Transcription of Class III Genes:
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Our present understanding of the
mechanisms and regulation of transcrip-
tion of eukaryotic genes is limited, but
the development of cell-free systems that
accurately transcribe exogenous (puri-
fied) genes has begun to provide signifi-
cant information about both the DNA
sequences and the cellular (protein) fac-
tors involved in these processes. Al-
though these studies [reviewed in (/)]
have included analysis of genes tran-
scribed by RNA polymerases I (encod-

uous stretches of DNA, termed A and B
blocks, which are also present in the VA
gene promoter (7, 8). The 55§ RNA gene
also appears to contain two separable
elements, one homologous to the A
block of tRNA genes and the other spe-
cific to 5§ genes (6). The promoter ele-
ments for the Xenopus tRNAYe' and
human adenovirus VA I genes (repre-
sentative of genes containing A and B
blocks) and the Xenopus 55 RNA gene
are depicted in Fig. 1.

Summary. Class Il genes require multiple cellular factors for transcription by RNA
polymerase Ill; these genes form stable transcription complexes, which in the case of
Xenopus 5S genes are correlated with differential expression in vivo. The minimal
number and identity of the factors required to form both stable and metastable
complexes on three class Il genes (encoding, respectively, 5S RNA, transfer RNA,
and adenovirus VA RNA species) were determined. Stable complex formation
requires one common factor, whose recognition site was analyzed, and either no
additional factors (the VA gene), a second common factor (the transfer RNA gene), or
a third gene-specific factor (the 55 gene). The mechanism of stable complex
formation and its relevance to transcriptional regulation were examined in light of the
various factors and the promoter sequences recognized by these factors.

ing the large ribosomal RNA’s), II (en-
coding messenger RNA’s), and III (en-
coding small structural RNA’s), this arti-
cle is restricted to our analysis of well-
characterized class III genes (those
transcribed by RNA polymerase III) en-
coding transfer RNA (tRNA), 55 RNA,
and adenovirus VA RNA (2).

Analysis of promoter sequences by
mutagenesis of cloned genes showed that
a 34-nucleotide stretch within the 58
gene is necessary and sufficient for initia-
tion of transcription (3, 4), and that sev-
eral tRNA genes and the adenovirus
VA I gene contain internal promoter ele-
ments in addition to upstream modula-
tory sequences [reviewed in (5, 6)]. More
detailed studies revealed that the tRNA
promoter region contains two noncontig-
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The factors that are required, along
with RNA polymerase III, for transcrip-
tion of purified class III genes have been
analyzed by chromatographic fraction-
ation of crude cellular extracts. Our ear-
lier work (9-11) established, for both
amphibian and human cells, that two
factors (designated IIIB and IIIC) are
necessary for transcription of the tRNA
and VA RNA genes, whereas 55 genes
require these same factors plus a third
gene-specific factor (IITA). Despite ex-
tensive purification (/2), it has not yet
been possible to distinguish individual
IIIB and IIIC factors specific for one
subgroup of class III genes. Presumably,
one or more of these factors or RNA
polymerase III (or a combination) inter-
acts with the conserved sequence blocks
in the tRNA and VA RNA gene promot-
ers and with the common element pres-
ent in the 55 gene. In the case of factor
IIIA, a single protein of 38,000 daltons
has been purified to homogeneity (from

Xenopus oocytes) and shown to interact,
in the absence of other factors, with the
internal control region of both amphibian
(10) and mammalian (/3) 5§ RNA genes,
thus indicating its key role as an initia-
tion factor. This factor also interacts
stoichiometrically with 5§ RNA in oo-
cytes, apparently to stabilize the stored
58 RNA (/4, 15); this interaction, plus
the demonstrated potential of 55 RNA to
inhibit factor IIIA function in vitro (/5),
suggests that, in the cell, 55 gene tran-
scription in the presence of limiting
amounts of this factor may be subject to
autoregulation, may be restricted to pre-
viously activated genes, or both.

Before initiation of transcription, sta-
ble complexes form between purified
genes and transcription factors in crude
extracts, as demonstrated by Bogenha-
gen et al. (16) for 58 genes. Such com-
plexes persist for many rounds of tran-
scription, even in the presence of other
competing templates. Evidence that
such complexes exist in vivo was provid-
ed by Parker and Roeder (/7), who
showed that chromatin isolated from im-
mature oocytes contains (in a stable as-
sociation) all the factors necessary to
promote accurate transcription of endog-
enous oocyte-type 55 genes by a purified
RNA polymerase III. Bogenhagen et al.
(16) subsequently demonstrated that so-
matic cell chromatin retains, in the pres-
ence of exogenous factors and polymer-
ase, the 55 gene specificity (repression
of oocyte genes and expression of somat-
ic genes) imposed in vivo. The establish-
ment of stable complexes within an oth-
erwise repressive chromatin structure
may thus represent a key step in gene
activation and may provide a means for
the maintenance and propagation of a
specific set of activated genes, even in
the absence of other factors that may
have been essential for their formation
(within chromatin).

The formation of stable transcription
complexes is a general feature of class
IIT genes, and possibly of class I and
class II genes as well (I8, 19). Because of
the general significance of such complex-
es, for understanding both mechanistic
and regulatory aspects of transcription,
we examined the requirements for their
formation on 5§ RNA, tRNA, and VA
RNA genes in purified DNA templates.
By using separated transcription factors
from human cells, we determined the
minimal number and identity of the com-
ponents necessary for formation of sta-
ble complexes. We also demonstrated
less stable interactions as well as a pro-
moter site interaction for a factor re-
quired by all class III genes.

SCIENCE, VOL. 222



Complexes on the 5S RNA Gene

Factors A and C are both necessary
and sufficient for a stable complex. The
RNA polymerase III factors from human
and amphibian (Xenopus) cells are chro-
matographically similar (9, 1/) and medi-
ate, in homologous and heterologous
combinations, accurate transcription of
both amphibian and mammalian class III
genes (/3). Given this evolutionary con-
servation of structural and functional
features of these factors, we used the
more readily separated human factors to
investigate the interactions of these fac-
tors with DNA (20). Our analysis of
DN A-transcription factor complexes is
based on the assay described by Bogen-
hagen et al. (16). This assay monitors the
ability of one gene, when incubated with
limiting amounts of an extract, to ex-
clude transcription of a second (function-
ally equivalent) gene added subsequently
(with remaining substrates). This assay
is equivalent to the two-step protocol
diagramed in Fig. 2, with all factors
added in the first step. The preferential
transcription of the first gene during the
secondary incubation indicates the sta-
ble interaction of a limiting component
or components in the first incubation.

