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defect in SRB4 might be alleviated by defects in general
negative regulators and that knowledge of such regulators
could contribute to our understanding of the mechanisms
involved in gene regulation in vivo. Here we show that a
deficiency in yeast NC2 can compensate for the global transcriptional defects caused by mutations in the SRB4 and SRB6
subunits of the RNA polymerase II holoenzyme and that NC2
is a global negative regulator of class II transcription in vivo.

ABSTRACT
Activation of eukaryotic class II gene expression involves the formation of a transcription initiation complex that includes RNA polymerase II, general transcription
factors, and SRB components of the holoenzyme. Negative
regulators of transcription have been described, but it is not
clear whether any are general repressors of class II genes in
vivo. We reasoned that defects in truly global negative regulators should compensate for deficiencies in SRB4 because
SRB4 plays a positive role in holoenzyme function. Genetic
experiments reveal that this is indeed the case: a defect in the
yeast homologue of the human negative regulator NC2
(Dr1zDRAP1) suppresses a mutation in SRB4. Global defects
in mRNA synthesis caused by the defective yeast holoenzyme
are alleviated by the NC2 suppressing mutation in vivo,
indicating that yeast NC2 is a global negative regulator of class
II transcription. These results imply that relief from repression at class II promoters is a general feature of gene
activation in vivo.

MATERIALS AND METHODS
Genetic Manipulations. Yeast strains and plasmids are listed
in Tables 1 and 2, respectively. Details of strain and plasmid
constructions are available upon request. Yeast media and
manipulation were as described (9). Extragenic suppressors of
the temperature-sensitive phenotype of Z628 capable of
growth at the restrictive temperature of 368C were isolated.
Dominant and recessive suppressors were identified by mating
to Z811 and assaying growth at 368C on yeast extractypeptoney
dextrose (YPD). Complementation groups were established as
described (9).
To determine whether the NCB1 gene is essential for cell
viability, the entire coding region was deleted on one of the two
chromosomes of a diploid cell, using a single step disruption
method (33) and the plasmid RY7136, which carries the
deletion allele ncb1D1. Southern analysis was used to confirm
that a single copy of the NCB1 gene had been deleted. These
heterozygous diploid cells were sporulated, and tetrad analysis
was performed on YPD plates and scored for growth at a
variety of temperatures. Spores with the ncb1D1 allele did not
produce colonies, indicating that NCB1 is essential for cell
viability.
DNA Methods. DNA manipulations were performed as
described (34). PCR amplifications to produce RY7133,
RY7134, RY7136, RY7137, and RY7138 were performed
with Vent DNA polymerase (New England Biolabs) as described by the manufacturer. The glutathione S-transferase
(GST) fusions were constructed as described (13), and the
ncb1D1 allele was constructed as described (35).
Cloning and Sequence Analysis. The genomic clone of
NCB1 was isolated by complementation of Z804 with a
wild-type genomic library (35). The wild-type gene was further
localized by subcloning fragments of the genomic insert and
repeating the screen. The clone with the smallest insert,
RY7135, was sequenced. The genomic clone of NCB1 was used
to confirm the identity of each member of the complementation group and to identify additional members. RY7138 was
created from RY7135 in vivo by transforming Z804 with

Activation of class II gene transcription in eukaryotes involves
the recruitment of a transcription initiation complex that
includes the RNA polymerase II holoenzyme (1–6). The yeast
RNA polymerase II holoenzyme is a large multisubunit complex containing RNA polymerase II, a subset of the general
transcription factors, and SRB regulatory proteins (7–11).
Mammalian RNA polymerase II holoenzymes have also been
purified, and an SRB7 homologue has been identified as a
component of those complexes (12–14).
For some class II genes, regulation appears to involve both
positive and negative transcriptional regulators. The negative
regulators that have been described include proteins purified
for their ability to inhibit transcription in vitro (15–21) and
genes identified because their products repress transcription
from a subset of class II genes in vivo (21–29). For example, the
human proteins NC1 (15, 16), NC2 or Dr1zDRAP1 (16, 17, 20),
and DNA topoisomerase I (18, 19) repress basal transcription
in vitro. The products of the yeast genes MOT1 (21–24),
NOT1-4 (25–27), and SIN4 (28–29) negatively regulate at least
a subset of yeast genes in vivo. Whether any of these negative
regulators are generally employed for class II gene regulation
in vivo is not yet clear.
The RNA polymerase II C-terminal domain and the associated SRB complex have been implicated in the response to
transcriptional activators (7–9, 30, 31). Two holoenzyme components, SRB4 and SRB6, have been shown to play essential
and positive roles in transcription at the majority of class II
genes in Saccharomyces cerevisiae (32). We reasoned that a
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Yeast strains

