mixture tumbled at 4°C
for 1 h. The beads were washed and bound DNA isolated as described in Materials and Methods. DNA was amplified and electrophoresed
on a 1% agarose gel and stained with ethidium bromide. Lane 1 depicts a positive control for the first PCR reaction, and lane 4 a positive
control for the second PCR reaction. Lane 5 contains pGEM (Promega) molecular weight markers. (C) S100 extracts from N1S1C3 cells
were incubated with either 60 ng of wild-type (lane 3) or pUC 19 DNA (lane 4) as described in (B). After washing the beads, DNA was
isolated and amplified with primers specific for either the rDNA template or pUC 19 template. Lane 1 contains a positive control PCR
reaction for the wild-type template and lane 2 contains a positive control PCR reaction for the pUC template. (D) S100 extracts from
N1S1C3 cells were incubated with 60 ng of both the rDNA and pUC 19 templates as indicated in (B). The DNA immunoprecipatated from
the reaction was amplified with primers for both the rDNA and pUC 19 templates. Lane 1 indicates the template input and lane 2 indicates the
DNA amplified from this reaction. Primers are described in Materials and Methods. PCR products were electrophoresed on a 1% agarose
gel and stained with ethidium bromide. Wild-type template amplifies as a 690-bp fragment and pUC as a 1300-bp fragment.

bution of reinitiation to these assays, we added hepa-
rin to the assay. Heparin has been demonstrated to
inhibit reinitiation, but not elongation, at low concen-
trations (29). [Heparin can also be used to destabilize
preinitiation complexes at higher concentrations (10,
21)]. Figure 4B demonstrates that at 8 and 40 pg/ml
we do in fact observe single round transcription when
heparin is added at the same time as NTPs to a tran-

scription assay (compare lanes 2 and 3 with lane 1).
The addition of heparin to extract prior to the addi-
tion of template blocked the formation of the preiniti-
ation complex (data not shown), consistent with what
has been reported previously (10). However, the ad-
dition of 8 pg/ml heparin, following the preincuba-
tion of template and extract, and its presence during
a subsequent incubation at either 4°C or 30°C, did
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Figure 3. RNA Pol I from inactive extracts interacts with rDNA. S100 extracts from control N1S1C3 cells (lanes 1-4) or CHX-treated cells
(lanes 7-10) were incubated with either wild-type template or pUC 19 template for 20 min at room temperature. Samples were processed
and DNA amplified as described in Materials and Methods and the legend to Figure 2. Rrn3 (300 ng) was added as indicated (lanes 4 and
9). The products shown in lanes 5 and 6 are positive PCR controls for the wild-type and pUC templates, respectively.

not destabilize the complex (Fig. 4A, lanes 3 and 5)
formed by extracts from control cells. However, if
NTPs were added to initiate transcription and heparin
(8 ng/ml) was added to prevent reinitiation, the tem-
plate no longer coimmunoprecipitated with RNA Pol
I (Fig. 4A, lane 6) (i.e., RNA Pol I had dissociated
from the DNA in agreement with the model that this
would result from transcription as suggested by the
experiments presented in Fig. 1C).

Our results indicate that Rrn3 is required for tran-
scription but not for recruitment. If this model is cor-
rect, then RNA Pol I from CHX-treated extracts that
has been “recruited” to the template should not be
“chased” from the template DNA under conditions
that permit transcription. The results shown in Figure
4C confirm this model. As shown in Figure 4C (lane
6), the addition of heparin and nucleotide triphos-
phates to the complexes formed with a CHX-treated
extract had little effect on the recovery of DNA in
the anti-FLAG immunoprecipitates (compare lanes 5
and 6). This is in contrast to what we demonstrated
for transcriptionally active complexes (Fig. 4A, lanes
5 and 6, Fig. 4C, lanes 2 and 3). These results indi-
cate that although Pol I from the CHX extracts can
bind to the rDNA promoter, this Pol [-DNA complex
does not change under conditions that would allow
transcription.