Our initial experiments demonstrated
that prior incubation of a Xenopus 5S
gene with unfractionated human cell ex-
tracts (two-step protocol of Fig. 2) re-
sults in the formation of complexes that
preclude transcription of a second 5§
gene (data not shown), in agreement with
the data on oocyte extracts (/6). That
this result can be reproduced in a system
reconstituted with separated transcrip-
tion factors (A, B, C, and RNA polymer-
ase III) is shown in Fig. 3. As indicated,
prior incubation of all factors with a 5§
maxigene [an insertion mutant that re-
tains a fully functional promoter (27)]
results in preferential transcription of
this gene during subsequent incubation
with the wild-type 5§ gene (lane 2 in Fig.
3); the presence of both templates during
the first incubation results in equivalent
levels of transcription from each (lane 1
in Fig. 3). Other control experiments
indicate that prior incubation of the fac-
tors with pBR322 (containing no 5§ se-
quences) does not exclude transcription
of 55 genes added subsequently (lane 2
in Fig. 4, a and b). For convenience we
refer to the partially purified fractions as
factors; although further purification has
failed to reveal additional multiplicity
(12) this possibility cannot yet be exclud-
ed.

To determine which of the individual
factors are necessary to form a stable
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Fig. 1. Summary of transcrip-
tion factor requirements, pro-
moter regions and homologous
sequences in the Xenopus bo-
realis somatic 5§ gene, the
Xenopus laevis tRNAM® gene
and the adenovirus VA I gene.
Promoter regions are repre-
¢ sented by rectangles, the A
sequence block by a striped
rectangle and the B sequence
block by a black rectangle.

Stable
complex

A C

B C

Numbers indicate nucleotides downstream from the 5’ end of the mature transcript. The dashed
line above the 5§ gene indicates the region protected from deoxyribonuclease I digestion by
Xenopus laevis factor II1A. Brackets in the VA I gene designate the extent of the promoter as
defined by deletion analysis. References to the promoter regions are: 55 (3, 4, 10); tRNAMet

34); VAT S, 35).
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complex on the Xenopus 55 RNA gene,
we first incubated subsets of the chro-
matographically separated factors (leg-
end to Fig. 3) with the 55 maxigene and
added the remaining factors and nucleo-
side triphosphates with the secondary
wild-type 55 gene (two-step incubation-
competition in Fig. 2; but see below). As
shown in Fig. 3, prior incubation of the
primary template (maxigene) with indi-
vidual factors (plus RNA polymerase I1I)
(lanes 3 to 5) or with pairwise combina-
tions A and B (lane 6) or B and C (lane 8)
led to equivalent levels of transcription
of the primary and secondary genes: this
was the same as was observed when
both templates were present during the
first incubation with all factors (lane 1).
However, prior incubation of the pri-
mary template with factors A and C,
either with (lane 7) or without (lane 9)
RNA polymerase III diminished tran-
scription of the secondary gene to the
same extent as observed when all three
factors were present in the first incuba-
tion (lane 2). Thus, factors A and C, but
not RNA polymerase III or factor B, are
necessary for stable complex formation.
To rule out the unlikely possibility that a
trace amount of B activity contaminating
factors A and C might have participated
in stable complex formation, we subject-
ed these factors to further purification
(legend to Fig. 3). These. preparations,
devoid of any detectable factor B activi-
ty, are sufficient, when incubated with a
5§ gene, to reduce transcription of the
secondary gene (lane 11).
The above experiments do not distin-

Transcription

guish between the possibility that both
factors A and C remain bound to the first
template and the possibility that one
factor catalyzes complex formation be-
tween the other factor and DNA, but
does not itself remain on the complex. If
both factors remain bound to the first
gene, then addition of the rate-limiting
factor with the second gene should be
necessary and sufficient to increase tran-
scription of the second gene. To test this,
we formed stable complexes on the wild-
type 5§ gene with factors A, B, and C
present at varying ratios and then tested
the effects of further additions of the
factors on transcription of the second
gene. As shown in Fig. 4a, the addition
of factor A with the second gene in-
creased second gene transcription (lane 5
versus lane 4), whereas addition of either
factor B or factor C was without effect
(lanes 6 and 7). In an analogous experi-
ment, the ratio of factor A to factor C
was made 50 times greater (Fig. 4b); in
this case the subsequent addition of fac-
tor C enhanced second gene transcrip-
tion (lane 7 versus lane 4), whereas fac-
tors A or B alone had no effect (lanes 5
and 6). The observation that factors A
and C can independently be made rate-
limiting for second gene transcription
suggests that each is bound in the com-
plex on the first gene and that neither
functions catalytically in promoting sta-
ble complex formation by the other.
However, since the transcription reac-
tions with these separated factors yield
only about one transcript per gene, we
can conclude that they are bound in a
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ment is dependent on the rate of complex
conversion by the stabilizing factor being
greater than the rate of dissociation of
the initial complex.

As shown in Fig. 5a, incubation of
factor A with the first gene (wild type)
followed by addition of the second gene
(maxigene) with an excess of factor C
resulted in preferential transcription of
the first gene (lane 3). The reduction in
the transcription of the second gene was
nearly as complete as when both factors
A and C were present in the first incuba-
tion with the primary gene (lane 2). This
apparent interaction of factor A and the
5S gene was not observed in the experi-
ment described above (data of Fig. 3)
because (i) the ratio of factor C to factor
A was eight times lower and (ii) the
secondary gene and the transcription
components were added to the reactions
sequentially; this allowed a small but
apparently sufficient amount of time for
the complex to dissociate in the absence

stable preinitiation complex but not that
they remain stably associated through
many rounds of transcription.

Factor A forms a metastable complex.
Although factors A and C bind to the 5§
gene in a stable fashion (resistant to
dissociation in the presence of a compet-
ing gene) only when both factors are
present, the possibility exists that one or
both may interact independently with the
5§ gene to form a metastable complex.
Such a metastable complex might be
demonstrated if conditions could be
found to rapidly convert it into a stable
complex in the presence of a second
gene. Therefore, we used a two-step
protocol (Fig. 2) in which a previously
incubated mixture (30°C) of the first gene
and a limiting amount of the first factor
(A or C) was added to an equilibrated
mixture (30°C) containing an excess of
the second stabilizing factor (C or A),
factor B, RNA polymerase III, and the
second gene. The success of this experi-