Strain

Genotype

Z579
Z628
Z804
Z805
Z806
Z807
Z811

MATa ura3-52 his3D200 leu2-3,112 srb4D2::HIS3 [pCT127 (SRB4 LEU2 CEN)]
MATa ura3-52 his3D200 leu2-3,112 srb4D2::HIS3 [pCT181 (srb4-138 LEU2 CEN)]
MATa ura3-52 his3D200 leu2-3,112 srb4D2::HIS3 ncb1-1 [pCT181 (srb4-138 LEU2 CEN)]
MATa ura3-52 his3D200 leu2-3,112 srb4D2::HIS3 ncb1-1 [pCT15 (SRB4 URA3 CEN)]
MATa ura3-52 his3D200 leu2-3,112 ncb1D1::HIS3 [RY7135 (NCB1 URA3 CEN)]
MATa ura3-52 his3D200 leu2-3,112 ncb1D1::HIS3 [RY7137 (NCB1 59 FLAG tag LEU2 CEN)]
MATa ura3-52 his3D200 leu2-3,112 srb4D2::HIS3 [pCT181 (srb4-138 URA3 CEN)]

linearized RY7135 lacking NCB1 coding DNA and then
isolating the plasmid from a transformant that had repaired
the plasmid with the mutant ncb1-1 sequence from the chromosome (33). NCB1 and ncb1-1 were completely sequenced on
each strand using DNA from RY7135 and RY7138, respectively. Double-stranded sequencing with dideoxynucleotides
and Sequenase (United States Biochemical) was carried out as
described by the manufacturer using T3 and T7 promoter
primers and internal oligonucleotide primers. Sequence comparison analysis was performed at the National Center for
Biotechnology Information using the BLAST network service
(36). The ncb1-1 mutant allele contained a single base pair
deletion at nucleotide 340, causing a frameshift and a translational stop at nucleotides 347–349 (see Fig. 1b). Unlike the
RY7135 plasmid, RY7138 did not prevent growth at 368C
when transformed into Z804, indicating that the correct gene
was cloned.
Antibodies. Recombinant yNC2a and yNC2b proteins were
purified for generating polyclonal antibodies in rabbits. Recombinant proteins were derived from Escherichia coli containing pGEX-4T-3 (Pharmacia) constructs RY7133 and
RY7134 as described (37). The antibodies were used to detect
yNC2a and yNC2b in Western blots at a dilution of 1:250 or
1:500.
Purification of Yeast NC2. TATA box-binding protein
(TBP) affinity chromatography was performed as described
(38) starting with 1.2 kg of cell pellet. Approximately 60% of
the total cellular amount of each NC2 subunit was eluted in 1
M KOAc. One-half of the 1 M KOAc eluate (80 ml; 3.3 mg)
was dialyzed against buffer T plus 0.003% Nonidet P-40. The
dialyzed sample was applied at 1 mlymin to a 1-ml HiTrap SP
cartridge (Pharmacia), which was washed with 10 ml of buffer
A (20 mM K-Hepes, pH 7.6y1 mM EDTAy10% glycerol and
protease inhibitors) plus 100 mM KOAc. Bound proteins were
eluted with a 10-ml gradient of buffer A from 100 to 1,000 mM
KOAc at 0.25 mlymin. Peak NC2 fractions were pooled, frozen
in liquid nitrogen, and stored at 2708C until use. One-half of
the peak NC2 fractions (1 ml, 80 mg) was diluted with 2.7 ml
of buffer B (20 mM TriszOAc, pH 7.8y1 mM EDTAy10%
glycerol) and applied to a DEAE 5PW 5y5 column (TosoHaas,
Montgomeryville, PA) at 0.5 mlymin. The column was washed
with 5 ml of buffer B plus 100 mM KOAc, and bound proteins
were eluted with a 12-ml gradient of buffer B from 100 to 1,000
mM KOAc. The peak of NC2 contained 50 mg of total protein.
SDSyPAGE and silver staining were performed as described
(8).
Construction of FLAG-Tagged NC2a Yeast Strain. Plasmid
RY7137 was constructed by amplifying the NCB1 gene (inTable 2.