Extracts From Control and CHX-Treated Cells
Differ in Their Sensitivity to Heparin

Upon examination of the data presented in Figure
4C (lanes 5 and 6), it is apparent that the addition of
heparin resulted in a decreased amount of Pol [-DNA
complex. This led us to examine the possibility that

the preinitiation complexes formed in the absence of
active Rrn3 would demonstrate a different dose—
response profile than those that formed in the absence
of active Rrn3. The results of such an experiment are
shown in Figure 5A. Lanes 2—5 demonstrate the hep-
arin sensitivity of complexes formed in the presence
of active Rrn3 while lanes 6—9 demonstrate the sensi-
tivity of complexes formed in the absence of active
Rrn3. Comparison of the data in Figure 5A, lanes
2-5, with that of lanes 6-9 indicates that the preiniti-
ation complexes formed in the absence of active Rrn3
are more sensitive to heparin that the preinitiation
complexes formed in the presence of active Rrn3. Al-
though the extracts from CHX-treated cells formed a
complex that could be observed after 20 min in the
presence of 8 pg/ml heparin (Fig. 5A, lane 8), this
complex was more susceptible to disruption by hepa-
rin than were the complexes formed by control ex-
tracts (compare Fig. 5A, lane 4 with lane 8). When
CHX extracts were supplemented with active Rrn3,
their response to heparin more closely resembled that
of the control extract (compare the signals shown in
Fig. 5B, lanes 3 and 7, with those presented in Fig.
5A, lanes 4 and 5). (The second round of PCR used
in the analysis of the coimmunoprecipitated DNA for
the experiments presented in Fig. SA and B was re-
duced from 20 cycles to 15 to increase the sensitivity
of the assay.) Quantitative real-time PCR (RT-PCR)
analysis was carried out in order to quantitate the dif-
ferences seen in heparin sensitivity of the complexes
formed by the control and CHX extracts. Fluorescence
curves from both control and CHX-treated extracts
incubated with and without heparin are shown in Fig-
ure 5C. In these experiments, the LightCycler assay
used target-specific hybridization probes to allow flu-
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Figure 4. Transcription causes RNA Pol I to dissociate from the
template. (A) S100 extracts from N1S1C3 control cells were incu-
bated with 60 ng of wild-type template for 20 min at room temper-
ature. NTPs (lanes 2 and 4) or NTPs plus 8 pg/ml of heparin were
added (lane 6) and the reaction continued for 15 min at either 4°C
((lanes 2 and 3) or 30°C (lanes 1, 4, 5, and 6). Samples were pro-
cessed and DNA amplified as described in Materials and Methods
and the legend to Figure 2. (B) In vitro transcription of S100 ex-
tracts from control N1S1C3 cells in the absence (lane 1) or pres-
ence of heparin (lanes 2 and 3). Transcription conditions have been
previously reported and the products analyzed by urea/PAGE and
autoradiography (19). In reactions containing heparin, the NTP
mixture contained unlabeled ATP, GTP, and CTP with 1 uCi of
[PPJUTP. (C) S100 extracts from either control N1S1C3 cells
(lanes 1-3) or CHX-treated cells (lanes 4—6) were incubated with
wild-type template to allow formation of the initiation complex.
NTPs were added (lanes 2 and 5) or NTPs plus 8 pg/ml of heparin
(lanes 3 and 6) and the reaction incubated at 30°C for 15 min.
Samples were processed and the DNA amplified as described in
Materials and Methods and the legend to Figure 2.

orescence resonance energy transfer-based detection
of amplicons. Results, expressed as crossover points,
when the log-linear part of the amplification curve
crosses a fluorescence background threshold, indicate
the PCR cycle number at which the amplification en-
ters the log-linear phase (49,50). The crossover point
is proportional to the initial DNA concentration of
the sample and can be used as a measure of extraction
efficiency (39). In addition, a melting curve for the
PCR amplicon can be generated (40). Thus, the cross-
over value is proportional to the initial concentration
of DNA in the sample (39) (i.e., the higher the cross-
over value the less product). A graph of the fractional
change in the crossover values for control and CHX-
treated extracts incubated with and without heparin,
at a limited number of heparin concentrations, is pre-
sented in Figure 5D. A higher fractional change indi-
cates less product. It should be noted that the strength
of the PCR product from control extracts at 40 pg/ml
heparin (Fig. 5A, lane 3) was approximately equal to
that of CHX-treated extracts at 8 pg/ml heparin (Fig.
5A, lane 8.) This would suggest that the complex
formed in the absence of active Rrn3 was fivefold
more sensitive to the effects of heparin. Interestingly,
the graph of the fractional decrease in crossover value
obtained in the quantitative RT-PCR assay also dem-
onstrated a fivefold difference (Fig. 5D). That is, the
crossover value for the control extract at 8 pg/ml
heparin was the same as for the CHX extract at 1.6
png/ml heparin. A graph of the fractional change in
crossover value when active Rrn3 was added to the
CHX-treated extract is shown in Figure 5E. Once
again, the same fivefold change in heparin sensitivity
was reproduced (compare the fractional change in
crossover value at 0.8 pg/ml heparin in extracts with-
out active Rrn3 to that of 4 ug/ml heparin when these
extracts are supplemented with active Rrn3). Thus,
the RT-PCR experiments confirm the results ob-
served with the ethidium bromide-stained gels. If Rrn3
was added after the complex was formed, we saw no
change in the heparin sensitivity of the complex (data
not shown).