Fig. 3. Analysis of the human A A A A A A A A
transcription factors that are B B B B 8 L
necessary when incubated c c c c Cc C C°C
with a 55 RNA gene to ex- W00 e e e e e m I
clude transcription from a sec- PR Sty TR B pond R e 10 11

ond 5§ gene. The autoradio-
graph shows the gel analysis of
transcription reactions carried
out in vitro with separated
transcription factors. Initial in-
cubation reactions contained —
the factors indicated above
each lane and either 0.25 pg of
the maxigene (p115/77) alone
(lanes 2 to 9 and lane 11); or
0.25 pg each of the 55 maxi-
gene and the wild-type 55 gene
(pXBS1) (lanes 1 and 10). Af-
ter the initial incubation, the
reactions were cooled (4°C)
and mixed sequentially with
0.25 pg of wild-type 55 RNA gene (lanes 2 to 9 and lane 11 only), any transcription factors
(including RNA polymerase III) not present in the initial incubation, and nucleoside triphos-
phates. In this and subsequent experiments the first incubation was for 10 minutes at 30°C and
transcription following nucleoside triphosphate addition was for 60 minutes at 30°C. The final
reaction volume was 50 pl and contained 20 mM Hepes (pH 7.9), 70 mM KCl, 7 mM MgCl,, 12
percent glycerol, 5 mM dithiothreitol, 600 wM each of adenosine, uridine, and cytidine
triphosphates, and 25 M [a-32P]guanosine triphosphate (54 Ci/mmole). The initial incubation
conditions were essentially those of the final incubation except for the absence of all nucleoside
triphosphates. As precautionary measures the secondary incubation reactions also contained
0.02 ug of purified poly(adenosine diphosphate-ribose) polymerase to decrease random
initiation by RNA polymerase III at nicks (36) and 10 units of placental ribonuclease inhibitor
(Bolton Biologicals). After transcription was terminated the RNA’s were purified (//) and
fractionated by electrophoresis in 10 percent polyacrylamide gels containing 7M urea. The
transcription factors A, B, and C were separated by chromatography of a HeLa cell extract on
phosphocellulose (9). The 0.1M KCI phosphocellulose fraction was further purified on DEAE-
cellulose (DES2) (9); a 0.25M KCl step was used as the standard factor A preparation. The
0.35M KCl phosphocellulose fraction was used as the standard factor B preparation. The 0.6M
KCl phosphocellulose fraction was further purified by chromatography on DEAE-cellulose (9)
and Bio-Gel Al.5M; the excluded fraction from the latter served as the standard factor C
preparation. RNA polymerase III was isolated from HeLa cells (9). Unless otherwise noted, the
experiments described in this and other figures contained 25 pg of factor A, 15 pg of factor B, 1
ng of factor C, and 50 to 100 units of RNA polymerase III (37). Factor B contained a substantial
amount of RNA polymerase III activity, but factors A and C contained only trace amounts.
Factor A contained a residual amount of factor B activity (about 2 percent of that in factor B).
Otherwise the factors were not detectably cross contaminated. For the experiments in lanes 10
and 11, contaminating B activity was removed from factor A by further purification on DEAE-
Sephadex (A25) and phosphocellulose (P11); the factor C used in these lanes was also further
purified on DEAE-Sephadex (A25) and carboxy-methylcellulose (C25).
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of factor C (thus establishing the equiva-
lent of a three-step incubation-competi-
tion protocol as in the following experi-
ment).

To further establish the metastable na-
ture of the complex described immedi-
ately above, we used a three-step incu-
bation-competition protocol (refer to
Fig. 2) in which the secondary transcrip-
tion factors were added 10 minutes after
the addition of the secondary (maxigene)
template, thereby allowing an extended
period at 30°C for dissociation. As
shown in Fig. 5a, under these conditions
the presence of factor A alone in the
initial incubation was insufficient to ex-
clude transcription of the second gene;
this resulted in equal transcription of the
two genes (lane 6), as was observed
when both templates were present in the
first incubation (lane 4). Thus, the com-
plex of the primary gene and factor A,
which is trapped by simultaneous expo-
sure to an excess of factor C and a
second template, is not stable when incu-
bated with a second template in the
absence of factor C.

To detect interactions of factor C with
the 5§ gene in the absence of factor A
(Fig. 5b), we used a rate-limiting amount
of factor C (in the first incubation) and an
excess of factor A (added later) in two-
step (lanes 1 to 3) and three-step (lanes 4
to 6) incubation-competition experi-
ments. In this case, prior incubation of
the primary (wild-type) gene with factor
C did not exclude transcription of the
second template (maxigene) when the
remaining factors (including A) were
added together with (lane 3), or 10 min-
utes after (lane 6), the secondary gene.
Thus, under conditions of rate-limiting
C, we were unable to detect any metasta-
ble interaction of factor C and the 5§
gene. Under conditions of limiting factor
A (lane § in Fig. 5a) or factor C (lane S in
Fig. Sb), the rigorous three-step protocol
again demonstrates that both factors A
and C are needed for stable complex
formation.

" Factor C is also necessary for tRNA
and VA RNA transcription. When a mix-
ture of 5§ and tRNA genes or a mixture
of 5§ and VA RNA genes was incubated
in an unfractionated extract (data not
shown) or in a system reconstituted with
separated factors, the tRNA gene (lane 3
in Fig. 6a) or the VA RNA gene (lane 3 in
Fig. 6b) was transcribed to the exclusion
of the 55 gene. These results indicate the
presence of a common factor for which
the tRNA or the VA RNA gene com-
petes more effectively. To determine
whether this component is one of those
involved in stable complex formation on
the 55 gene, we incubated the wild-type
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58 gene first with a mixture of all the
factors and then with the tRNA or the
VA RNA gene. In this case, the 55 gene
was transcribed to the near exclusion of
the tRNA gene (lane 4 in Fig. 6a) or the
VA gene (lane 4 in Fig. 6b). Control
experiments indicated that prior incuba-
tion with pBR322 did not significantly
depress transcription of the secondary
tRNA or VA I gene templates (compare
lanes 1 and 2 in Fig. 6, a and b), thereby
demonstrating the specificity of the com-
petition for 55 genes and the stability of
the factors during the first incubation.
Thus, at least one factor that is stably
bound in the 5S gene complex is also
required for transcription of tRNA and
VA I RNA genes.

To identify this common factor, we
determined which isolated factor would
relieve inhibition of tRNA or VA RNA
gene transcription when added (with the
tRNA or VA gene) in the competition
assay. Data in Fig. 6 indicate that the
inclusion of additional factor C restored
tRNA or VA RNA synthesis (lanes 6 in
Fig. 6, a and b), whereas additional fac-
tor B had no effect (lanes 5 in Fig. 6, a
and b). Thus, a component of factor C
involved in stable complex formation on
5S genes is also necessary for tRNA and
VA gene transcription.