Plasmids

Plasmid

Description

RY7133
RY7134
RY7135
RY7136
RY7137
RY7138

NCB1 in pGEX-4T-3 (Pharmacia)
NCB2 (amino acids 13–146) in pGEX-4T-3
NCB1 (1.3 kb) URA3 CEN
ncb1D1::HIS3 in pBluescript II SK(1)
NCB1 59 FLAG tag (IBI) in pUN105
ncb1-1 (1.3 kb) URA3 CEN

cluding regulatory sequences) with two sets of overlapping
primers to add a FLAG epitope (IBI) to the N terminus of
yNC2a. The two PCR products were gel-purified and combined, and the entire FLAG-tagged NCB1 gene was amplified
with primers adding 59 HindIII and 39 BamHI cloning sites.
The final PCR product was cloned into plasmid pUN105 (39).
RY7137 was transformed into a Z806, a yeast strain containing
the ncb1D1 deletion, by plasmid-shuffle techniques (40) to
produce Z807. The FLAG-tagged NCB1 was fully functional
and able to complement the ncb1D1 deletion.
Purification of FLAG-Tagged Yeast NC2 and in Vitro Transcription Assays. Yeast strain Z807 was grown in YPD to late
log phase and harvested by centrifugation. The cell pellet (500
g) was resuspended in 500 ml of 150 mM KOAcy60 mM
K-Hepes, pH 7.6y3 mM EDTA and protease inhibitors. The
mixture was poured slowly into a bath of liquid nitrogen, the
excess liquid nitrogen was decanted, and the frozen cells were
blended for 4 min in a Waring blender. The blended cells were
stored at 2708C until use. The frozen mixture was thawed at
558C and centrifuged at 12,000 rpm for 30 min in a GSA
(Sorvall) rotor. One volume (600 ml) of buffer A plus 100 mM
KOAc and 300 g of damp-dry BioRex 70 (Bio-Rad) resin were
added to the supernatant. After stirring for 2 h, the BioRex 70
resin was washed with 1 liter of buffer A plus 0.1 M KOAc on
a Buchner funnel. The washed resin was packed into a 5 cm i.d.
column and washed with 0.5 liter of buffer A plus 0.1 M KOAc
at a flow rate of 10 mlymin. Bound proteins were eluted with
buffer A plus 1 M KOAc. Fractions containing protein (115 ml
at 4.1 mgyml) were pooled, frozen in liquid nitrogen, and
stored at 2708C until use. BioRex 70 (32 ml) eluate was thawed
and mixed with 160 ml of buffer B plus protease inhibitors. The
diluted eluate was centrifuged at 12,000 rpm for 30 min in a
GSA rotor. The supernatant was applied to a 2-ml FLAG
antibody M2 affinity column (IBI), the column was washed
with 100 ml of buffer B plus 150 mM KOAc and 10 ml of buffer
B plus 50 mM KOAc, and bound proteins were eluted with
buffer B plus 50 mM KOAc plus 50 mM FLAG peptide. The
eluate (8 ml) was filtered through a 0.2-mm filter and applied
to a Mono Q PC 1.6y5 column (Pharmacia) at a flow rate of
0.1 mlymin, the column was washed with 1 ml buffer B plus 50
mM KOAc plus 1 mM DTT, and bound proteins were eluted
with a 2-ml gradient of buffer B plus 1 mM DTT from 50 to
2,000 mM KOAc. SDSyPAGE, silver staining, and Western
blot analysis were as described in the Fig. 2 legend. In vitro
transcription reactions were performed with a yeast CYC1
promoter template as described (41) except that 39 O-MeGTP
was added to 40 mM, T1 RNase was omitted, and ethanol
precipitations were performed with 400 instead of 600 ml.
Poly(A)1 Blots and S1 Analyses. Aliquots of cells were
removed from culture at the times indicated, total RNA was
prepared, and poly(A)1 blots, quantitation, and S1 protection
analysis were carried out as described (32).