The Preinitiation Complex Formed by Extracts
From Control Cells Is Sensitive to Low
Concentrations of Sarkosyl

Several laboratories have used sarkosyl to distin-
guish between the various stages/complexes associ-
ated with transcription initiation (10,21). It has been
noted that the formation of preinitiation complexes
by RNA Pol I is inhibited by a lower concentration
of sarkosyl than that which will inhibit elongation
(13). For example, Kato et al. reported that preinitia-
tion complex formation was sensitive to 0.015-0.02%
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Figure 5. Preinitiation complexes formed in the presence or absence of Rrn3 differ in their sensitivity to heparin. (A) S100 extracts from
either control (lanes 1-5) or CHX-treated (lanes 6—9) N1S1C3 cells were incubated with 60 ng of wild-type template for 15 min at room
temperature. Heparin was added at the concentration indicated in the total volume of 20 pl and the incubation continued for an additional
15 min at 30°C. Samples were processed and DNA amplified as described in Materials and Methods and the legend to Figure 2. (B) S100
extracts from CHX-treated N1S1C3 cells, some of which had been preincubated with 300 ng Rrn3 for 20 min (lanes 5-8), were incubated
with wild-type template (lanes 1-8) for 20 min at room temperature. Heparin or buffer was then added to the final concentrations indicated
in a final volume of 20 ul and the incubation continued for 15 min at 30°C. Samples were processed and DNA amplified as described in
Materials and Methods and the legend to Figure 2. (C) RT-PCR fluorescence curves for S100 extracts from control or CHX-treated N1S1C3
cells incubated in the presence or absence of varying amounts of heparin. The experiment was carried out as indicated in (A). Conditions
for RT-PCR are as stated in Materials and Methods. The figure shows a representative experiment. Crossover values for a typical experiment
were control, 27.68; control plus 1.6 ng/ml heparin, 29.14; CHX plus 1.6 ug/ml heparin, 30.46; control plus 8 ul/ml heparin, 30.75. (D)
Graphic representation of fractional change in crossover value of S100 extracts from control and CHX-treated N1S1C3 cells incubated with
or without heparin as indicated. The fractional change in crossover values was calculated relative to control S100 value. Values represent
the average of three independent experiments = SD. (E) S100 extracts from CHX-treated N1S1C3 were incubated with heparin or heparin
and Rrn3 as described in (B). The fractional change in crossover values was calculated relative to the value with no heparin. Values represent
the average of four independent experiments * SD.
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Figure 5. Continued.

sarkosyl (21). As predicted by their observations, we
found that if sarkosyl (0.025%) is added to an S100
from control extracts before the addition of template,
no initiation complex is formed (Fig. 6, lane 1). How-
ever, when we carried out the same experiment using
extracts from CHX-treated cells, we found that the
extract (or at least the RNA Pol I in that extract)
formed a sarkosyl-resistant complex with the DNA
(Fig. 6, lanes 3 and 5). Interestingly, the sarkosyl-
resistant extracts from CHX-treated cells became sen-

sitive to sarkosyl if active Rrn3 was added to the ex-
tracts (lanes 4, 5, and 6). The results presented in
Figure 6 (lanes 5 and 6) indicate that this conversion
occurred in a dose-dependent manner.