Complexes on the tRNA and
VA RNA Genes

Factors B and C are required for a
stable tRNA gene complex. As dis-
cussed above, the tRNA and VA RNA
genes compete for a transcription factor
required for 5§ gene transcription. To
establish whether the tRNA gene forms a
stable complex with one or more factors,
we used the three-step protocol with
separated factors and the VA gene as the
competing template. As shown in Fig.
7b, the presence of both factors B and C
in the initial incubation with the tRNA
gene was sufficient to preclude transcrip-
tion of the second template (lane 2).
Prior incubation of the first gene with
either factor alone (lanes 3 and 4 in Fig.
7b) resulted in a transcription pattern
indistinguishable from that observed
when both genes were initially incubated
together with the required factors (lane
.

To determine whether one of the fac-
tors interacts independently in a less
stable fashion with the tRNA gene, we
used the two-step incubation-competi-
tion assay (Fig. 2) and conditions analo-
gous to those used to demonstrate a
metastable interaction of the 55 gene and
factor A (see above). As shown in Fig.
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Fig. 4. Identification
of components that
are sequestered by
the 55 gene and ren-
dered rate-limiting for
transcription of a sec-
ond 55 gene. An auto-
radiography of tran-
scription products
separated by poly-
acrylamide gel elec-
trophoresis is shown.
In both (a) and (b) a
mixture of factors A,
B, and C was first in-
cubated with 0.03 pg
each of the following

templates: pBR322
and 55 maxigene (lane 1); pBR322 (lane 2); wild-type 55 gene and 55 maxigene (lane 3); and
wild-type 55 gene (lanes 4 to 8). After the initial incubation, nucleoside triphosphates and the
additional transcription factors indicated above each lane were added with the following

templates: none (lane 1); 55 maxigene (lane 2); none (lane 3); and 55 maxigene (lanes 4 to 8). In
(a) the factor A, B, and C portions contained 3, 15, and 1 pg of protein, respectively. In (b), the
factor A, B, and C portions contained 12.5, 15, and 0.08 ug of protein, respectively.
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Fig. 5. Identification
A of the component that
forms a metastable
complex with the 55

cC C N

5 g gene. An autoradio-
graph of transcription
products separated by
polyacrylamide  gel
electrophoresis is

shown. In lanes 1 and
4 of both (a) and (b),
0.03 pg each of the
wild-type 55 gene and
. ... the 55 maxigene were
first incubated with
the factors indicated
above each lane. In

lanes 2, 3, 5, and 6, 0.03 pg of the wild-type 5S gene was first incubated with the factors
indicated above each lane. The incubated reactions in lanes 1 to 3 were subsequently added (at
30°C) to equilibrated mixtures (at 30°C) containing nucleoside triphosphates, those transcription
factors not present in the initial incubation, and either no additional DNA (lane 1) or 0.03 pg of
58 maxigene (lanes 2 and 3). The previously incubated reactions in lanes 4 to 6 were mixed (at
30°C) with either no additional DNA (lane 4) or 0.03 pg of 55 maxigene (lanes 5 and 6); after an
additional 10 minutes of incubation at 30°C those transcription factors not present in the initial
incubation were added along with the nucleoside triphosphates. In (a) the levels and proportions
of factors A, B, and C were the same as in Fig. 4a whereas in (b) they were the same as in Fig.

4b.
a b
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. 2.8 8 KLR 7 oo SRR
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Fig. 6. Identification of a com-
ponent that is sequestered in
the 55 gene stable complex
and necessary for tRNA and
VA1 transcription. An auto-
radiograph of transcription
products separated by gel
electrophoresis is shown. In
(a), a mixture of factors A, B,
and C was first incubated with
0.12 pg each of the following
templates: pBR322 and tRNA-
Met  (pXlItmetl) (lane 1);
pBR322 (lane 2); wild-type 5§
gene and tRNAY® gene (lane
3); wild-type 5S gene (lanes 4
to 7). After the initial incuba-
tion, nucleoside triphosphates
and the additional transcrip-
tion factors indicated above

each lane were added along with the following templates: none (lane 1); tRNAM®! gene (lane 2);
none (lane 3); and tRNA}< gene (lanes 4 to 7). In (b) the additions were exactly the same except
that the VA I gene (pVA) was used in place of the tRNA gene. In both (a) and (b), the amounts

of factors A, B, and C used were as indicated in Fig. 4b.

743



7a, prior incubation of the tRNA gene
with factor B alone resulted—after the
simultaneous addition of the remaining
components and the VA RNA gene—in
transcription of both genes (lane 3); the
relative amounts were equivalent to
those observed when both genes were
present during the initial incubation (lane
). In contrast, prior incubation with
factor C alone resulted in a substantially
reduced level of VA I gene transcription
(lane 4), although the reduction was
somewhat less than that observed when
both factors B and C were present in the
initial incubation (lane 2).

The above results indicate that factors
B and C are both necessary to form a
stable transcription complex on the
tRNAM® gene in such a way that tran-
scription of a competing VA I gene is
inhibited. Although factor C can interact
with the tRNA gene, it cannot by itself
form a stable complex with the gene.
Because RNA polymerase III was pres-
ent in the factor B and factor C prepara-
tions used here, we cannot exclude the
possibility that the polymerase partici-
pated in the formation of a stable com-
plex. However, partially purified RNA
polymerase III cannot substitute for ei-
ther factor B or factor C preparations in
supporting the formation of a stable com-
plex (data not shown). Therefore, at
least two components, distinct from
RNA polymerase III, are necessary to
form a stable complex on the tRNAMe
gene.

Factor C alone forms a stable complex
on the VA I gene. To ascertain whether
the VA I gene forms a stable complex
with transcription factors, we used the
three-step competition protocol. This
protocol can specifically detect a stable
complex and unmask a transient interac-
tion. We used the wild-type VA I gene as
the primary template and either the
tRNAM! gene (which uses the same fac-
tors) or a homologous VA I minigene
(pVA dl 1) as the secondary competing
gene. The VA I minigene contains a
small deletion but retains a functional
promoter (8). Prior incubation of the
primary (VA I) gene with factors B and
C eliminated transcription of the second-
ary tRNA gene or VA minigene (lane 2 in
Fig. 8, a and b), whereas the presence of
both the primary and the competing tem-
plate in the initial incubation resulted in
equal levels of transcription (lane 1 in
Fig. 8, a and b). Significantly, however,
prior incubation of the primary VA I
gene with factor C alone (lane 4 in Fig. 8,
a and b), but not with factor B alone
(lane 3 in Fig. 8, a and b), significantly
depressed transcription of the second
template.
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These experiments indicate that the
wild-type VA I gene binds to factor C
in such a way that transcription of a sec-
ond template is greatly reduced. From
an analysis of possible cross contamina-
tion of factors B and C (Fig. 8¢), it is evi-
dent (lane 2) that factor C contains no
detectable B activity, which might other-
wise contribute to stable complex forma-
tion. Thus the VA I gene, unlike the
Xenopus tRNAY® gene, is able to stably
associate with and sequester factor C in
the absence of any B activity. However,
prior incubation of the VA I gene with
factor C alone did not suppress second
gene transcription to quite the same ex-
tent as prior incubation with both factors
B and C (compare lanes 2 and 4 in Fig. 8,