RESULTS
Yeast ncb1-1 Is an Extragenic Suppressor of the srb4-138
Mutation. Since SRB4 plays an essential and positive role in
class II transcription, we reasoned that a defect in SRB4 might
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be alleviated by defects in general negative regulators (Fig. 1a).
To identify mutations that compensate for a defect in SRB4,
78 spontaneous extragenic suppressors of the temperaturesensitive phenotype of the srb4-138 allele were isolated. Sixteen of the suppressors were dominant, and 62 were recessive.
Five complementation groups were established among the
recessive suppressors. One of the recessive suppressing genes
was cloned by complementation using a wild-type genomic
DNA library and was sequenced. The sequence is identical to
the ORF YER159c, which predicts a 142-aa protein with a
molecular weight of 15,500 (Fig. 1b). A search of the GenBank
database (June 7, 1996) revealed that the predicted protein
has 39% identity over 99 aa to the NC2a (DRAP1) subunit of
human NC2 (Dr1zDRAP1), which binds to TBP and represses
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transcription in vitro (16, 17, 20, 42–44, 47–50). The gene
encoding the putative yeast NC2a protein was named NCB1.
Deletion analysis revealed that NCB1 is essential for cell
viability (data not shown). The mutation present in the suppressing allele, ncb1-1, produces a 27-residue C-terminal truncation in the yeast NC2a protein (Fig. 1b). Since NCB1 is an
essential gene, the truncation mutation must cause a partial
functional defect in the NC2a protein.
Human NC2 consists of two subunits, NC2a and NC2b, both
of which are necessary for maximal TBP binding and repression of transcription in vitro (42, 43). To determine if there is
a yeast homologue of the NC2b subunit, the GenBank database was searched on June 7, 1996 with the human NC2b
amino acid sequence. An ORF, D9509.16, that predicts a

FIG. 1. Isolation of putative global negative regulators. (a) Genetic selection for suppressors of the temperature-sensitive (ts) SRB4 mutant RNA
polymerase II holoenzyme. (b) Sequence of NCB1 (ORF YER159c on chromosome V, GenBank accession no. U18917). The suppressing allele,
ncb1-1, was isolated by gap-repair techniques and sequenced. The suppressing mutation, a single base pair deletion at nucleotide 340, is noted in
boldface type. The deletion results in a frameshift causing a translational stop at nucleotides 347–349, also noted in boldface type. Underlined regions
indicate homology to a-helices in the histone H2A histone fold (42–44). (c) Sequence of NCB2 (ORF D9509.16 on chromosome IV, GenBank
accession no. U32274) with the first and last nucleotide of the intron sequence noted in boldface type. Underlined regions indicate homology to
a-helices in the histone H2B histone fold (42–46).
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146-aa protein with a molecular weight of 16,700 (Fig. 1c) was
identified. The predicted protein has 37% identity to human
NC2b. The gene, named NCB2, contains consensus sequence
predicting an intron. Both DNA and cDNA clones containing
the coding sequence for NCB2 were isolated and sequenced,
and the intron structure produces a somewhat different amino
acid sequence than that predicted by GenBank (Fig. 1c). The
human NC2 subunits each contain sequences predicting a
histone fold structure (42, 43, 51, 52); the yeast NC2 subunits
also exhibit this sequence relationship (Fig. 1 b and c; ref. 44).
Interestingly, the C-terminal truncation in the ncb1-1 suppressing allele removes part of the histone fold in the yeast NC2a
subunit (Fig. 1b). Deletions in the human NC2 histone folds
have been shown to decrease subunit association, TBP binding,
and transcriptional repression (42, 43).
Yeast NC2 Binds to TBP and Can Be Purified as a TwoSubunit Complex. If the two yeast gene products are genuine
homologues of human NC2, they would be expected to copurify as a complex and to bind to TBP. To determine whether
this is the case, a yeast whole-cell extract was subjected to GST
and GST–TBP affinity chromatography (Fig. 2a). Western blot
analyses of the column eluates confirmed that both yeast NC2a
and NC2b proteins were specifically retained on the GST–TBP
column. The eluate from the GST–TBP column was further
purified over two ion-exchange columns. Silver staining and
Western blot analyses showed that yeast NC2a and NC2b
coeluted over both columns and that the proteins appear to be
in equal stoichiometry (Fig. 2b and data not shown). Yeast
NC2a is not present in a purified RNA polymerase II holoenzyme preparation, so NC2 is unlikely to be a component of the

FIG. 2. Yeast NC2 binds to TBP and can be purified as a
two-subunit complex. (a) Western blot analyses of TBP column onput
and eluates with antibodies against yNC2a and yNC2b. Bound proteins were eluted with 2 M KCl. (b) Silver-stained SDSy
polyacrylamide gel and Western blot analyses of fractions from the
final step of the purification (DEAE 5PW).