Further Evidence That Different RNA—Polymerase 1
Complexes Form in the Presence and Absence
of Active Rrn3

The above experiments demonstrated that although
RNA Pol I could be recruited to the DNA in the ab-
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Figure 6. Preinitiation complexes, formed in the presence or ab-
sence of Rrn3, differ in their sensitivity to sarkosyl. Reactions con-
taining S100 extracts from control (lanes 1 and 2) or CHX-treated
cells (lanes 3—6) were supplemented with sarkosyl (as indicated)
to a final concentration of 0.025%. As indicated, the S100 extracts
from CHX-treated N1S1C3 cells were preincubated with either
150 ng (lane 5) or 300 ng of Rrn3 (lane 6) at room temperature
for 20 min. Sixty nanograms of wild-type template was then added
to the reaction and the incubation continued for an additional 20
min at room temperature. Samples were processed and DNA am-
plified as described in Materials and Methods and the legend to
Figure 2.

sence of active Rrn3, the Pol [-DNA complex that
formed was different than that formed in the presence
of active Rrn3. We, and others, have reported that
Rrn3 can interact with RNA Pol I and SL1 indepen-
dently (8,30). This raised the interesting possibility
that Rrn3 might be recruited to the template, via its
interaction with SL1, independent of its association
with RNA Pol 1. To address this question, extracts
from CHX- treated cells were incubated with puri-
fied, recombinant FLAG-Rrn3 and/or template in dif-
ferent temporal sequences as illustrated in the sche-
matic in Figure 7A. The resulting complexes were
then immunoprecipitated with anti-FLAG antibodies
and analyzed for the presence of RNA Pol I by West-
ern blots for rpa43 (Fig. 7B), a subunit of RNA Pol
I, and a separate PCR assay for the presence of tem-
plate (Fig. 7C; in these experiments Rrn3 is FLAG-
tagged, not RNA Pol I). The immunoprecipitates
were also probed with anti-FLAG antibody to control
for the efficiency of Rrn3 immunoprecipitation (data
not shown.). As Rrn3 can assemble with RNA Pol I,
one would expect that formation of a polymerase—
Rrn3 complex would be independent of the presence
of template. This is, in fact, demonstrated by the sig-
nal in lane 2 (Fig. 7B). In agreement with the above-
described transcription and PCR analyses, we also
found evidence for a Pol I-Rrn3 complex when DNA
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was added to the incubation (Fig 7B, lane 3). Interest-
ingly, the amount of immunoprecipitable Pol I-Rrn3
complex was significantly reduced when the poly-
merase was first incubated with template (Fig. 7B,
lane 5). This suggests that polymerase that has been
recruited to the template in the absence of Rrn3 can
no longer interact with Rrn3. If RNA Pol I is omitted
from the reaction, no polymerase is found in the im-
munoprecipitate (lane 6).

We next analyzed these complexes for the pres-
ence of DNA (Fig. 7C). As expected, template was
found in the immunoprecipitates formed when the ex-
tracts from the CHX-treated cells were supplemented
with Rrn3 prior to the addition of DNA (Fig. 7C, lane
3). Surprisingly, we did find DNA in the immunopre-
cipitate formed when Rrn3 was added to the commit-
ted template (Fig. 7C, lane 5). Our experiments would
indicate that this does not reflect the formation of a
competent preinitiation complex (Fig. 1) or the for-
mation of a complex between Rrn3 and RNA Pol I
as there is only a trace amount of polymerase in this
immunoprecipitate (Fig. 7B, lane 5). As Rrn3 can in-
teract with SL1 (8,30,42) in the absence of template,
we believe that the DNA that is being immunoprecip-
itated is the result of the recruitment of Rrn3 to SL.1
bound to the template in the absence of Pol 1. As our
previous assays indicate that Pol I has in fact been
“recruited” to the template, the relative paucity of RNA
Pol T (rpa43) in the immunoprecipitate indicates that
Rrn3 is in fact being excluded from those nonfunc-
tional complexes that formed in its absence. Whether
this does in fact represent an interaction between
Rrn3 and SL1 will require additional experiments.
When Rrn3 is incubated with the DNA, an insignifi-
cant amount of DNA is coimmunoprecipitated in com-
parison with the amount that coimmunoprecipitates
with Rrn3 in a functional complex (Fig. 7C, compare
lanes 2 and 6).