a b
B B B B B B
C56 G o c
- R S B
VA | =»
€ - “- wme
tRNA --‘.
e T T

Fig. 7. Analysis of the transcription factors
that are necessary, when incubated with the
tRNA gene, to exclude transcription of a
second template. An autoradiograph of tran-
scription products separated by electrophore-
sis is shown. In both (a) and (b), the factors
indicated above each lane were first incubated
with the following templates: 0.5 pg of the
tRNAM® gene and 0.25 pg of the VA I gene
(lane 1); 0.5 pg of the tRNAY< gene (lanes 2
to 4). In (a) the previously incubated reactions
were subsequently added (at 30°C) to equili-
brated mixtures (at 30°C) containing nucleo-
side triphosphates, that transcription factor
not present in the initial incubations, and
either no additional DNA (lane 1) or 0.25 ug
of the VA I gene (lanes 2 to 4). In (b) the
previously incubated reactions were mixed (at
30°C) with either no additional DNA (lane 1)
or 0.25 pg of the VA I gene (lanes 2 to 4); after
an additional 10 minutes of incubation at
30°C, that transcription factor not present in
the initial incubation was added along with the
nucleoside triphosphates.

a and b). Thus, although factor C alone
binds tightly to the VA I gene, the pres-
ence of factor B apparently increases the
stability of the factor C~-VA I gene com-
plex.

Factor B association with stable com-
plexes during transcription. Factor B is
not needed to form a stable complex on
the 55 gene. However, this factor stabi-
lizes the metastable association between
factor C and the tRNA gene and in-
creases the relative stability of the factor
C-VA I gene complex. Therefore, we
were prompted to examine whether fac-
tor B can stably associate with a stable
complex and remain bound to the tem-
plate during a transcription reaction. In
the first experiment the VA I gene was
incubated with factor C plus decreasing
amounts of factor B, and the tRNA}et
gene was separately incubated only with
factor C. After 10 minutes, the two reac-
tions were combined, mixed with RNA
polymerase III and substrates, and incu-
bated for an additional hour. If factor B
remained bound to the factor C-VA I
gene complex under conditions of rate-
limiting factor B, no tRNA transcription
would be expected. In the experiment
shown in lanes 2 to 6 of Fig. 9a, total
transcription was proportional to the
amount of added factor B, an indication
that factor B was present in rate-limiting
amounts. Under these conditions, tran-
scription of the tRNA gene (incubated
only with factor C) is always observed.
Therefore, within the limits of our assay,
factor B does not appear to remain stably
bound to the factor C-VA I gene com-
plex during the 1-hour transcription reac-
tion.

In a similar experiment, the tRNA
gene was incubated with factor C and
decreasing amounts of factor B, and the
VA I gene was incubated with factor C
alone. The reactions were then mixed
and incubated with RNA polymerase III
and nucleoside triphosphates. From the
experiment shown in lanes 2 to 6 of Fig.
9b, it is evident that transcription of both
genes occurs at all factor B concentra-
tions. Thus, factor B does not appear to
remain stably bound to the factor C-
tRNA gene complex under transcription
conditions. In similar experiments with
5§ genes, we were not able, in the pres-
ence of a rate-limiting amount of factor
B, to find evidence for a stable interac-
tion between factor B and the complex
formed by the 55 gene and factors A and
C under transcription conditions (data
not shown).

Although both genes in Fig. 9 were
transcribed at all concentrations of factor
B, the template initially incubated with
both factors B and C was in all cases
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preferentially transcribed in the subse-
quent incubation. Therefore, it is possi-
ble that (i) factor B did bind stably to the
first template but cycled onto the other
template during the transcription reac-
tion, or (ii) the assay conditions did not
allow complete binding of factor B dur-
ing the initial incubation.

Site of Interaction of a Common

Transcription Factor

Factor C interaction with the posterior
half of the tRNA gene. Both the A and B
sequence blocks are necessary compo-
nents of the tRNA gene promoter. Prior
incubation of the intact tRNA gene with
factors B and C completely eliminated
subsequent VA 1 gene transcription
(lane 2 in Fig. 10a). Prior incubation of
the factors with a subclone of the anteri-
or region of the tRNA gene (containing
the A block) did not reduce VA I tran-
scription significantly more than prior
incubation with pBR322 (compare lanes
3 and 5). However, prior incubation with
a subclone of the posterior region (con-
taining the B block) reduced VA I tran-
scription to about one-fifth that observed
after prior incubation with pBR322 (com-
pare lanes 4 and 5). [The posterior region
subclone directed transcription of two
novel RNA species (lane 4), which are
more apparent in lane 8 of Fig. 10b.
These RNA’s have not been mapped in
detail, but both are derived specifically
from the posterior region subclone,
which is transcribed at about 2 percent
of the efficiency of the intact tRNA
gene.]

The posterior region of the tRNA gene
contains the B sequence block and pre-
sumably inhibits VA I transcription
through an interaction with one or more
transcription factors. To clarify whether
this region interacts with a common fac-
tor necessary for 5§ gene transcription, a
competition experiment was performed
with the 5§ gene. Prior incubation of the
intact tRNA gene with factors B and C
completely inhibited subsequent S5S
RNA synthesis (lane 2 in Fig. 10b). Prior
incubation of the posterior region of the
tRNA gene with these factors (lane 4)
depressed subsequent 55 RNA tran-
scription to one-fourth the level ob-
served after an initial incubation with
either the subclone of the anterior region
(lane 3) or pBR322 (lane 5). The depres-
sion of 5§ RNA synthesis was relieved
by additional factor C (lane 8), but not
additional factor B (lane 7). Thus, prior
incubation of the factors with the poste-
rior region of the tRNA gene depresses
5SS gene transcription because of the
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functional depletion of factor C. A sub-
clone containing the A sequence block of
the tRNA gene does not functionally
sequester this factor more than does
pBR322.

Factor C interactions near the B block
of the VA RNA gene. A likely factor C
recognition site in the posterior half of
the tRNA gene is the B sequence block.
Because of the relatively greater stability
of the complex of factor C and the VA 1
gene, we examined whether factor C
directly interacts with the B block ho-
mology in this gene. We took advantage
of the presence of a single Bam HI
recognition site located one nucleotide
downstream from the B sequence block
in the VA I gene (see Fig. 11), reasoning
that a stable factor C interaction with the
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B sequence block might protect the adja-
cent Bam HI site from cleavage. For
controls we monitored the protection of
the Sal I site at the border of the Ad2
insert in pVA and the Bam HI and Sal I
sites in pBR322 in the presence of factor
C.