Proc. Natl. Acad. Sci. USA 94 (1997)
holoenzyme (data not shown). These data confirm that the
yeast NC2a and NC2b proteins are stoichiometric subunits of
a complex that can bind specifically to TBP.
Highly Purified Yeast NC2 Inhibits Transcription by RNA
Polymerase II Holoenzyme in Vitro. The observation that a
defective form of yeast NC2 can compensate for a weakened
RNA polymerase II holoenzyme suggests that yeast NC2
normally functions to repress holoenzyme activity. We tested
the ability of purified yeast NC2 to repress transcription by
yeast RNA polymerase II holoenzyme in vitro. A preparation
of yeast NC2 from a strain containing an epitope-tagged NC2a
subunit (Fig. 3 a and b) gave us material of higher yield and
purity than from the TBP affinity column. In vitro transcription
reactions were performed with a yeast CYC1 promoter template, holoenzyme, and fractions from the final column of this
yeast NC2 purification (Fig. 3 c and d). Repression of transcription correlated with the peak of yeast NC2 protein. When
an equimolar amount of NC2 was added to RNA polymerase
II holoenzyme and TBP, 50% of the maximal inhibition was
observed (Fig. 3d). The repression of RNA polymerase II
holoenzyme transcription by yeast NC2 is consistent with the

FIG. 3. Highly purified yeast NC2 inhibits transcription by RNA
polymerase II holoenzyme in vitro. (a) Analysis of NC2 Mono Q
fractions by SDSyPAGE and silver staining. (b) Western blot analyses
of Mono Q fractions. (c) Influence of Mono Q fractions on in vitro
transcription by RNA polymerase II holoenzyme. (d) Inhibition of in
vitro transcription by RNA polymerase II holoenzyme with increasing
amounts of purified yeast NC2. Assuming a molecular weight of 64,000
for NC2, 0.5 pmol was required for 50% inhibition of an equimolar
amount of RNA polymerase II holoenzyme (estimated molecular
weight of 2 million) and TBP.
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ability of a partial loss-of-function NC2 mutation to suppress
a holoenzyme mutation.
NC2 Functions at the Majority of Class II Promoters in
Vivo. The observation that loss of NC2 function in yeast cells
can compensate for a defect in the SRB4 component of the
holoenzyme, together with previous evidence that SRB4 functions globally at class II promoters (32), suggests that NC2 may
repress transcription at class II promoters in general. To
determine whether yeast NC2 functions at the majority of class
II promoters in vivo, we investigated whether the shutdown of
mRNA synthesis observed in cells with the SRB4 temperaturesensitive mutant allele srb4-138 is reversed by the loss of NC2
function (Fig. 4). Upon shifting cells to the restrictive temperature, the growth rate of the srb4-138 strain was severely
reduced, whereas the srb4-138 ncb1-1 suppressor strain was
only modestly affected (Fig. 4a). The levels of poly(A)1 mRNA
in these cells were measured immediately before and at several
times after the shift to the restrictive temperature (Fig. 4b).
There was a significant decrease in the mRNA population in
the srb4-138 strain, as observed previously (32). In contrast,
there was only a modest decrease in mRNA levels in the
srb4-138 ncb1-1 strain after the temperature shift. Thus, the
ncb1-1 mutation suppresses the general defect in transcription
of class II messages caused by the srb4-138 mutation. Furthermore, the ncb1-1 mutant in an otherwise wild-type background
showed 27% higher levels of poly(A)1 mRNA compared with
the wild-type strain under normal conditions (Fig. 4c). This
result is consistent with the partial loss-of-function of a class
II global negative regulator. S1 analysis of individual class II
transcripts confirmed that the decline in specific mRNAs in the
srb4-138 strain is reversed in the srb4-138 ncb1-1 strain (Fig.
4d). These results, together with previous evidence that NC2
functions as a repressor of multiple promoters tested in vitro,
argue that NC2 is a general negative regulator of class II gene
transcription.