DISCUSSION

The synthesis of a transcript represents the end-
point of a process that includes the formation of the
competent initiation complex and elongation. While
previous experiments from several laboratories dem-
onstrated that Rrn3 was required for transcription,
there was no consensus as to the step in transcription
that was dependent upon Rrn3. As Rrn3 has been
shown to interact with components of mammalian SL1
or yeast core factor, as well as RNA Pol I, it has been
presumed that it would at least function in recruit-
ment. However, at least two manuscripts have re-
ported that Rrn3 may not be required for recruitment
(1,42). Thus, it was, and is, necessary to derive assays
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Figure 7. Rrn3 does not bind to RNA Pol I that has been recruited in the absence of active Rrn3. (A) Schematic of the reactions shown in
(B) and (C). Each preincubation was done for 20 min at RT followed by immunoprecipitation with anti-FLAG agarose beads. (B) S100
(120 pl) from CHX-treated NISI cells was incubated with either 1.5 pg FLAG-tagged Rrn3 (lanes 2 and 3) or 500 ng of DNA (lanes 4 and
5) for 20 min at RT (preincubation 1). DNA (lane 3) or FLAG-tagged Rrn3 (lane 5) was then added to the reactions, and the incubation
continued for another 20 min (preincubation 2). Twenty-five microliters of packed anti-FLAG agarose beads was added and the incubation
continued for 1 h at 4°C. The beads were eluted with 50 pl of FLAG peptide (500 pg/ml) and the entire eluate fractionated by SDS-PAGE,
transferred to PVDP, and probed with an antibody to rpa43. (C) S100 (5 ul) from CHX-treated NISI cells was incubated with either 0.3 ug
FLAG-tagged Rrn3 (lanes 2 and 3) or 50 ng of template DNA (lanes 4 and 5) as indicated (preincubation 1). After a second incubation
supplemented with either DNA (lane 3) or Rrn3 (lane 5) as indicated in the schematic, 10 pul of packed anti-FLAG agarose beads was added,
and the incubation continued for 1 h at 4°C. Following that incubation, the DNA was isolated and amplified as described in Materials and

Methods and the legend to Figure 2.

that demonstrate a functional role for Rrn3 in the var-
ious steps of transcription. The immobilized template
assays presented in this report indicate that the forma-
tion of a competent preinitiation complex requires the
presence of active Rrn3. However, by itself transcrip-
tion does not demonstrate whether a factor is required
for one or more steps in initiation and/or elongation
or whether it has even been assembled into a com-
plex. Although others (1) have combined the immo-
bilized template assay with Western blots to demon-
strate the recruitment of specific factors, we were unable
to demonstrate specific binding/recruitment using this
assay.

Hence, the modified ChIP assay described in this
article was derived in order to determine if the re-
cruitment of RNA Pol I required active Rrn3. Our
results clearly indicate that Pol I can be recruited to
the template in the absence of active Rrn3. However,

using this assay, we were able to demonstrate that the
preinitiation complex that forms in the presence of
active Rrn3 will proceed to elongation, while that
which forms in its absence will not. Further, our data
demonstrate distinct differences between the com-
plexes that form in the presence of active Rrn3 and
those that form in its absence. For example, the bind-
ing of Pol I recruited in the absence of active Rrn3 is
fivefold more sensitive to heparin than the complex
formed in the presence of active Rrn3. Moreover, the
transcription assays and the complex assays demon-
strate that the “preinitiation” complex that forms in
the absence of active Rrn3 cannot be converted to an
active complex by the addition of Rrn3.

The DNA binding assay described in this report
is very similar to the standard ChiP assay with the
exceptions that 1) we do not cross-link the protein to
DNA and 2) a PCR fragment of DNA is the target
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of the DNA binding protein rather than chromatin.
Although we have increased its sensitivity by the in-
clusion of two rounds of PCR amplification, our con-
trols indicate that the assay is specific. Moreover, the
results of the assays using ethidium bromide-stained
gels agree with the results obtained with quantitative
RT/PCR. However, it should be pointed out that the
assay performed employing whole cell extracts (S100
preparations) is not capable of demonstrating a direct
interaction with the DNA. This can only be accom-
plished by using purified proteins.