In the experiment shown in Fig. 11,
pBR322 and pVA were mixed after they
had been cleaved and end-labeled at the
single Eco RI site present in each plas-
mid. These DNA’s were incubated first
with factor C for 10 minutes and then
with Bam HI for an additional 2.5, 5, 10,
and 20 minutes (lanes 1 to 4). Whereas
the pBR322 Bam HI site was completely
cleaved after 5 minutes in the presence
of factor C (lane 2), 90 percent of the
pVA Bam HI sites remained resistant to

C Fig. 8. Analysis of the
B B transcription factors
¢ G that are necessary
52 o8 when incubated with

the VA I gene to ex-
clude transcription of
a second template. In
(a) the factors indicat-
ed above each lane
were first incubated
with either 0.25 pg
each of the VA I and
the tRNAM<' genes
(lane 1) or 0.25 pg of
the VA1 gene alone
(lanes 2 to 4). The ini-
tially incubated reac-
tions were mixed (at
30°C) with either no
additional DNA (lane

- va

1) or with 0.25 p.g of the tRNAM®! gene (lanes 2 to 4); after an additional 10 minutes of incubation
at 30°C, that transcription factor not present in the initial incubation was added along with the
nucleoside triphosphates. In (b) the additions were identical except that 0.75 pg of the VA1
deletion mutant (pVA I dl 1) was added in place of the tRNA}** gene. In (c) the VA 1 gene (0.25
ug) was incubated under transcription conditions in the presence of 100 units of RNA
polymerase III and the factors indicated above each lane.

a
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b Fig. 9. Does factor B remain
sequestered in a stable com-
plex? An autoradiograph of
transcription products sepa-
rated by polyacrylamide gel
electrophoresis is shown. (a)
In one set of reactions 0.3 pg
of the VA I gene was incubat-
ed for 10 minutes with a con-
stant amount of factor C (0.4
ng) plus the following amounts
of factor B: 0.75 pg (lane 1),
1.5 pg (lane 2), 0.38 pg (lane
3), 0.19 pg (lane 4), 0.09 pg
(lane 5), or none (lane 6). In a
second set of reactions, 0.3 pg
of the tRNAY* gene was incu-
bated for 10 minutes with 0.4
ng of factor C plus either 0.75
wg of factor B (lane 1) or with

factor C alone (lanes 2 to 6). The corresponding reactions were then mixed together,
supplemented with RNA polymerase III and nucleoside triphosphates, and incubated for an
additional hour at 30°C. (b) The same experimental regime as described in (a) was used;
however, the tRNA gene was initially incubated with factor C plus decreasing amounts of factor
B, and the VA I gene was initially incubated with factors B and C (lane 1) or with factor C alone

(lanes 2 to 6).
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cleavage after 20 minutes of incubation
with the enzyme (lane 4). Similarly, the
labeled DNA’s were incubated with fac-
tor C, followed by digestion with Sal I
for 2.5, 5, 10, and 20 minutes (lanes 5 to
8). The Sal I site in both plasmids was
equally accessible to this restriction en-
zyme in the presence of factor C. Protec-
tion of the Bam HI site within the VA I
gene was not observed after incubation
of the DNA with bovine serum albumin
or with heat-treated factor C (80°C for 10
minutes; data not shown). Therefore, the
VA1 Bam HI site is specifically and
stably protected by a heat-labile compo-
nent present in factor C. Protection of
the Bam HI site by factor C could be due
either to a steric blockade of the site or
to an alteration of the sequence topology
(discussed below).

Conclusions and Implications

To further our understanding of basic
transcription mechanisms for eukaryotic
genes, and ultimately the regulation
thereof, we investigated the transcrip-
tion factor requirements for formation of
stable (preinitiation) complexes on spe-
cific genes. These complexes are a com-
mon feature of class III genes and are
inferred from the ability of a given gene,
after its incubation with limiting amounts
of factors, to preclude transcription of
competing templates added subsequent-
ly. As summarized in Fig. 1, the forma-

Fig. 10. Competition for tran- a
scription factors by the anteri- 1 2
or and posterior regions of the
tRNAM®! gene. An autoradio-
graph of transcription prod-
ucts separated by polyacryl-
amide gel electrophoresis is
shown. (a) Factors B and C
were first incubated for 10
minutes with 0.25 pg of the
following templates: the intact
tRNAM gene and the VA
gene (lane 1), the intact tRNA-
Met gene (lane 2), a subclone of
the anterior region of .the
tRNAM! gene (pA-tmet) (lane
3), a subclone of the posterior
region of the tRNAM' (pB-
tmet) (lane 4), or pBR322 (lane

“a

tion of such complexes requires factors
A and C for 55 genes, factors B and C for
a tRNA gene, and only factor C for the
adenovirus VA I RNA gene. These fac-
tors are presumably the key factors in-
volved in initial promoter recognition but
represent only a subset of those required
overall for transcription. It should be
emphasized that these experiments, be-
cause of the assay employed, do not
exclude the possibility that the other
factors might stably associate with these
complexes. It is, in fact, likely that such
complexes serve as recognition sites for
these other essential components (factor
B and RNA polymerase III), which
could cycle during the reaction (see be-
low). ,
Factor C is a pivotal component of
stable complexes. Factor C, which is
needed to form a stable complex on all
RNA polymerase III templates tested, is
itself bound in the stable complex on all
of these genes and does not act simply to
catalyze the formation of the complex.
Whereas the VA I and tRNAY¢ genes
directly interact with this factor, the 5§
gene appears to require an additional
component (factor A) to promote factor
C binding. A potential recognition site
for factor C on the 5S gene is discussed
in the following subsection. As shown
above, a subclone of the posterior region
of the tRNAM®' gene can specifically
sequester factor C and thereby suppress
either VA I or 5§ RNA synthesis from a
secondary template. Others have noted