DISCUSSION
Our results indicate that NC2 is an essential and conserved
negative regulator of class II gene transcription. These results
extend the known negative regulatory effects of NC2 on core
RNA polymerase II in vitro (16, 17, 20, 42–44, 47–50) and
confirm that this regulator can inhibit transcription by RNA
polymerase II in vivo.
Since SRB4 has an essential and positive role in transcription at the majority of class II genes in yeast (32), we reasoned
that suppressors of a temperature-sensitive SRB4 mutant
should include negative regulators. In principle, such regulators could repress most class II genes or they could repress
SRB4 specifically. Several lines of evidence argue that NC2
acts globally as a repressor of most, if not all, class II genes.
NC2 can repress transcription in vitro from a wide variety of
mammalian, viral, and yeast promoters (16, 20, 42–44, 50). The
NC2 suppressor mutation that compensates for reduced class
II gene transcription in vivo due to loss of SRB4 also compensates for the global defect due to loss of SRB6 (data not
shown). Loss of function of NC2 in otherwise wild-type cells
results in increased levels of poly(A)1 mRNA. These data do
not prove that NC2 regulates all class II genes, but they are
most consistent with a global role for this repressor.
Mechanism of Yeast NC2 Repression. Much is already
known about the biochemistry of NC2 repression; NC2 binds
to TBP on promoter DNA and subsequently inhibits the
binding of TFIIA and TFIIB in vitro (16, 17, 42, 43, 50). NC2
binds to the same basic region of TBP as TFIIA (50), suggesting that NC2 physically blocks TFIIA from binding to TBP.
The other proteins known to have global negative regulatory
properties are the histones (53, 54), which share notable
structural features with NC2yDr1zDRAP1. The presence of
the histone fold motif in NC2 raises the intriguing possibility

FIG. 4. Loss of yeast NC2 function compensates for the global defect
in class II gene expression caused by the SRB4 mutant holoenzyme. (a)
ncb1-1 mutation suppresses the growth defect of the srb4-138 mutant
strain at the restrictive temperature. Growth of wild-type (Z579), srb4-138
(Z628), srb4-138 ncb1-1 (Z804), and ncb1-1 (Z805) strains in YPD
medium at 308C and after shifting to the restrictive temperature of 35.58C.
(b) The global decline in mRNA levels at the restrictive temperature in
srb4-138 mutant strain is alleviated by the ncb1-1 mutation. (c) Global
levels of mRNA are increased in the ncb1-1 strain relative to the wild-type
strain. (d) The decrease in synthesis of individual class II messages at the
restrictive temperature in the srb4-138 mutant strain is reversed by the
ncb1-1 mutation.

of interactions with other histone fold-containing proteins.
Histones H2A, H2B, H3, and H4 all contain histone folds (51),
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as do the yeast HAP3 and HAP5 activator proteins (CBF
proteins in mammals; ref. 52) and several TAFIIs (45, 46).
These TAFIIs and histones are able to interact with each other
in vitro through their histone fold regions (45). Thus, NC2
might introduce a nucleosome-like structure at the promoter,
either by itself or with other histone fold-containing proteins.
Transcription Activation and Relief from Repression. The
SRB components of the RNA polymerase II holoenzyme
contribute to the response to transcriptional activators (7–9).
We have shown that a partial loss in NC2 function compensates
for deficiencies in SRB4 and SRB6 functions. These results
indicate that relief from NC2 inhibition is a required step
during transcription initiation at most class II promoters in
vivo. Evidence consistent with this view has recently emerged
from a study of SUC2 gene regulation. Prelich and Winston
(55) isolated yeast mutations that suppress a deletion of the
upstream activating sequence in the SUC2 promoter. The
mutant genes that compensated for the absence of SUC2
activator function included several histones, certain SPT genes,
and other unidentified genes called BUR genes (Bypass UAS
Requirement). The bur6 mutant allele was recently found to be
a partial loss-of-function mutation in NCB1 (56). The observation that BUR6 is identical to NCB1 indicates that a loss in
NC2 function can compensate for the loss of an activator.
These data support the model that activators function to
recruit the transcription apparatus, which must overcome
negative regulation by NC2 to initiate transcription.
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