We have previously reported that Rrn3 is a phos-
phoprotein and that treatment of cells with CHX
causes a rapid dephosphorylation of Rrn3 as well as
its dissociation from Pol I (8). The data presented in
Figure 3 indicate that although extracts from CHX-
treated cells do not have functional Rrn3, the Pol I in
these extracts is capable of binding, or being recruited,
to the rDNA promoter. However, this binding is un-
productive; we can neither observe transcription nor
do we observe nucleotide-dependent release of the
polymerase from the template. Thus, our results agree
with the observations reported by Aprikian et al. (1)
and Schnapp et al. (42). They both concluded that
Rrn3 is not required for the recruitment of Pol I to
the rDNA promoter. However, the data from the im-
mobilized template assays and the DNA immuno-
precipitation assays indicate that only preinitiation
complexes formed in the presence of active Rrn3 will
support transcription. This conclusion agrees with
that reached by Aprikian et al. (1) in their study on
the formation of the preinitiation complex by the S.
cerevisiae TDNA transcription apparatus, and dis-
agrees with that reported by Schnapp et al. (42).
Thus, despite differences in yeast and mammals in
the regulation of Rrn3 activity and/or the mechanisms
that regulate the association of Rrn3 with RNA Pol
I, there is a consensus as to the requirement for Rrn3
for the formation of a functional preinitiation com-
plex.

We have attempted to demonstrate biochemical
differences between the complexes formed by RNA
Pol I bound to the rDNA promoter in the presence
and absence of functional Rrn3 with two known in-
hibitors of initiation complex formation, namely hep-
arin and sarkosyl. The inclusion of heparin in the
assay allowed us to demonstrate that RNA Pol I dis-
sociated from the template under conditions that al-
lowed transcription. The observation that Pol I that
has been “recruited” in the absence of active Rrn3
does not become displaced from the template follow-
ing the addition of NTP and heparin again illustrates
that even though the polymerase binds to the DNA it
cannot carry out transcription.

Additional differences in the protein—DNA com-
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plexes formed by RNA Pol I in the presence or ab-
sence of active Rrn3 are evidenced by the differences
in their sensitivity to heparin (Fig. 5A). The effect of
heparin upon transcription is demonstrated by the very
low level of transcription (single round) supported by
control extracts at this concentration (8 pug/ml) (Fig.
4B, lane 3). This is consistent with the finding that at
a high concentration of heparin (40 pg/ml) most of
the Pol I that has been recruited is displaced from
the preinitiation complex as indicated by the lack of
coimmunoprecipitated DNA (Fig. 5A, lane 3). On the
other hand, the polymerase recruited in the absence
of active Rrn3 is fivefold more sensitive to the effect
of heparin. When the concentration of heparin is re-
duced to 8 pg/ml, the preinitiation complex formed
in the presence of active Rrn3 is relatively stable.
However, the “preinitiation” complex, formed by RNA
Pol I in the absence of active Rrn3, is still sensitive.
The addition of Rrn3 reverses this affect (Fig. 5B,
lane 7). It is interesting to note that the reconstitution
appears to result in the formation of a DNA—protein
complex that once again is five times more stable
than that formed by extracts that do not contain active
Rrn3. Although there are significant differences in
the results overall, they are quite consistent. It should
be kept in mind that these experiment only examined
the effect of a single concentration (300 ng) of Rrn3
and a relatively short preincubation. It is possible that
higher concentrations or a longer preincubation will
result in a stronger reconstitution. It should also be
pointed out that we have used different preparations
of recombinant Rrn3 throughout these experiments
without having an assay to compare their relative ac-
tivities.