2 3 4 5 1 R 30A8 6T B

ey
o~ &

- VA |

— - - 55

- tRNA
wild
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5). After the initial incubation, nucleoside triphosphates alone (lane 1) or nucleoside triphos-
phates and 0.25 ug of the VA I gene (lanes 2 to 5) were added. (b) factors B and C were first
incubated for 10 minutes with 0.025 pg of each of the following templates: the intact tRNAMe
gene and the wild-type 5S gene (lane 1), the intact tRNAM®' gene (lane 2), the anterior region
subclone (pA-tmet) (lane 3), the posterior region subclone (pB-tmet) (lanes 4, 6, 7, and 8), or
pBR322 (lane 5). After the initial incubation the reactions were supplemented with nucleoside
triphosphates, factor A, and the following components: none (lane 1), 55 gene (lanes 2 to 6), 55
gene plus factor B (lane 7), .or 5§ gene plus factor C (lane 8). The relative amounts of the
transcription factors used in (b) were the same as in Fig. 4b (that is, the competition was
performed under conditions of limiting factor C). The small arrows designate the position of
RNA'’s derived from the posterior region subclone (pB-tmet). The anterior and posterior region
subclones of the Xenopus laevis tRNAY" gene were constructed as described (22) except that
the anterior (upstream from residue 30) and the posterior (downstream from residue 31)
fragments were individually blunt-end ligated into the Hind III site of pBR322.
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that the 3’ half of the tRNAM®' gene,
containing the B block (Fig. 1) specifical-
ly depresses transcription of the intact
gene in an unfractionated oocyte extract
(22), and the formation of a stable com-
plex on a Drosophila tRNAA™ gene in
crude cellular extracts requires se-
quences in the B block (23). It therefore
seems probable that binding of factor C
to the posterior region of the tRNA}®
gene is directly or indirectly dependent
on interaction with the B sequence
block. In support of this hypothesis, we
demonstrated that factor C specifically
protects from endonucleolytic cleavage
the Bam HI site located just 3’ of the B
sequence block in the VA I gene. The
prolonged protection of this site (for at
least 20 minutes) in the presence of a
vast excess of the restriction enzyme
strongly indicates a stable interaction of
DNA and protein and is consistent with
the stable interaction of the VA I gene
with factor C observed in the incubation-
competition assay. Protection of this site
could be due either to a steric blockade
or to an alteration of the topology of the
DNA in this region. The B sequence
block in the VA I gene has the potential
to form a stem-loop structure (see below)
that would include two nucleotides of the
Bam HI recognition site and therefore
preclude cleavage. Using deoxyribonu-
clease I protection experiments, we re-
cently demonstrated that factor C inter-
acts over the entire B sequence block of
the VA I gene (12). Similarly, a yeast
homogenate contains a factor that inter-
acts with the B block of the VA I gene
and several tRNA genes (24).

An interaction of human factor C with
the tRNAM® gene in the absence of other
factors has not yet been demonstrated
directly (for example, by deoxyribonu-
clease I protection experiments). How-
ever, the presence of such an interaction
has been inferred from two-step incuba-
tion-competition experiments (Fig. 7) in
which the stabilizing B factor (added in
excess with the second template) is ap-
parently able to transform an otherwise
unstable complex into a stable complex
(prior to dissociation of the former). The
unstable interaction of factor C with the
tRNAMe gene is not simply a conse-
quence of the use of heterologous com-
ponents, since an unstable interaction of
the human tRNAM®t gene with factor C
(in the absence of factor B) has also been
observed (25).

Although factor C alone binds tightly
to the VA gene, the stability of the
factor C-VA I complex is apparently in-
creased in the presence of factor B.
Therefore, it seems likely that the VA I
and tRNAM® genes interact in a qualita-
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tively similar manner with the transcrip-
tion factors, but that they are distin-
guished by quantitative differences in
relative affinities for factor C. If tRNA
(or VA RNA) promoter function in-
volves the factor-dependent formation of
a stem-loop structure in the B block
region, as suggested by Hall et al. (5),
the more stable interaction of factor C
with the VA gene could be due to a
greater stability of the VA gene stem-
loop [a stem of six GC pairs (G, guanine;
C, cytosine) and a loop of six bases
versus the tRNA gene stem-loop [a stem
of three GC and two AT (A, adenine; T,
thymine) pairs and a loop of seven
bases]. Alternatively, the relative stabil-
ities of the factor C-DNA complexes
could result from sequence differences in
this region (7).

The 5S gene complex involves both
gene-specific and common factors. The
human factor A interacts with the 5§
gene in the absence of other factors, as
demonstrated by the two-step incuba-
tion-competition assay and as anticipat-
ed from previous studies of the Xenopus
factor A (10, 26, 27). However, as sug-
gested for the Xenopus factor A complex
(16), the human factor A-5S gene com-
plex is unstable and readily dissociates in
the presence of another 5S gene. We
demonstrated that this unstable associa-
tion is transformed into a stable complex
in the presence of factor C, which ap-
pears to remain associated with this
complex. Thus far, we have not been
able to demonstrate, with the two-step
incubation-competition assay, any inde-
pendent interactions of factor C with the
5§ gene, even though this factor forms
complexes with the VA gene (tight) and
the tRNA gene (weak) under the same
conditions.

The foregoing observations suggest
that the order of interaction of factors
with the 55 gene is factor A followed by
factor C. They also raise questions about
the factor C recognition site and possible
alterations of the factor A interactions in
the presence of factor C. Apart from the
fact that the factor A interaction appears
to involve the entire 55 promoter se-
quence (Fig. 1), there is the additional
observation that the factor C interaction
site within the VA and tRNA gene in-
volves a region (the B block) whose
consensus sequence has not been clearly
identified in the 5S promoter [(6); see
below]. While an A block consensus
sequence is common to the class III
genes (6) and is a potential site of interac-
tion for the common factor C, the failure
to detect (in the competition assay) an
interaction of factor C with a gene frag-
ment containing this region makes it
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more likely that this is a recognition site
for other common components, such as
factor B or RNA polymerase III. These
considerations raise the possibility that
interaction of factor A with the promoter
induces or establishes a factor C recogni-
tion site consisting either of DNA con-
tacts or protein (factor A) contacts, or a
combination of both. It may be signifi-
cant that the interaction of the Xenopus
factor A with the 5§ gene induces three
sites of deoxyribonuclease I hypersensi-
tivity on the noncoding strand of the
gene (10, 27), the most prominent of
which is in a region with marked homolo-
gy to the B sequence block of the tRNA
promoter (8). It is conceivable that the
factor A interaction increases the affinity
of this site for factor C (as well as for
deoxyribonuclease I). Deoxyribonucle-
ase I protection studies should determine
whether factor C requires a factor A
‘‘adaptor’’ function to recognize the pro-
moter region of the 55 gene or whether
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Fig. 11. Restriction site protection of a se-

quence adjacent to the B block in the VA I
gene by factor C. An autoradiography of end-
labeled DNA fragments separated by gel elec-
trophoresis is shown. 2.5 ng each of the VA 1
plasmid (pVA) and pBR322, end-labeled at
the Eco RI site, were mixed together with 0.3
ng of factor C. After 10 minutes of incubation
at 30°C, 10 units of Bam HI (lanes 1 to 4) or 10
units of Sal I (lanes 5 to 8) were added, and
the reactions were incubated at 30°C for an-
other 2.5 minutes (lanes 1 and 5), 5 minutes
(lanes 2 and 6), 10 minutes (lane 3 and 7), or 20
minutes (lanes 4 and 8). The end-labeled plas-
mids were incubated in the absence of factor
C for 20 minutes at 30°C with no restriction
enzyme (lane 9), 10 units of Bam HI (lane 10),
or 10 units of Sal I (lane 11). The restriction
maps of pVA and pBR322, both linearized at
the Eco RI site, are shown: (@) an Eco RI
site, (OJ) a Bam HI site; and (O) a Sal I site.
The sequence of the noncoding strand of the
VA I gene, adjacent to the B sequence block,
is displayed; numbers below the sequence
indicate the nucleotide distance downstream
from the 5’ end of VA I RNA.

the factor A (or factor C) interactions in
binary (metastable) complexes are differ-
ent from those in ternary (stable) com-
plexes.

The transformation of a metastable
complex of factor A and the 5S gene into
a stable complex is reminiscent of the
transition of a bacterial RN A polymerase
‘“‘closed’’ promoter complex into a stable
‘“‘open’’ (preinitiation) complex (28). Al-
though it is unclear whether factors A
and C induce the equivalent of an open
complex on the 5§ gene, there are sever-
al relevant observations. (i) The Xeno-
pus factor A alone effects a small change
in helix rotation (equivalent to an un-
winding of 2 to 4 base pairs) (29). (ii) The
Xenopus factor A makes contacts with
phosphate and guanine residues primari-
ly on the noncoding strand of the 5S gene
promoter (27); this leads to the sugges-
tion that factor A might transiently shift
to the noncoding strand during transcrip-
tion. (iii) Preliminary studies (30) indi-
cate that the Xenopus factor A, in the
presence of other factors from an oocyte
extract, can bind specifically to a single-
stranded M13 clone containing the non-
coding strand of the 55 gene. It is tempt-
ing to speculate, therefore, that factor C
may enhance the interaction of factor A
with the noncoding strand of the 55 gene
and thereby induce a stable ‘“‘open”
complex on the gene.

Sequence of factor interactions. On
the basis of our analyses of factor re-
quirements for formation of metastable
as opposed to stable complexes, it ap-
pears that the order of factor interactions
for the 5SS gene is factor A, factor C, and
factor B or RNA polymerase III, where-
as that for tRNA and VA RNA genes is
factor C, factor B, and RNA polymerase
II1.

Although we have no information on
the role of factor B in 55 gene transcrip-
tion, it appears to stabilize the factor C-
tRNA gene complex and, to a much
lesser extent, the factor C-VA gene
complex. We have attempted to deter-
mine whether factor B simply catalyzes
the stable association of factor C or is
itself bound into a stable complex on
these templates. Under our conditions of
analysis, factor B does not appear to
remain stably bound to the VA I and
tRNA genes in the presence of factor C
or to the 5§ gene in the presence of
factors A and C, respectively. Although
it seems, from the assay employed, that
factor B exchanges between templates
during transcription in vitro, we cannot
rule out the possibility that our incuba-
tion conditions do not permit the assem-
bly of factor B into a stable complex that
might otherwise exist in vivo (but see

747



note added in proof). In fact, the first
study suggesting the presence of stable
complexes within natural templates (/7)
indicated that isolated chromatin is asso-
ciated with all the components (presum-
ably including factors A, B, and C) nec-
essary to promote transcription of the
endogenous 55 genes by purified RNA
polymerase I1I. We have also found that
recombinant SV40 minichromosomes
containing tRNA genes can be isolated in
association with transcription factors B
and C, but not RNA polymerase III (25).
Thus, it is conceivable that factor B
associates with the other factors in a
preinitiation complex, which can be iso-
lated with cellular and viral chromatin
but which cycles during the transcription
reaction. These chromatin studies, along
with our demonstration that stable com-
plexes can form on class III genes in the
absence of RNA polymerase 111, suggest
that the final recognition event before
transcription involves the RNA polymer-
ase and protein-DNA contacts in the
preinitiation complex.

Implications for gene regulation.
Since the class III genes thus far tested
share at least three common transcrip-
tion factors (factors B, C, and RNA
polymerase III), their relative activities
during physiological transitions in which
one or more factors become rate-limiting
may be in part determined by their rela-
tive affinities for individual factors. The
remarkable stability of the stable com-
plexes also provides a means for main-
taining the transcription potential of one
set of genes to the exclusion of another,
potentially competing, set (/6) and em-
phasizes the special role of those factors
involved in complex formation. One ex-
ample of a situation in which these con-
siderations may be relevant is the lytic
infection of human cells by adenovirus 2.
This process occurs with a high level of
replication (many thousandfold) and
transcription of the viral VA RNA genes
(which account for the vast majority of
class III transcripts). Although it is not
yet established that any of the factors
(particularly factor C) actually becomes
rate-limiting during infection, the level of
5§ synthesis remains unaltered, while
that of tRNA synthesis is dramatically
reduced (31). Apart from the fact that
cellular factors might be modified during
infection to accommodate the establish-
ment of viral transcription complexes, it
is also possible that the VA I gene may
have evolved to bind factor C more
tightly in the absence of other factors so
as to compete more effectively for limit-
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ing amounts of this factor (free or bound)
within the cell.

A second example concerns the differ-
entially expressed classes of 5§ RNA
genes in Xenopus (16); these present a
somewhat special case since they are
subject to regulation by both common
and gene-specific (factor A) compo-
nents. Exactly how these genes are dif-
ferentially regulated is unclear, but
Brown and his colleagues (16, 32) have
demonstrated that this reflects the selec-
tive establishment and maintenance of
stable complexes on one class of genes in
somatic cells that contain limiting
amounts of factor A (/4). These investi-
gators have also described the general
implication of stable complexes for the
maintenance and propagation of the acti-
vated state of a gene.

A key issue is how these complexes
are established in the cell within the
context of the natural chromatin struc-
tures and, in particular, whether they
can be established on a ‘‘static’’ struc-
ture (under the influence of other fac-
tors) or whether stable complex forma-
tion might be linked to other general
events (such as DNA replication), which
make this structure more flexible (acces-
sible) (32, 33). Thus, while the present
studies represent an important step in
defining how these complexes are estab-
lished on purified genes, they must ulti-
mately be extended to chromatin tem-
plates and to the analysis of other regula-
tory factors.

Note added in proof: Recent kinetic
analyses (30) suggest that the rate of
association of factor B with the 55 gene
is considerably slower than that for fac-
tors A and C. In experiments, performed
as in Fig. 9, preferential transcription of
one gene has now been shown to be
directly proportional to the length of
time this gene was initially incubated
with factor B. This observation suggests
that factor B is sequestered in a stable
complex on class III genes only after an
extended incubation (40 minutes).
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