It is interesting to note that sarkosyl has opposite
effects on the stability/formation of the two DNA—
protein complexes than that observed with heparin
(i.e., the complex that forms in the presence of func-
tional Rrn3 is more sensitive to sarkosyl than the
complex formed in its absence). At a single concen-
tration of detergent (0.025%) the control extracts do
not form any detectable complexes, while the CHX-
treated extracts support the formation of a sarkosyl-
resistant complex. Interestingly, the preincubation of
extracts from CHX-treated cells with Rrn3 reduced
the resistance of the recruited polymerase to sarkosyl.
The results, presented in Figure 6 (lanes 5 and 6),
indicate that this conversion occurred in a dose-depen-
dent manner. It should be pointed out that attempts
to show a dose-dependent effect of sarkosyl on the
formation/resistance of the preinitiation complex did
not demonstrate a clear pattern, and that it was only
at 0.025% sarkosyl that we observed a reproducible
difference between the complexes that formed in the
presence or absence of functional Rrn3. In addition,
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as stated in the legend to Figure 6, this difference
was only seen if Rrn3 was incubated with the S100
at room temperature before the addition of template.
Clearly the ability of heparin and sarkosyl to inhibit
rDNA initiation occurs by different mechanisms.

The data presented in this article indicate that the
DNA-protein (RNA Pol I) interactions supported by
extracts from control and CHX-treated cells are very
different. Rrn3 does not appear to be required for the
recruitment of RNA Pol I to the rDNA promoter.
However, its presence is required prior to recruitment
of RNA Pol I to the committed template for transcrip-
tion to proceed, and our data clearly demonstrate dif-
ferences in the preinitiation complexes that form in
its absence or presence. Thus, Rrn3 is essential for at
least one step prior to transcription initiation, recruit-
ment.

Transcription initiation includes at least four events:
1) the binding of polymerase/holoenzyme to a pro-
moter; 2) the isomerization of the resulting complex
accompanied by strand opening (open complex); 3)
the iterative synthesis and release of abortive tran-
scripts; and 4) the achievement of continuous elonga-
tion accompanied by the escape of the enzyme from
the promoter. This mechanism for initiation can be
considered to be a sequential pathway. However, evi-
dence from studies on transcription initiation at the
several bacterial promoters [e.g., the LacUV5, APRAL,
and T7A1 promoters (24,25,32)] supports the possi-
bility that there may in fact be a branched pathway
that includes the option for the formation of a “mori-
bund” complex at the same level as the formation of
the productive open complex. In this model, the mori-
bund complex, which is defined as the ability to syn-
thesize only abortive transcripts (24), does not pro-
ceed through abortive synthesis to elongation, but
results in the formation of a terminal complex, with a
greater half-life than that of the abortive and escaping
complexes. In this context it is worthwhile to note
that deletion or modification of the CTD of the large
subunit of eukaryotic RNA Pol II may result in an
analogous inhibition of transcription in vivo. For ex-
ample, Lux et al. (28) have shown that recognition of
the c-myc promoter by Pol II with a CTD truncated

to five repeats is not affected in the context of chro-
matin, while subsequent steps like stable PIC forma-
tion and isomerization to an elongation competent
complex are severely impaired.

An argument by analogy would be that that in the
absence of active Rrn3, RNA Pol I may be recruited
to the template resulting in a complex that continues
abortive transcription but cannot make the transition
to an elongating complex. It is also interesting to note
that the transition from initiating to elongating Pol II
is both associated with and dependent upon changes
in the phosphorylation state of the CTD (35,43). This
may also be analogous (albeit inversely) to the situa-
tion with regard to the phosphorylation state of Rrn3.
We have shown that dephosphorylated Rrn3 cannot
interact with RNA Pol I, and that treatment with cyclo-
heximide inactivates Rrn3 by causing its dephosphor-
ylation (8). Further, we have demonstrated that Rrn3
is inactivated upon transcription (18). Based on this
series of observations we have proposed a model for
the cyclical association of Rrn3 with RNA Pol I that
is dependent upon the phosphorylation state of Rrn3;
Rrn3 must be phosphorylated to interact with RNA
Pol T and function in recruitment/initiation and Rrn3
is inactivated by dephosphorylation upon transcrip-
tion (8,18).

The present results demonstrate that in the absence
of active Rrn3, RNA Pol I can still make sufficient
contacts with the committed template to be recruited.
However, the conformation of the Pol I-template
complex is constrained in a way that prevents pro-
moter escape/elongation. Whether this demonstrates
a requirement for Rrn3 in recruitment would appear
to be a semantic argument at this stage. Clearly, poly-
merase that has been “recruited” in the absence of
active Rrn3 cannot transcribe. Subsequent experi-
ments will have to determine if Rrn3 functions in
both recruitment and a subsequent step in initiation.
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